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 I have adopted complementary approaches to inferring human demographic history 

utilizing human and non-human genetic data as well as cultural data. These complementary 

approaches form an interdisciplinary perspective that allows one to make inferences of human 

history at varying timescales, from the events that occurred tens of thousands of years ago to 

ones that occurred in the most recent decades and centuries. I used slow-evolving human DNA to 

study the peopling of the Americas tens of thousands of years ago; fast-evolving lexical data to 

address the origin of Semitic several thousand years ago; and fast-evolving JC virus genomes to 

investigate human demography within the most recent decades and centuries. In the first study, I 

used human mtDNA to infer the demographic history of Amerind populations and analyzed a 

multi-locus human DNA dataset to confirm important parameter estimates of the peopling of the 

Americas. My analyses produced a three-stage model for the peopling of the Americas that 

includes a long occupation of Siberia and a rapid expansion ~16,000 years ago into the Americas 

from a founding population of ~1000 to 5000 individuals. Second, I analyzed lexical data from 

25 Semitic languages using computational phylogenetic techniques borrowed from evolutionary 

biology. Using the sampling dates of extinct languages, I was able to date events in the history of 

Semitic and place the origin of Semitic ~5900 years ago in what is now Syria. My final project 
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entailed the analysis of a large dataset of JC virus genomes (>400) and their associated sampling 

dates to infer the mutation rate and demographic history of JC virus. I estimated a surprisingly 

fast evolutionary rate for JC virus from the viral sampling dates, and confirmed this fast rate 

from Bayesian model tests. Ultimately, I was able to use the fast JC virus rate to infer a recent 

expansion of JC virus in regional populations that correlates with events in human population 

history of over the most recent decades and centuries. 

Genetic anthropologists are uniquely equipped to appreciate the utility of combining 

genetic data with non-genetic or non-human data to investigate human history. This perspective 

allows genetic anthropologists to address questions that cannot be answered by human DNA 

alone by extracting as much information as possible from genetic analyses. Here, I provide 

examples of this integrative approach to studying human population history. 
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CHAPTER 1 

INTRODUCTION 

 Demographic change has been a constant in human evolution since the expansion of 

modern humans out of Africa approximately 50,000 years ago (Fagundes et al. 2007). Genetic 

anthropologists have generally attempted to infer events in this history of change by examining 

the genetic diversity of modern human populations. Early genetic studies of human history used 

variation in proteins, such as the ABO blood groups (Landsteiner 1901; Cavalli-Sforza and 

Edwards 1964) and allozymes (Pauling et al. 1949; Cavalli-Sforza and Edwards 1964), as 

markers of underlying genetic variation at the DNA level. These data proved very useful in 

initial attempts to reconstruct patterns of population affinities and migration (for a summary see: 

Cavalli-Sforza, Menozzi, and Piazza 1994), but the advent of fast and easy DNA sequencing 

techniques made it possible for genetic anthropologists to directly assess human genetic 

diversity, both extant (e.g., Cann, Stoneking, and Wilson 1987; Kolman, Sambuughin, and 

Bermingham 1996; Underhill et al. 2000; Venter et al. 2001) and ancient (e.g., Paabo 1985; 

Handt et al. 1994; Stone and Stoneking 1998).  

 Despite the advance from the study of proteins to studying DNA sequences, modern 

human genetic diversity remains a complicated product of mutation, natural selection, genetic 

drift and gene flow. The interaction of these processes has important implications for the utility 

of human DNA as a marker of past human population events. First, the relatively slow rate of 

mutation for human DNA, which varies from ~1x10
-7

 substitutions per nucleotide per year in 

non-coding mitochondrial DNA (mtDNA; Hasegawa et al. 1993; Ingman et al. 2000; Howell et 

al. 2003) to ~1x10
-9

 substitutions per nucleotide per year in non-coding nuclear DNA 

(Kaessmann et al. 1999), limits human demographic inference to events that occurred thousands 

to hundreds of thousands of years ago. Second, natural selection can deterministically shape 
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diversity by increasing (“positive selection”), decreasing (“purifying selection”), or stabilizing 

(“balancing selection”) allele frequencies according to selective pressures that are, with some 

important exceptions (i.e., „near neutrality‟; Ohta 1992), independent of the effects of genetic 

drift (Fisher 1930). Finally, genetic drift, which causes random changes in allele frequencies and 

has a strong affect in small populations but a weak affect in large ones, and gene flow work to 

stochastically alter the frequencies of selectively neutral alleles through the complex 

demographic processes of migration, admixture, population bottlenecks, and population 

expansions (Wright 1931; Kimura 1968). Thus, our ability to make inferences concerning 

demographic change, which directly relate to the combined effects of genetic drift and gene flow, 

are limited by the rate of mutation and the effects of selection acting upon human genomic 

regions (i.e., the other fundamental evolutionary processes). The use of neutral (or nearly 

neutral) variation limits the bias of selection upon inferences of demography, but the mutation 

rate still places a temporal limit on inferring past events. So while neutrally evolving DNA is 

abundant in the human genome (Payseur, Cutter, and Nachman 2002; Zhang 2007), the mutation 

rates of human DNA limit the utility of these data to questions about human demography 

extending from human speciation into the history of anatomically modern humans. For this 

reason, researchers have begun to use fast-evolving human parasites or pathogens, such as 

viruses (e.g., Holmes 2004), as complementary markers of the population history of their human 

host. 

 In my dissertation, I have adopted complementary approaches to inferring human 

demographic history utilizing human and non-human genetic data as well as cultural data. These 

complementary approaches form an interdisciplinary perspective that allows one to make 

inferences of human history at varying timescales, from the events that occurred tens of 
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thousands of years ago to ones that occurred in the most recent decades and centuries. This 

perspective incorporates data evolving at different rates from diverse disciplines to produce 

insights about human history that human DNA alone might not be able to provide. It also rests 

upon the understanding that while human demographic history can be investigated from human 

DNA data directly, other lines of evolutionary data (e.g., pathogens and languages) can be used 

to augment or provide independent assessments of human population history at different times in 

the past. Specifically, I have developed a framework in which I use human DNA sequences to 

infer events thousands to tens of thousands of years ago, language data to investigate human 

migrations centuries and millennia in the past, and virus genomes to assess the demographic 

history of human host populations in the most recent decades and centuries. 

Over the past six decades, analysis of human DNA has provided many insights into human 

population history. The genetic material most often used for inferring human demographic 

history are mtDNA (e.g., Sherry et al. 1994; Richards et al. 1998; Macaulay et al. 2005), the 

male Y-chromosome (e.g., Hammer et al. 1997; Underhill et al. 2000; Quintana-Murci et al. 

2001), and autosomal short tandem repeats (STRs; e.g., Rosenberg et al. 2002; Wang et al. 2007) 

and Alu elements (e.g., Hammer 1994; Athanasiadis et al. 2007). As neutral markers that are not 

affected by selection (Knight et al. 1996; Shen et al. 2000; Rosenberg et al. 2002; Mulligan, 

Kitchen, and Miyamoto 2006), the genetic variation at these loci is thought to reflect the 

demographic history of the populations from which they were sampled. The mutation rates of 

these markers vary from ~1x10
-7

 to ~1x10
-9

 substitutions per nucleotide per year, so they are 

useful to infer events thousands or tens of thousands of years in the past. Mutation rates in this 

range are not fast enough to provide a sufficient number of mutation events to infer past events 

with fine resolution, and thus estimates made using human DNA markers alone have large 
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variances. For example, Tishkoff et al. (2001) were able to estimate that two malaria resistance 

alleles of the glucose-6-phosphate dehydrogenase gene arose ~3,300 (95% credibility interval: 

1600 – 6640 years ago) and ~6,400 (95% credibility interval: 3840 – 11760) years ago, but were 

unable to determine which of several factors (e.g., wetter climate, increased human population 

size, or higher population density near water) was the causative agent as the credibility intervals 

were too large (from 50% to 200% of mean estimates) to exclude many alternatives. Newly 

developed coalescent techniques that employ Bayesian  probability allow for the incorporation of 

independent evidence, such as archaeological or climatological data, into genetic analyses (e.g., 

Drummond et al. 2005; Hey 2005; Beerli 2006). The Bayesian probability framework weights 

the likelihood of a model (including parameter values) by a prior probability that the model is 

correct to produce a posterior probability of the model given the data. This allows researchers to 

combine information from multiple interdisciplinary lines of evidence as prior probabilities to 

increase the power of genetic analyses to both accurately infer events and do so with greater 

precision. For example, archaeological evidence for the first occupation of an island might be 

used as a prior with zero probability placed on any models in which the colonization occurs more 

recently than the archaeological evidence. Unfortunately, despite the advantages provided by 

Bayesian techniques to integrate multiple lines of evidence into genetic analyses, many studies 

often neglect to do so (e.g., Hey 2005; Garrigan et al. 2007). For example, Hey employed a 

Bayesian coalescent technique without applying informative priors to estimate that the peopling 

of the New World occurred ~7,000 years ago with a founder effective population size (Ne) ~70 

and large, continuous migration between Asia and the America (Hey 2005). These estimates are 

contradicted by the extensive archaeological evidence for human populations in the Americas by 
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~14,000 years ago (for a review see Goebel, Waters, and O'Rourke 2008), and this evidence 

could have been incorporated as prior information in Hey‟s Bayesian coalescent analysis. 

 While human DNA provides the best evidence for ancient events in human history, the 

focus has expanded to include markers other than human DNA to infer more recent human 

population history. The two most promising examples are the use of languages (e.g., Gray and 

Jordan 2000; Holden 2002; Gray and Atkinson 2003; Atkinson and Gray 2005) and genetic 

diversity of human pathogens (e.g., Falush et al. 2003; Holmes 2004; Gilbert et al. 2007) as data 

for understanding demographic events in human populations, specifically migration and changes 

in population size. These markers (languages and pathogens) typically evolve at faster rates [e.g., 

~10
-4

 substitutions per word per year for languages (Swadesh 1955) and as fast as ~10
-2

 

substitutions nucleotide per year for lentiviruses (Fu 2001)] than human DNA (~10
-7

 to 10
-9

 

substitutions per nucleotide per year), and thus provide greater resolution for inferring population 

events that have occurred more recently in time, from decades to several thousands of years ago 

(Campbell 2000; Holmes 2004). 

 Languages encode genealogical information in their vocabularies (Swadesh 1955) that 

extends backwards in time for hundreds to thousands of years (Campbell 2000). The statistical 

analysis of wordlists has progressed from using simple matrices of pairwise differences and 

principle components to produce hierarchical clustering patterns (e.g., Rabin 1975), to the use of 

advanced phylogenetic techniques (such as parsimony, maximum likelihood, and Bayesian 

methods) to produce bifurcating phylogenies with branch lengths representing real time (e,g, 

Gray and Jordan 2000; Holden 2002; Gray and Atkinson 2003). Though the “linguistic clock 

hypothesis” is controversial (e.g., Renfrew, McMahon, and Trask 2000), accurate estimates of 

linguistic rates of change are necessary to make inferences in time. However, the linguistic clock 
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has been recently supported with strong empirical evidence (Pagel, Atkinson, and Meade 2007), 

and recent phylogenetic studies incorporated linguistic clocks calibrated with archaeological and 

historical information to estimate language divergence dates on the order of hundreds to 

thousands of years (e.g., Gray and Jordan 2000; Gray and Atkinson 2003). Together, the 

topologies and divergence dates of the inferred phylogenies have been used to combine genetic 

and historical evidence with linguistic evidence to provide an interdisciplinary understanding of 

the Bantu expansion (Holden 2002), the colonization of island south East Asia (Gray and Jordan 

2000), and the expansion of agriculture into Europe from Anatolia (Gray and Atkinson 2003). 

The ability of languages to be transferred horizontally, in addition to vertically, between human 

populations also provides unique opportunities to test hypotheses of gene flow and migration in 

the presence or absence of substantial cultural connections and exchange. 

 Human pathogens, and viruses in particular, are considered good markers of recent 

human history due to their larger population sizes and generally faster mutation rates (Holmes 

2004). This combination means that virus populations generate genetic diversity at a far faster 

rate than humans do, which allows for estimates of population events to be made with both 

higher resolution and more recently in time. A fine example of this is a study of hepatitis C 

evolution in Egypt, which was able to trace the progress of an epidemic arising from 

contaminated antischistomiasis treatments first administered in the 1920s and the effect of public 

health policies in curtailing the epidemic in the following decades (Pybus et al. 2003; Drummond 

et al. 2005). A complicating factor of using viruses as markers of human populations is that 

horizontal transmission of viruses could produce geographic patterns of diversity that are the 

result of recent dispersals instead of ancestral vicariance (e.g., Twiddy, Holmes, and Rambaut 

2003; Holmes 2004; Gilbert et al. 2007). Generally speaking, fast-evolving RNA viruses cause 
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acute infections associated with „emerging‟ disease (i.e., a dispersal pattern) and slow-evolving 

DNA viruses cause persistent infections associated with endemic disease [i.e., a vicariance 

pattern (Holmes 2004)], though there are exceptions to this general rule [e.g., persistent HIV 

infections and fast evolving polyomaviruses (Chen et al. 2004)]. Slow-evolving viruses (DNA or 

RNA) that cause persistent infections are thus more likely to exhibit vicariance with their human 

hosts and be useful for inferring ancient human population events, whereas the diversity of fast-

evolving viruses is most likely the product of recent dispersal and may be useful in investigating 

recent migration events or connections between populations.  

 For my dissertation research, I chose to analyze three different types of data to study 

human demographic history at three different windows of time in the past. In each case, I applied 

advanced computational techniques to analyze the data from an evolutionary perspective and 

used my results to make inferences about aspects of human population history. In my first study, 

I analyzed human DNA and incorporated independent information from other disciplines to 

investigate the peopling of the Americas, which occurred more than ten thousand years ago. The 

first colonization of the Americas by the Amerind ancestors has been extensively studied from 

archaeological, climatological, and genetic perspectives (see Goebel, Waters, and O'Rourke 2008 

for a review). Despite the number of genetic studies of this major event in human history, there is 

little consensus as to the timing, the duration and the size of the initial migration. The dates for 

the timing of the migration extend from ~40,000 (Bonatto and Salzano 1997) to ~7,000 years ago 

(Hey 2005), with many dates scattered between these outliers. These studies also postulate a 

migration that occurred immediately after the proto-Amerind population separated from the 

central East Asian gene pool, but recent analysis has suggested that the proto-Amerind 

population spent a considerable length of time isolated in Beringia (Tamm et al. 2007). There is 
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also great variation in the estimated size of the migrating population, with estimates ranging 

from ~10,000 (Bonatto and Salzano 1997a) to ~70 (Hey 2005) effective individuals. 

 I endeavored to develop a comprehensive model for the peopling of the Americas that 

also narrowed the estimates of the important demographic parameters of migration date and 

founder population size by incorporating the extensive archaeological, climatological, and 

historical evidence into my analysis of extant human genetic data. This was the first study to 

explicitly incorporate the extant physical evidence into a genetic analysis of the peopling of the 

Americas. For this study, I analyzed a large dataset of mtDNA coding genomes using Bayesian 

skyline plot analyses (Drummond et al. 2005) to infer historical changes in the effective 

population size (Ne) of Amerinds and their ancestors. Bayesian skyline plots are a coalescent 

technique used to estimate historical changes in Ne from the distribution of coalescent events in 

time without requiring a priori assumptions about how the Ne of a population should change 

over time (e.g., no growth vs. exponential growth). I then used a Bayesian isolation-with-

migration (IM) model (Hey 2005) to analyze a combined dataset of mtDNA and nuclear 

sequences to estimate the Amerind founder population size and infer the effect of migration on 

these estimates. The IM model is a coalescent technique used to estimate the population 

parameters (i.e., divergence time, population sizes and growth rates, and migration rates) when a 

single ancestral population diverges into two daughter populations with subsequent population 

growth and migration between them. From these analyses, I was able to propose a model for the 

peopling of the Americas with three distinct stages: (i) a separation of the proto-Amerind gene 

pool from the Central/East Asian gene pool ~43,000 years followed by a population expansion 

lasting 6,000 years; (ii) a long period of stable population size in greater Beringia lasting 

~20,000 years; and (iii) an expansion into the Americas ~16,000 years ago in which the 
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Americas were successfully and permanently colonized. This three-stage theory for the peopling 

of the Americas serves as an example of how to incorporate all pertinent information in a genetic 

analysis to produce a comprehensive hypothesis that researchers can use as a framework to test 

future data. This strategy appears to have been successful, as my research has been cited in a 

review article on the peopling of the Americas (Goebel, Waters, and O'Rourke 2008), as well as 

requests to use my figures in papers about the extinction of large mammals in Beringia and for a 

book chapter on studying human history from human DNA. 

 In my second study, I used wordlist data to investigate the evolution of the Semitic 

language family and the history of Semitic speaking populations from a time depth of several 

centuries to several millennia in the past. The Semitic language family is the only branch of the 

African language phylum Afroasiatic that is spoken in both Africa and Asia. The distribution of 

Semitic is the product of migration between Africa and Asia across the Red Sea within the past 

several millennia. However, despite a strong archaeological record attesting to the oldest Semitic 

languages in Mesopotamia [Akkadian and Eblaite (Buccellati 1997; Gordon 1997)] and the 

presence of several Semitic populations in the Levant during the Middle Bronze Age [e.g., 

Aramaic, Hebrew, and Phoenecian (Lloyd 1984; Richard 2003; Nardo 2007)], as well as in 

southern Arabia (Kogan and Korotayev 1997) and the Horn of Africa (Connah 2001), the 

genealogical relationships between these populations remain uncertain. The existing genetic 

evidence for the genealogical relationships of Semitic speaking populations is not strong, as it 

was primarily collected to study relationships at different levels of resolution than that between 

populations speaking different Semitic languages. Specifically, previous studies primarily 

focused on comparisons between Jewish populations and their non-Jewish neighbors (Hammer et 

al. 2000; Nebel et al. 2001; Rosenberg et al. 2001), which is too focused, or the contribution of 
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migration from the Middle East on the genetic diversity of Europe (Barbujani, Bertorelle, and 

Chikhi 1998; Chikhi et al. 1998; Xiao et al. 2004), which is both too broad and too ancient. Thus, 

understanding the genealogy of the Semitic languages themselves would shed light on the 

historical relationships of Semitic speaking populations. I analyzed wordlists from 25 extant and 

extinct Semitic languages using a Bayesian phylogenetic technique to infer their genealogical 

relationships. I used the extinction dates for five extinct Semitic languages (Akkadian, Aramaic, 

Ge‟ez, Hebrew, and Ugaritic) to calibrate a linguistic clock and estimate the divergence dates of 

the Semitic languages, and tested alternative hypotheses of Semitic history using Bayes Factor 

model comparisons. I estimated that Semitic first diversified ~3900 before the common era 

(B.C.E.) near Mesopotamia, before expanding into the Levant and Arabia during the Early 

Bronze Age, and finally migrating from southern Arabia to the Horn of Africa ~1000 B.C.E. 

More generally, this research demonstrates how computational phylogenetic models [e.g., 

relaxed clocks calibrated with sampling dates (Rambaut 2000)] and model testing [i.e., log Bayes 

factor tests of alternative phylogenies (Suchard, Weiss, and Sinsheimer 2001)] borrowed from 

evolutionary genetics and molecular evolution can be used to investigate language history. 

Furthermore, this analysis provides a model of population history in the Middle East and Horn of 

Africa that incorporates linguistic and archaeological evidence that will be tested in future 

genetic studies of populations in these regions. 

 For my final study, I analyzed JC virus (JCV) genomes and estimated the JCV mutation 

rate so JCV evolution could be connected in time to events in the history of its human host. JCV 

has been often used as a marker of ancient human population history. JCV shows substantial 

regional sub-structure (Sugimoto et al. 1997), with apparent vicariance with some human 

populations (e.g., Sugimoto et al. 2002; Zheng et al. 2004; Ikegaya et al. 2005), and as a DNA 
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virus JCV was considered to have a slowly evolving genome. However, the phylogeny of 

worldwide JCV populations does not reflect the known relationships of its human hosts 

(Shackelton et al. 2006), and the mutation rate of JCV had never been independently estimated 

despite evidence that closely related polyomaviruses evolved much faster than previously 

thought.  Accurate estimates of mutation rates are necessary to discriminate between dispersal in 

and vicariance with host populations (Holmes 2004) causing the geographic distribution of JCV 

diversity, as well as correlating events in JCV history with the history of its human host. I 

performed a maximum likelihood phylogenetic analyis of the complete set of available JCV 

genomes to confirm the sub-structure of the worldwide JCV population and then used Bayesian 

skyline plot analyses (Drummond et al. 2005) to estimate an independent mutation rate for JCV 

from viral sampling dates. I assessed the support for the independent rate using a Bayesian model 

testing technique, and used the independently estimated mutation rate to infer human population 

history from events in the history JCV. I found that JCV is an example of a fast evolving DNA 

virus evolving ~300 times faster than previously thought (at 3.642 x 10
-5

 substitutions per site 

per year), and that its evolution reflects changes in the demographic history of its human host 

over the most recent decades and centuries. More broadly, this research not only highlights the 

utility of fast-evolving DNA viruses as potential markers of recent human history, but also 

addresses the evolving nature of long-held assumptions about the relative substitution rates of 

RNA (fast) and DNA (slow) viruses (Duffy, Shackelton, and Holmes 2008). 

 In sum, this dissertation demonstrates how genetic anthropologists can investigate human 

demographic history from distinct types of data evolving at different rates. This study shows that 

taking an evolutionary approach to the study of linguistic and virus data can provide insights into 

human population history that are complementary to those made from human genetic diversity. 
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Specifically, by using data that evolve at different rates, I demonstrated how genetic 

anthropologists can make inferences about human demography across different timescales, from 

tens of thousands of years ago to just decades ago. Fundamentally, this approach relies upon the 

appreciation of evidence from disparate disciplines (human genetics, linguistics, and virology) 

and embodies the advantage of taking an anthropological perspective to the use of 

interdisciplinary data. Critically, interdisciplinary research utilizing different forms of data and 

evidence requires rigorous hypothesis testing to accurately assess the information contained 

within the data as well as to make results easily accessible to future research endeavors. The 

natural goal of research programs that synthesize multiple lines of evidence is to produce well 

defined hypotheses that encourage the future incorporation of additional lines of evidence, and 

are hopefully robust to inquiry by new datasets.
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CHAPTER 2 

THREE-STAGE COLONIZATION MODEL FOR THE PEOPLING OF THE AMERICAS
1
 

Introduction 

For decades, intense and interdisciplinary attention has focused on the colonization of the 

last habitable landmass on the planet - the peopling of the Americas. The first comprehensive, 

interdisciplinary model for New World colonization incorporated linguistic, 

paleoanthropological, and genetic data and generated great controversy, which was due at least 

in part, to the uniquely broad scope of the research (Greenberg, Turner, and Zegura 1986). Since 

that time, more focused studies have resulted in agreement on the general parameters of the 

colonization process, such as a single migration in contrast to the original three-migration model 

that distinguished Amerinds, Na-Dene, and Eskimo-Aleuts (Greenberg, Turner, and Zegura 

1986). However, a full understanding of the complex and dynamic nature of the timing and 

magnitude of the colonization process remains elusive.  

The majority of the genetic literature supports a single migration of Paleoindians into the 

New World from an East Asian source population (Schurr 2004). Specifically, the reduced 

variation and ubiquitous distribution of mitochondrial and Y chromosome haplogroups and 

microsatellite diversity throughout the New World relative to Asia argue strongly for a single 

migration (Mulligan et al. 2004; Wang et al. 2007). However, a great many models have been 

proposed that differ significantly in the timing and size of this migration event (Schurr 2004; 

Bonatto and Salzano 1997a; Bonatto and Salzano 1997b; Forster et al. 1996; Santos et al. 1999; 

Schurr and Sherry 2004; Shields et al. 1993 Silva et al. 2002; Szathmary 1993; Tamm et al. 

2007; Torroni et al. 1993a; Torroni et al. 1993b). Different migration dates have been proposed 

                                                 
1
 Reproduced with permission from Kitchen A, Miyamoto M, Mulligan C. 2008a. A three-stage colonization model 

for the peopling of the Americas. PLoS ONE. 3:e1596. 
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ranging from 13 thousand years ago (kya) to 30-40kya (Schurr 2004; Bonatto and Salzano 

1997a; Bonatto and Salzano 1997b; Forster et al. 1996; Santos et al. 1999; Schurr and Sherry 

2004; Shields et al. 1993 Silva et al. 2002; Szathmary 1993; Tamm et al. 2007; Torroni et al. 

1993a; Torroni et al. 1993b). Numerical estimates of the founder effective population size (Ne) 

are infrequent in the literature but vary substantially, from a high of 5000 (Bonatto and Salzano 

1997b) to a low of 70 Paleoindian founders (Hey 2005). These dates and population sizes have 

been proposed to accommodate a wealth of scenarios including ancient, recent, and/or additional 

migrations responsible for the peopling of the Americas. 

Archaeological data provide clear support for a widespread human presence in the 

Americas by 13kya (all calendar dates are recalibrated radiocarbon dates as reported in the cited 

literature), the time by which the Clovis complex was established across the interior of North 

America (Hamilton and Buchanan 2007; Waters and Stafford 2007). Older archaeological sites, 

e.g., the Nenana Complex in Alaska (Hamilton and Buchanan 2007), the Monte Verde site in 

Chile (Dillehay 1997), and the Schaefer, Hebior and Mud Lake sites in Wisconsin (Joyce 2006; 

Overstreet 2005), document an earlier chronology possibly 2,400 years before Clovis (Waters 

and Stafford 2007; Joyce 2006; Overstreet 2005). Additionally, very old radiocarbon dates have 

been obtained from sites in Asian Beringia suggesting that human populations had reached the 

north of western Beringia by 30kya (Goebel 2007; Pitulko et al. 2004).  

The geological and paleoecological records for Beringia and northwestern North America 

provide further constraints on the timing for the peopling of the Americas. Beringia was a 

continuous landmass that connected Asia and North America roughly 60kya until 11-10kya 

(Pitulko et al. 2004; Elias et al. 1996; Hopkins 1982). However, Beringia was isolated from 

continental North America until 14kya when an intracontinental ice-free corridor opened up 
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between the Laurentide and Cordilleran Ice Sheets (Hoffecker, Powers, and Goebel 1993). 

Paleoecological data indicate that Beringia was able to sustain at least small human populations. 

Fossil pollen and plant macrofossils from ancient eastern Beringia are indicative of a productive, 

dry grassland ecosystem (Zazula et al. 2003) and paleontological evidence from Alaska and 

Siberia demonstrates that large mammals roamed Beringia (Guthrie 1990). 

After 11-10 kya, Late Pleistocene sea levels rose sufficiently to re-inundate Beringia 

(Eilias et al. 1996; Hopkins 1982), creating the Bering strait that now separates the New World 

from Siberia by at least 100 kilometers (km) of open frigid water. Studies of human settlement 

throughout the Pacific Islands indicate that open water distances of >100 km constitute 

significant barriers to human migration, possibly because ancient people were unlikely to travel 

further than one day out of sight of land (Jobling, Hurles, and Tyler-Smith 2004). Similar 

constraints (if not worse) would apply to early humans in Alaska and Siberia, thereby severely 

reducing the migration rate between the New and Old World once Beringia was re-inundated. 

Reduced migration due to the Bering Strait remains valid even as recent rates of short-range 

migration have increased between Siberia and Alaska (Tamm et al. 2007). In effect, the two 

continents were essentially geographically isolated from 11-10 kya until modern times. 

No detailed, unified theory of New World colonization currently exists that can account for 

the breadth and complexity of these interdisciplinary data. We analyze Native American 

mitochondrial DNA (mtDNA) coding genomes plus non-coding control region sequences as well 

as a combined nuclear and mitochondrial coding DNA dataset from New World and Asian 

populations. Mitochondrial DNA data represent the „gold standard‟ of genetic data types and 

provide the most extensive comparative database for human populations worldwide (Pakendorf 

and Stoneking 2005). Furthermore, it has been proposed that mtDNA may be more sensitive to 
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demographic changes, such as population bottlenecks, due to its smaller effective population size 

(Wilson et al. 1985). The combined nuclear and mtDNA dataset was recently used to propose an 

unusually small Ne for the Amerind founders (Hey 2005), and thus investigation of this dataset is 

of much interest when attempting to reconcile the existing genetic evidence. We use two 

complementary coalescent methods to develop a comprehensive scenario of New World 

colonization, with a focus on the timing and scale of the migration process. Bayesian skyline plot 

analyses use data from a single population to provide an unbiased estimate of changes in Ne 

through time, and thus are a powerful means for estimating past population growth patterns when 

the nature of the growth (e.g., exponential or constant) is unknown (Drummond et al. 2005). The 

isolation-by-migration (IM) structured coalescent model uses data from sister populations to 

jointly estimate population divergence time, migration rates and a founder Ne, with an 

assumption of exponential growth (Hey 2005). Importantly, we explicitly incorporate 

archaeological, geological, and paleoecological constraints into both analyses. Our goal is to 

provide a comprehensive model for the initial settlement of the Americas that generates new 

testable hypotheses and has high predictive power for the inclusion of new datasets. In light of 

our results, we propose a three-stage model in which a recent, rapid expansion into the Americas 

was preceded by a long period of population stability in greater Beringia by the Paleoindian 

population after divergence and expansion from their ancestral Asian population.  
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Results 

Skyline Plot Analyses 

Our alignment of 77 full mitochondrial coding genomes is one of the largest published 

alignments of Native American mtDNA coding genomes (Figure 2-S1
2
). It includes genomes 

from the four major mtDNA haplogroups in the Americas (haplogroups A, B, C, and D are each 

represented by 17-31% of the entire sample), as well as the minor haplogroup X (2%). 

Correspondingly, this set of 77 complete coding mtDNA genomes represents geographically and 

linguistically diverse populations distributed throughout the New World (Mulligan et al. 2004). 

Bayesian skyline plots (Drummond et al. 2005) were used to visually illustrate changes in 

Amerind female effective population size (Nef) over time. Bayesian skyline plots assume a single 

migration event, which makes the approach ideal for questions concerning the peopling of the 

Americas since it is generally agreed that there was a single migration (Mulligan et al. 2004). 

Our skyline plot of the coding genomes describes a three-stage process in which there are two 

distinct increases in Nef at 40kya and 15kya that are separated by a long period of little to no 

growth (Figure 2-1). Specifically, Nef increases from 640 [95% credible interval (CI) = 148-

9,969] to 4,400 individuals (95% CI = 235-18,708) at the first inflection point, and from 4,000 

(95% CI = 911-13,006) to 64,000 individuals (95% CI = 15,871-202,990) at the second 

inflection point. There is also an apparent decrease in Nef prior to the second inflection point in 

which median Nef drops to 2700 (95% CI = 404–36,628). We define a significant change in 

population size as the occurrence of non-overlapping 95% CIs at the beginning and end of an 

                                                 
2
 Figure 2-S1 (available online at PLoS ONE journal website): Multiple sequence alignment for the 77 Amerind 

mtDNA coding genomes used in this study. Here, “coding” refers to both protein and structural RNA genes 

following Pakendorf and Stoneking (2005).  Gaps are represented by “-.” Position 1 of this alignment corresponds to 

site 546 of the Anderson Reference Sequence (ARS; Anderson et al. 1981). The final position of this alignment 

(15,500) corresponds to site 16,042 of the ARS. Sequences starting with “Herrn,” “Ing,” “Kiv,” and “Mis” follow 

the naming conventions of Herrnstadt et al. (2002), Ingman et al. (2000), Kivisild et al. (2006), and Mishmar et al. 

(2003), respectively. 
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increase (see shading in Figure 2-1). Thus, we interpret the recent 16-fold increase in Nef over 

the interval 16-9kya as significant. The earlier 7-fold increase at 43-36kya is suggestive but 

not significant, although the increase is significant when compared over a much longer time 

period, e.g., from 25kya to the coalescent. Overall, the recent increase is consistent with a rapid, 

large-scale expansion into the Americas while the older increase is suggestive of a gradual 

expansion within Asia or Beringia.  

The dataset of 812 concatenated mtDNA hypervariable region (HVR) I and II sequences is 

one of the largest published alignments of Native American HVRI+II sequences (Figure 2-S2
3
). 

It includes all major New World haplogroups, and represents geographically and linguistically 

diverse populations distributed throughout the Americas. The HVRI+II dataset was randomly 

divided into ten non-overlapping alignments of 81 HVRI+II sequences, which allowed for ten 

independent trials for parameter estimation with a sample size similar to the coding genome 

alignment. The HVRI+II skyline plot analyses (Figure 2-2) produce estimates for median time to 

coalescence (55.5kya, 95% CI = 33.5–87.2kya) and Nef at coalescence (820, 95% CI = 26–3,979) 

and the present (66,200, 95% CI = 9,839–346,289) that are similar to the coding genome 

analyses (Figure 2-1). However, in contrast to the coding genome skyline plot, the HVRI+II 

skyline plot traces a very gradual increase in Nef over 40,000 years with no clear inflection 

points. The HVRI+II plot does show a significant increase in Nef but only when measured over 

the past 35,000 years. The fine detail evidenced in the coding genome skyline plot likely reflects 

the greater phylogenetic signal in the mitochondrial coding genome relative to the HVR (Non, 

                                                 
3
 Figure 2-S2 (available online at PLoS ONE journal website): Multiple sequence alignments for the ten, randomly 

selected, non-overlapping sets of 81 HVRI+II sequences used in this study.  In these alignments, positions 1-403 

correspond to HVRI, whereas sites 404-781 refer to HVRII.  In turn, these alignment positions correspond to sites 

16003-16400 and 30-399 of the ARS, respectively.  Gaps are represented by “-.”  The HVRI+II sequences follow 

the naming conventions of HRVBase (Handt, Meyer, and von Haeseler 1998). 
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Kitchen, and Mulligan 2007). In general, estimates of the time to the most recent common 

ancestor are less sensitive to reductions in the historical signal in mtDNA sequence data than 

phylogenetic estimation (Non, Kitchen, and Mulligan 2007) , a result consistent with our ability 

to recover similar coalescence times but not the changes in Nef seen when comparing the coding 

vs. HVRI+II skyline plots. 

Isolation-with-Migration Coalescent Analyses 

Bayesian IM coalescent analyses were performed on a set of nine coding nuclear and 

mitochondrial loci that had been previously analyzed by Hey (2005) in support of an extremely 

small New World founder Ne of 70 individuals. Thus, we performed our analysis on his 

identical dataset and used the same coalescent and substitution models and model parameters 

with the exception of new priors on the divergence time and on migration rates between Asian 

and Amerind populations (mAsiaNW and mNWAsia). The lower bound on divergence time was set 

to15kya, which corresponds to the period immediately preceding the earliest archaeological 

evidence for human habitation in the Americas (Waters and Stafford 2007; Dillehay 2007; Joyce 

2006; Overstreet 2005). We also instituted serial constraints on m in order to gauge the effect of 

changing migration rates on founder Ne estimates. We interpret the various m values in 

comparison to an empirical estimate of m for modern Europe (m = 4.3; see Materials and 

Methods). In contrast to modern Europe, migration between the New World and Siberia from 

15kya to more recent times would have become increasingly limited as Late Pleistocene sea 

levels rose sufficiently to inundate the Bering land bridge (Elias et al. 1996; Hopkins 1982). 

Thus, we expect m for modern Europe to be much higher than ancient migration rates between 

Asia and the Americas, especially after the inundation of Beringia.  
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Constraining divergence time by applying a lower bound of 15kya results in an estimate of 

200 for the Amerind founding Ne. Serially constraining mAsiaNW and mNWAsia, in conjunction 

with the constrained divergence time, produces increasingly larger estimates of Ne (Figure 2-3). 

Specifically, as both m parameters are simultaneously forced to lower and more biologically 

realistic values, estimates of Ne steadily increase from 200 to 1,200, especially after their 

priors are constrained to be <5. Regardless of the specific priors on the m parameters, estimates 

for the Amerind divergence/expansion event are consistently 15kya (data not shown), which is 

very close to the lower bound of our prior established with known archaeological sites in the 

New World. Our results demonstrate that smaller estimates of Ne depend upon a substantial level 

of migration from Asia to account for present-day levels of Amerind genetic diversity, e.g., 

Hey‟s (2005) estimate of 70 founders is associated with a mAsiaNW  9.0, which is twice the 

migration rate for contemporary Europe (m = 4.3). Eliminating all migration between Asia and 

the New World (m = 0) results in the largest estimate of Ne for the Amerind founding population 

of 1,200 individuals. 

Discussion 

When studying complex colonization scenarios, the interpretation of genetic data can 

benefit substantially from the incorporation of non-genetic material evidence. In our study, we 

do this in three ways. First, we interpret the skyline plot (see Figure 2-1) to reflect archaeological 

evidence that places Amerinds in the Americas by 15kya and human populations in Beringia 

30kya, as well as geological and paleoecological evidence that Beringia was habitable yet 

isolated from the Americas from 30kya to 17kya. Second, we use archaeological radiocarbon 

dates to constrain the divergence time prior in our IM analyses to 15kya as the latest possible 

date for both the divergence of the Amerind and Asian gene pools and the Amerind expansion 
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into North America (Figure 2-3). Since the IM model assumes that divergence and expansion 

occur simultaneously, constraining the time of the expansion also requires identical constraint of 

the divergence date. Third, in our IM analyses we serially constrain the migration rate parameters 

to smaller values and deduce likely migration rates between Asia and the New World based on 

empirical estimates of current migration rates within Europe versus the greatly reduced migration 

rates of ancient people across the Bering Strait starting 11-10kya. 

Based on our results, we propose a three-stage colonization process for the peopling of the 

New World, with a specific focus on the dating and magnitude of the Amerind population 

expansions (Figure 2-4). We propose that the first stage was a period of gradual population 

growth as Amerind ancestors diverged from the central Asian gene pool and moved to the 

northeast. This was followed by an extended period of population stability in greater Beringia. 

The final stage was a single, rapid population expansion as Amerinds colonized the New World 

from Beringia.  

The initial stage of the colonization process involved the divergence of Amerind ancestors 

from the East Central Asian gene pool (Figure 2-4A). Based on previous studies that included 

Asian mtDNA sequences, this divergence likely occurred prior to 50kya (Bonatto and Salzano 

1997a, 1997b). Our coding skyline plot (Figure 2-1) indicates that the divergence was followed 

by a period of gradual growth, during which the proto-Amerind population experienced a 7-fold 

increase from 640 to 4,400 females over 7,000 years, from 43–36kya. The migrating 

founder population (Nef 640) was a small subset of the ancestral Asian population, as evidenced 

by the low levels of variation in New World populations relative to Asians (e.g., Mulligan et al. 

2004) as well as the larger effective size of the ancestral Asian population (Hey 2005). Thus, 

divergence from the Asian gene pool was the time at which a severe population bottleneck 
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occurred that reduced the genetic variation in Amerind populations. The lack of archaeological 

sites in Siberia and Beringia that date to 43-36kya (Kuzmin and Keates 2005) suggests that this 

first stage of slow population growth left a light “footprint” on the landscape because of 

relatively rapid and continuous movement. Consistent with this hypothesis are the younger 

coalescent dates for modern Siberian populations relative to modern New World populations 

(Torroni et al. 1993; Derenko et al. 2007), which indicate that the New World migrants passed 

through Siberia before other East Central Asian population(s) settled permanently in this region 

at a later date. Such relatively rapid and continuous movement would leave few archaeological 

sites, which have not yet been discovered due to the vast expanse and harsh conditions of Siberia 

and the current inundation of Beringia. Thus, an important prediction of the first stage of our 

model is that older archaeological sites dating to 43-36kya await discovery in these regions. 

The proposed second stage (Figure 2-4B) consisted of an extended period of little change 

in population size from 36-16kya (Figure 2-1). It is difficult to assign a precise geographic 

location to this population, but it may have occupied the large region from Siberia to Alaska, 

most of which is currently underwater. Our Nef estimates of 4,000–5,000 (equivalent to Ne of 

8,000-10,000, assuming an equal sex ratio) indicate that the proposed human presence would 

have been minor when compared to the size of greater Beringia. Nevertheless, the presence of 

this population in Beringia for 20,000 years would have afforded sufficient time for the 

generation of new mutations. Indeed, the existence of New World-specific variants that are 

distributed throughout the Americas indicate that substantial genetic diversification occurred 

during the Beringian occupation (e.g., Tamm et al. 2007; Torroni et al. 1993a; Torroni et al. 

1993b; Malhi et al. 2002; O‟Rourke, Hayes, and Carlyle 2000). The proposed period of 

Beringian occupation coincides with archaeological evidence for the first Arctic inhabitation of 
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western Beringia (30kya; Pitulko et al. 2004) and pre-dates archaeological evidence for 

occupation of the New World (Waters and Stafford 2007; Dillehay 1997; Joyce 2006; Overstreet 

2005). This period also coincides with geological evidence for restricted access to North 

America because of the impenetrability of the Cordilleran and Laurentide ice sheets (17-30kya; 

Hoffecker and Elias 2003; Mandryk et al. 2001). Botanical remains, such as macrofossils and 

ancient pollen, indicate that Beringia was a productive grassland ecosystem rather than an 

exceedingly harsh Arctic desert environment (Zazula et al. 2003). Paleontological evidence from 

Alaska and Siberia demonstrates that large mammals such as steppe bison, mammoth, horse, 

lion, musk-oxen, sheep, wholly rhinoceros, and caribou inhabited this area (Guthrie 1990).Thus, 

the paleoecological data are consistent with a human presence in Beringia although the carrying 

capacity of Beringia and technological limitations of the human population may have restricted 

growth until the population could expand into new and fertile lands in the Americas. The rapid 

expansion of the population only after an ice-free corridor into North America opened (see 

below) suggests that the population may have departed Beringia as soon as a viable alternative 

presented. 

The final colonization stage (Figure 2-4C) was a rapid geographic expansion into the New 

World resulting in a significant population increase (16-fold; Figure 2-1). The rapid population 

increase occurred over the period 16-9kya according to the coding skyline plot or over the past 

15,000 years based on the IM analyses (the latter results supported only the most recent and 

largest expansion, most likely because IM analyses assume a single, simultaneous 

divergence/expansion event). The geological record indicates that North America became 

accessible from Beringia between 17-14kya, when the ice sheets covering what is now Canada 

began to retreat (Hoffecker, Powers, and Goebel 1993; Mandryk et al. 2001). The coincident 
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timing of an ice-free corridor into North America and the rapid expansion of the Amerind 

population suggests that a land route may have been the preferred entry into the New World. 

However, the northwest Pacific coast of North America also may have been deglaciated by 

17kya, thus presenting a viable coastal route to continental North America (Wang et al. 2007; 

Mandryk et al. 2001). This period also coincides with the initial inundation of the Bering land 

bridge, after which migration with Asia would have been severely limited. The first unequivocal 

evidence for human occupation of the New World occurs in the form of Clovis sites dating to 

13kya (Waters and Stafford 2007) and pre-Clovis sites in both North and South America dating 

to 14-15kya (Dillehay 1997; Joyce 2006; Overstreet 2005). Our datasets do not include typings 

from the Na-Dene or Esk-Aleut, so we limit our scope to the largest, initial migration of 

Amerinds into the New World. However, Na-Dene and Esk-Aleut genetic diversity represents a 

subset of Amerind diversity (e.g., Kolman et al. 1995; Kolman, Sambuughin, and Bermingham 

1996; Merriwether, Rothhamer, and Ferrell 1995) suggesting that Na-Dene and Esk-Aleuts are 

derived from the same Beringian source population as Amerinds. As stated above, extensive 

archaeological evidence supports the presence of multiple distinct Native American material 

cultures by 13kya [e.g., Clovis, Nenana and pre-Clovis lithic technologies (Waters and Stafford 

2007)]. Our results suggest that these distinct cultures derive from a single New World founder 

population and are most likely the product of an extensive and complex process of post-peopling 

migrations within the Americas, possibly through a combination of coastal and/or riverine routes 

(Wang et al. 2007; Fix 2005). 

Determination of the size of the Amerind founding population has received considerable 

attention. Based on the coding Bayesian skyline plot (Figure 2-1), there is a slight decrease in 

population size preceding the increase seen at 15kya. This decrease is consistent with a 
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secondary founder effect in which a subset of the Beringian population seeded the proto-

Amerind expansion into the Americas. Assuming the apparent decrease in Nef is the result of 

such a founder effect, the upper bound on the founder population size is 5,400 individuals (Nef 

2,700). Our IM analyses suggest that the founder population size could be lower depending on 

prior assumptions about the over water migration rates between the Americas and Asia (see 

Figure 2-3). Migration rates (m) within Europe today based on census data have been determined 

to be 4.3, which can be taken as an extreme upper bound of possible ancient migration rates 

between the Americas and Asia, especially after the appearance of the Bering Strait 11-10kya. 

Restricting migration rates to <1 results in founder Ne estimates between 1,000 and 1,200, 

with 1,200 serving as an asymptotic upper bound (see Figure 2-3). Taken together, our 

Bayesian skyline plot and IM analyses suggest that a founder population with Ne = 1,000-5,400 

colonized the New World in a process characterized by a rapid geographic and population 

expansion. The range of Ne values can be translated into an approximate census population size 

by applying a scale factor estimated from large mammal populations (scale factor = 5; 

Templeton 1998), which suggests that the founder population consisted of 5,000-27,000 people. 

Our three-stage model now awaits further critical testing with new datasets of independent 

nuclear loci and more sophisticated methods of coalescent analysis. The extensive dataset of 

700 autosomal microsatellites, compiled by Wang et al. (2007) for both Native American and 

worldwide populations, offers the opportunity to evaluate critically the size, timing, and duration 

of each step in our model at essentially a population genomics level. Future versions of BEAST 

will incorporate a structured coalescent where migration as well as population growth will be 

allowed to occur among populations from both the New World and Asia 

(http://evolve.zoo.ox.ac.uk/beast/manual.html). In these BEAST analyses, the microsatellites can 

http://evolve.zoo.ox.ac.uk/beast/manual.html
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be modeled under a stepwise “ladder process,” whereby alleles are inter-related according to 

their repeat lengths. One can then summarize over these microsatellite loci by assuming 

independence, which thereby allows for the multiplication of their separate posterior 

distributions and final estimations of their combined Bayesian skyline plot. In these ways, we 

fully anticipate that such critical testing will lead to many important refinements of our three-step 

model, including a further narrowing of our proposed range for the size of the founding 

population as well as new details about post-peopling expansions within the New World. 

Materials and Methods 

Datasets 

Three datasets were collected for analysis including: (i) 77 mtDNA coding genomes; (ii) 

812 mtDNA HVRI+II sequences; and (iii) combined nuclear and mitochondrial coding DNA 

dataset. The 77 mtDNA coding genomes were collected from publicly available resources 

(Herrnstadt et al. 2002; Ingman et al. 2000; Kivisild et al. 2006; Mishmar et al. 2003) and 

aligned using ClustalX (Thompson, Higgins, and Gibson 1994). The resultant 15,500 base pair 

(bp) multiple alignment was edited by hand to minimize the number of unique gaps and to ensure 

the integrity of the reading frame (Figure 2-S1). A total of 812 combined HVRI+II sequences 

were collected from HVRbase (http://www.hvrbase.org; Handt, Meyer, and von Haeseler 1998). 

These sequences were aligned following the coding mtDNAs, resulting in a multiple alignment 

of 771 bps (Figure 2-S2). The complete dataset of 812 HVRI+II sequences was randomly 

divided into ten non-overlapping alignments of 81 sequences that approximate the sample size 

for the coding mtDNA dataset. Skyline plot analyses of larger datasets (up to 200 HVRI+II 

sequences) gave the same results as the 81 sequence datasets (data not shown). Thus, the smaller 

datasets of 81 sequences each were emphasized here since they avoided the likelihood rounding 

errors that can occur when using large, heterogeneous datasets in Bayesian skyline plot analyses. 

http://www.hvrbase.org/
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The coding nuclear and mtDNA dataset from Asian and Native American populations of Hey 

(available at http://lifesci.rutgers.edu/~heylab/; Hey 2005) consisted of two autosomal coding 

loci, five X-chromosome coding loci, one Y-chromosome coding locus, and the complete 

mtDNA coding genome (totaling 28,454 aligned bps). The sample sizes for these nuclear loci 

and mitochondrial genome varied from 12 - 108 sequences. 

Bayesian Skyline Plot Analyses 

Bayesian skyline plots (Drummond et al. 2005) were used to estimate changes in Amerind 

Nef over time by providing highly parametric, piecewise estimates of Nef. This approach 

produces serial estimates of effective population size from the time intervals between coalescent 

events in a genealogy of sampled individuals, and utilizes a Markov chain Monte Carlo 

simulation approach to integrate over all credible genealogies and other model parameters. It 

thereby differs from previous approaches (e.g., Polanski, Kimmel, and Chakraborty 1998) in that 

Bayesian skyline plots fully parameterize both the mutation model (including relaxed clock 

models) and the genealogical process, whereas prior methods relied on generating estimates from 

summary statistics (e.g., the use of pairwise differences by Polanski, Kimmel, and Chakraborty 

1998). 

In these analyses, estimates of τ (Nef x generation time) were converted to Nef by dividing 

by a generation time of 20 years, following convention (Hey 2005). Skyline plots were generated 

for the 77 mtDNA coding genome sequences and the ten datasets of HVRI+II sequences using 

the program BEAST v1.4 (http://beast.bio.ed.ac.uk). These BEAST analyses relied on the same 

coalescent and substitution models and run conditions of Kitchen, Miyamoto, and Mulligan 

(2007) except as noted below. Plots were generated using the established mutation rates () for 

coding mtDNA ( = 1.7 x 10
-8

 substitutions / site / year; Ingman et al. 2000) and HVRI+II 

http://lifesci.rutgers.edu/~heylab/
http://beast.bio.ed.ac.uk/
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mtDNA ( = 4.7 x 10
-7

; Howell et al. 2003). Markov chains were run for 100,000,000 

generations and sampled every 2,500 generations with the first 10,000,000 generations discarded 

as burn-in. Three independent runs were performed for all coding and HVRI+II Bayesian skyline 

plot analyses. Markov chain samples from the three independent mtDNA coding replicates and 

from the 30 HVRI+II analyses were separately combined using the LogCompiler program 

(distributed with BEAST) and analyzed using Tracer v1.3 to produce the final Bayesian skyline 

plots. 

Isolation-with-Migration Coalescent Analyses 

Bayesian IM coalescent analyses were performed using the program IM (Hey 2005) to 

estimate Ne for the Amerind founder population (males + females) and the divergence time for 

Amerind and Asian populations. We used the same combined nuclear and mtDNA dataset, same 

coalescent and substitution models, and same model parameters as Hey (2005) with the 

exception of new priors on the divergence time and on the migration rates between Asian and 

Amerind populations. All IM analyses were performed using a flat uniform prior for the 

divergence time of Amerind and Asian populations set to the interval 15-40kya. The lower 

bound of this prior is based on accepted archaeological and climatological evidence for the first 

presence of humans in the Americas (Waters and Stafford 2007; Dillehay 1997; Joyce 2006; 

Overstreet 2005). The upper bound of the flat uniform priors on the migration rates per mutation 

per generation between the Amerindian and Asian populations (mAsiaNW and mNWAsia) was set 

to 12 different values (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, and 50). To help interpret these results, we 

relied on an estimate of the migration rate in modern Europe as obtained from census data 

(Weale et al. 2002). Specifically, we converted their migration rate estimate of 0.0004 migrations 

per gene copy per generation (recalculated assuming a generation time of 20 years based on Hey 
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2005) to our units of migrations per mutation per generation (m) by dividing the former by the 

geometric mean of the mutation rates for the nine loci in this dataset (9.32 x 10
-5

 mutations per 

locus per generation; Hey 2005). These calculations resulted in m = 4.3 for modern Europe. In 

contrast, the ancient migration rates between the New World and Asia would have been 

significantly less, especially after their geographic separation due to the re-inundation of 

Beringia starting at 11kya (see Introduction). Ten independent replicates were performed for 

each of the 12 upper bound values on the migration rates, for a total of 120 IM analyses. All 

Markov chains were run for 100,000,000 generations without heating. 
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Figure 2-1. Bayesian skyline plot for the mtDNA coding genome sequences. The curve plots 

median Nef with its 95% CI indicated by the light gray lines. The calculated Nef 

assumes a generation time of 20 years following Hey (2005); alternatively, using a 

generation time of 25 years (Fenner 2004) would uniformly decrease all estimates of 

Nef by 20%. “X” marks the median coalescent time with its 95% CI given in 

brackets. The shaded regions highlight two periods of substantial population growth. 

This skyline plot provides the principal evidence for our three-stage model of New 

World colonization, i.e., the three stages that are depicted and labeled here. 
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Figure 2-2. Bayesian skyline plot for the mtDNA HVR I+II datasets.  

This plot follows the conventions of Figure 2-1. Its estimates of coalescent time and Nef at 

the coalescence and today are in agreement with the coding mtDNA skyline plot (Figure 2-1). In 

contrast, this HVRI+II plot provides little resolution for other population size changes, most 

likely because of mutational saturation in the non-coding control region (see text). 
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Figure 2-3. Graph of IM results for the combined nuclear and mitochondrial coding DNA 

dataset. The plot depicts mean Ne for the Amerind founder population (y-axis) as a 

product of increasing the constraint on the upper bound of the priors for the migration 

rates (x-axis). In these analyses, the prior on the lower bound of the divergence time 

was uniformly set to 15kya on the basis of known archaeological materials for human 

occupation in the New World (see text). Each point is based on the average of the 

estimated medians for ten independent replicate analyses, with the bars corresponding 

to ± 1 standard deviation. These standard deviations are often small (with coefficients 

of variation less than 0.01), since their Markov chains were run for 100 million 

generations each. 
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Figure 2-4. Maps depicting each phase of our three-step colonization model for the peopling of 

the Americas. (A) Divergence, then gradual population expansion of the Amerind 

ancestors from their East Central Asian gene pool (blue arrow). (B) Proto-Amerind 

occupation of Beringia with little to no population growth for 20,000 years. (C) 

Rapid colonization of the New World by a founder group migrating southward 

through the ice free, inland corridor between the eastern Laurentide and western 

Cordilleran Ice Sheets (green arrow) and/or along the Pacific coast (red arrow). In 

(B), the exposed seafloor is shown at its greatest extent during the last glacial 

maximum at 20-18kya (Hopkins 1982). In (A) and (C), the exposed seafloor is 

depicted at 40kya and 16kya, when prehistoric sea levels were comparable (Elias 

et al. 1996; Hopkins 1982). Because of the earth's curvature, the km scale (which is 

based on the straight line distance at the equator) provides only an approximation of 

the same distance between two points on these maps. In addition, a scaled-down 

version of Beringia today (60% reduction of A-C) is presented in the lower left 

corner. This smaller map highlights the Bering Strait that has geographically 

separated the New World from Asia since 11-10kya. 



 

43 

 



 

44 

CHAPTER 3 

BAYESIAN PHYLOGENETIC ANALYSES OF SEMITIC LANGUAGES IDENTIFY AN 

EARLY BRONZE AGE ORIGIN OF SEMITIC AND A SINGLE IRON AGE MIGRATION 

TO AFRICA FOR ETHIOSEMITIC 

Introduction 

The Semitic languages comprise one of the most studied language families in the world. 

Semitic is of particular interest due to its association with the earliest civilizations in 

Mesopotamia (Lloyd 1984), the Levant (Rendsburg 2003), and the Horn of Africa (Connah 

2001), which gave rise to several of the world‟s first great literary (e.g., the Akkadian poem The 

Epic of Gilgamesh) and religious (e.g., Judaism, Christian, and Islamic) traditions. This 

association dates back at least 4350 years before present (historical sources date events relative 

to the common era that began 2000 years ago, but for consistency we will use years before 

present [ybp] as our dating standard) to ancient Sumer in Mesopotamia, where Akkadian 

replaced Sumerian (the first known written language) and adopted the Sumerian cuneiform script 

(Buccellati 1997).  From this time forward, archaeological evidence for Semitic amongst the 

Hebrews and Phoenicians in the Levant (Rendsburg 2003) and the Aksumites in Horn of Africa 

(Connah 2001) suggests that Semitic and Semitic-speaking populations underwent a complex 

history of geographic expansion and migration tied to the emergence of the earliest urban 

civilizations in these regions. However, though Semitic-speaking populations are well 

represented in the archaeological record (Lloyd 1984; Connah 2001; Richard 2003a; Nardo 

2007), their origins and relationships to each other remain uncertain. Without knowledge about 

the history of Semitic populations, our understanding of the ancient civilizations and lasting 

cultural traditions of the Middle East and the Horn of Africa remains uncertain. 

Despite multiple genetic studies of extant Semitic-speaking populations (e.g., Nebel et al. 

2002; Capelli et al. 2006), much is still unknown about the genealogical relationships of these 
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populations. Most previous genetic studies focused on time frames that are either too recent [e.g., 

the origin of Jewish communities in the Middle East and Africa (Hammer et al. 2000; Nebel et 

al. 2001; Rosenberg et al. 2001)] or too ancient [e.g., the original out-of-Africa migration 

(Passarino et al. 1998; Quintana-Murci et al. 1999)] to provide insight about the origin and 

dispersal of Semitic and Semitic-speakers. 

Linguistic studies can aid our understanding of the origin and dispersal of Semitic and 

Semitic-speakers. Previous historical linguistic studies of Semitic languages have utilized the 

„comparative method‟ to infer the genealogical relationships of Semitic [for review, see (Faber 

1997)]. The comparative method is a technique that uses the pattern of shared, derived changes 

in language (e.g., vocabulary, syntax, grammar), termed innovations, to assess the relative 

relatedness of languages but cannot date the divergences between languages (Campbell 2000). 

Simply stated, two languages that share more innovations in common are more closely related 

via a common ancestor than if they shared fewer innovations, and the pattern of pairwise 

comparisons of innovation sharing are used to infer relative relationships between many 

languages. Cognates, which are words that share a common form and meaning through descent 

from a common ancestor (e.g., the English word „night‟ is a cognate with the German word for 

night, „Nacht‟), serve as the data used most often in comparative analyses. 

 Several alternative sub-groupings of Semitic have been proposed using the comparative 

method, but the field has generally coalesced around a model that places the ancient 

Mesopotamian language Akkadian at the root of Semitic (Hetzron 1976; Faber 1980; Faber 

1997). This standard model divides Semitic into East Semitic, composed of only the extinct 

Akkadian and Eblaite languages, and West Semitic, consisting of all remaining Semitic 

languages, distributed from the Levant to the Horn of Africa. West Semitic is in turn divided into 
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South [consisting of Ethiosemitic, „Epigraphic‟ South Arabian (ESA), and Modern South 

Arabian (MSA)] and Central geographic groups, but the genealogical relationships of the 

languages within these two groups are ill-defined (Huehnergard 1990; Huehnergard 1992; 

Rodgers 1992; Faber 1997) and require further investigation to clarify their roles in the ancient 

history of the Middle East and Horn of Africa. Additionally, no consensus exists for placing 

Arabic in either the Central or South Semitic groups (Hetzron 1976; Blau 1978; Diem 1980; 

Huehnergard 1990; Huehnergard 1992; Faber 1997), which makes Arabic‟s genealogical 

location simultaneously uncertain and interesting, as Central and South Semitic are 

geographically and genealogically distinct entities. 

 Dating language divergences has been controversial, especially when linguistic clocks are 

involved (see Renfrew, McMahon, and Trask 2000 for discussion). The linguistic clock is 

controversial because it is assumes that languages evolve in a probabilistic manner with a fixed 

rate (Ehret 2000), whereas there is evidence for variation in rates between languages and words  

and no reason why languages should evolve with predictable rates (e.g., Blust 2000). However, 

recent studies show that variation in the rates of linguistic change follow generalized rules that 

apply across language families (Pagel, Atkinson, and Meade 2007; Atkinson et al. 2008). This 

suggests that variation in rates between words and languages can be appropriately modeled by 

applying techniques used in molecular evolution (e.g., gamma distributions of site variation and 

relaxed clock models) to produce a relaxed linguistic clock that accounts for rate variation. Since 

the comparative method does not provide time estimates for language divergences, relaxed 

linguistic clocks coupled with phylogenetic methods also borrowed from evolutionary biology 

provide a statistical alternative to accurately date language divergences. 
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 In this study, we analyzed lexical data for 25 Semitic languages distributed throughout 

the Middle East and Horn of Africa (see Fig. 3-1 for the geographic distribution of languages) 

using a Bayesian phylogenetic method to simultaneously infer the genealogical relationships and 

estimate the divergence dates of the Semitic languages. We used epigraphic and archaeological 

evidence for the sampling dates of the lexical information (i.e., the time at which the materials 

were written and the lexical data stopped changing) from extinct Semitic languages (Akkadian, 

Aramaic, Hebrew, Ge‟ez, and Ugaritic) to calibrate a relaxed linguistic clock and increase the 

accuracy of our divergence date estimates. We employed a log Bayes Factor (log BF) model-

testing technique to statistically test alternative Semitic histories and verify the information 

content of our lexical data. Finally, we combined our divergence date estimates with the 

epigraphic and archaeological evidence to form an integrated model of Semitic history. 

Results 

Genealogy of Semitic Languages  

 The phylogenetic analysis of the Semitic languages produced the phylogenetic tree 

shown in Fig. 3-2. A brief summary of the tree highlights (1) the greater age of the non-African 

Semitic languages (5925 ybp vs 2925 ybp), (2) the presence of Akkadian followed by Central 

Semitic near the root of Semitic, (3) the relatively poor resolution of non-African languages in 

comparison to the well resolved relationships of the African languages and (4) the well-resolved 

and recent divergences of the Ethiosemitic languages in a monophyletic (i.e., single origin) 

clade. Branches with posterior probability estimates (the probability that a group of languages is 

more closely related to each other than to other languages) less than 0.70, which is generally 

considered the benchmark for statistically well supported clades, were considered to be 

unresolved (i.e., the relative pattern of divergence amongst the taxa could not be ascertained) and 

collapsed to reflect this uncertainty. Long branches are indicative of long intervals between 
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divergences or the presence of un-sampled languages, such as the long branch leading to the two 

Arabic languages in our study, whereas short branches indicate bursts of diversification that are a 

hallmark of linguistic evolution (Nettle 1999; Atkinson et al. 2008).  

Semitic Language Divergence Dates 

 In addition to illustrating the relationship between different Semitic languages, our 

phylogenetic analysis produced dates for the divergence of related languages. The mean 

divergence times and 95% credible intervals (CI) of all language divergences are depicted on the 

tree in Fig. 3-2, with all times in years. The tree displayed a primary division between Akkadian 

and the remaining Semitic languages, which supported an estimated origin of Semitic ~5900 ybp 

(CI = 4300 – 7750 ybp) during the Early Bronze Age (Ehrich 1992). A secondary division 

occurred between Central and South Semitic groups (node A in Fig. 3-2) with an estimated 

divergence time of ~5425 ybp (CI = 3850 – 7525 ybp). The Central Semitic clade (Arabic, 

Aramaic, Hebrew, and Ugaritic) had strong posterior support (0.82; node B) and a weakly 

supported internal divergence of Ugaritic from an unstructured group of Arabic, Aramaic, and 

Hebrew dated at ~4100 ybp (CI = 3400 – 5925 ybp). The Arabic clade (node C) had 100% 

posterior support and an estimated divergence time of Moroccan and Ogaden Arabic of ~540 ybp 

(CI = 110 – 1375 ybp). 

 On the other half of the tree, the South Semitic clade showed an ancient divergence (node 

D) Ethiosemitic and MSA language groups dated to ~4525 ybp (CI = 2700 – 6825) and over-

lapping with the transition from the Early to Middle Bronze Ages. The most recent common 

ancestor of strongly supported MSA clade (1.0; node E) was estimated to have been extant 

~1300 ybp (CI = 475 – 2550), and the narrow geographic distribution of MSA along the southern 
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coast of Arabia facing the Gulf of Aden suggests that the diversification of MSA occurred in this 

area. 

 The lone, strongly supported branch (posterior = 0.94) leading to Ethiosemitic indicates a 

single origin for the Semitic languages in the Horn of Africa with their diversification into North 

and South clades (node F) occurring ~2975 ybp (CI = 1850 – 4500 ybp), or during the second 

period of the Iron Age. The large number of small internal branches in the Ethiosemitic group 

indicates a rapid diversification of these languages. Our phylogenetic analysis divided the South 

Ethiosemitic languages into three well-supported clades with estimated divergences occurring 

approximately a millennia ago: Outer Gurage (node G; divergence = 1175 ybp, CI = 460 – 

2175), East Gurage (node H; divergence = 1125 ybp, CI = 400 –2175), and Amharic-Argobba-

Gafat (node I; divergence = 1000 ybp, CI = 300 – 2100). 

Log Bayes Factor Tests 

 The validity and usefulness of our interpretations rests on the accuracy of our phylogeny. 

Thus, we assessed the robustness of our phylogenetic analysis by statistically testing alternative 

histories of Semitic. This was done using log Bayes factor (BF) model tests, which compare the 

probability that each model produced the observed data (i.e., the wordlist data). Log BF values 

(all values in log base 10 units) in the intervals 0-1, 1-2, and >2, are considered to be 

“substantial,” “strong,” and “decisive”, respectively, evidence for the primary model (Kass and 

Raftery 1995). We tested four alternative Semitic histories in the following three comparisons. 

The comparison between the Standard model [which constrains Akkadian to the root and 

constrains the sub-division of West Semitic into Central and South Semitic clades] and a 

phylogenetic tree with no constraints showed a “strong” preference for the Standard model (log 

BF = 1.1,), consistent with Semitic genealogies estimated using the comparative method (Faber 
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1997). We next compared the Standard model to a model of Semitic history that placed 

Ethiosemitic at the root (i.e., an African origin for Semitic), and the log BF test showed 

“substantial” support for the Standard model of Semitic history (log BF = 0.793), consistent with 

a non-African origin of Semitic. Our final comparison, between the Standard model and the Old 

Arabic model (a version of the Standard model with the most recent common ancestor of Ogaden 

and Moroccan Arabic constrained to the period prior to the expansion of Arabic ~1400 ybp.), 

resulted in “strong” support for the Standard model (log BF = 1.197) and demonstrated the 

accuracy of our rate estimates and the ability of our analysis to reject unrealistic divergence dates 

(i.e., the divergence of Arabic prior to Arabic‟s geographic expansion in the 7
th

 century).  

Discussion 

The Semitic language family is unique in that it is the sole member of the Afroasiatic 

language phylum to have been historically spoken both outside Africa as well as in Africa 

(Hayward 2000).  Semitic is associated with some of the oldest urban states in ancient 

Mesopotamia and the world, such as the first Akkadian Empire of Sargon in the third millennium 

B.C.E. (Lloyd 1984). Furthermore, Semitic societies in the ancient Levant, particularly the 

Canaanites, Phoenicians, and Israelites, played important roles in the second and first millennia 

B.C.E. by developing new kinds of long-distance commerce in the Mediterranean and ancient 

Middle East and creating great literary and religious traditions (Rendsburg 2003). The oldest 

states in southern Arabia (e.g., Saba‟; von Wissman 1975) and the Ethiopian Highlands [Yeha, 

Aksum (Connah 2001)] are also associated with Semitic  and underscore both the antiquity and 

geographic extent of the influence and importance of Semitic-speaking populations in the history 

of the Middle East and Horn of Africa. However, important aspects of the complex history 

underlying this distribution of Semitic remain unresolved, such as the timing and location of 
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Semitic origins (e.g., non-African vs. African origin), the age of Semitic languages in the Levant, 

and the timing and provenience of the Semitic languages in Africa.  

 Historical linguists have traditionally used the comparative method to produce language 

trees that depict degrees of relatedness to a common ancestor. The comparative method uses 

shared linguistic innovations (i.e., derived linguistic features, analogous to DNA mutations) to 

infer patterns of hierarchical relatedness, but can not produce estimates of divergence times. 

Conversely, a branch of historical linguistics called lexicostatistics (or glottochronology) 

employs the percentage of cognates shared between languages as a measure of evolutionary 

distance that is used to estimate language divergence dates based on a strict linguistic clock. This 

method is controversial and seldom used today because many exceptions have been found to its 

underlying assumption that linguistic change is constant in time and across languages (Ehret 

2000). Recent research, however, has identified generalized mechanisms underlying rate 

variation that act across language groups (Pagel, Atkinson, and Meade 2007; Atkinson et al. 

2008) suggesting that variation in rates of linguistic evolution can be accurately modeled and 

accounted for using relaxed clocks analogous to those used in molecular evolution. 

Several recent studies have taken a statistical approach to inferring language trees via the 

application of model-based, computational phylogenetic methods borrowed from evolutionary 

biology to the analysis of cognate lists traditionally used in historical linguistics (Gray and 

Jordan 2000; Holden 2002; Gray and Atkinson 2003). These analyses employed computational 

phylogenetic techniques that allowed the evolution of the linguistic data to be modeled, the 

strength of alternative language trees to be assessed by objective criteria, the confidence of 

evolutionary models and parameters to be estimated, and alternative linguistic histories to be 

statistically tested. The first of these studies used maximum parsimony phylogenetic criteria, 
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which favor trees that minimize the number of evolutionary changes necessary to explain the 

data, to investigate the Austronesian (Gray and Jordan 2000) and Bantu (Holden 2002) language 

expansions but did not estimate divergence dates for either language family. A similar study of 

Indo-European (Gray and Atkinson 2003) employed a Bayesian phylogenetic method (which 

estimates the probability that a model is correct given the data and some independent, prior 

knowledge) to infer an Indo-European language tree and then applied a likelihood dating 

technique (which maximizes the probability that the model produces the data), calibrated with a 

priori constraints on the times of specific sub-family divergences, to date events in the history of 

Indo-European. In contrast to the likelihood method used to estimate divergence  times of Indo-

European, which does not account for uncertainty in both the tree and the rate, we employ a 

Bayesian phylogenetic technique that allows for the co-estimation of Semitic language trees and 

divergence dates while fully accounting for the uncertainty of both (Drummond et al. 2006). We 

also provide the first use of language sampling dates (as opposed to constraints on dates of 

specific nodes within the language tree used by (Gray and Atkinson 2003)) drawn from the 

archaeological record to calibrate the rate of linguistic evolution and date events in Semitic 

history. Furthermore, we use Bayes factor model tests to provide quantitative support for 

distinguishing between alternative hypotheses of Semitic language evolution and confirm the 

information content of our dataset. 

Semitic Origins 

 Our phylogenetic analysis of Semitic produced a language tree with dates that establish 

Akkadian as the deepest branch in the Semitic family tree and estimates the origin of Semitic to 

~5900 ybp (Fig. 3-2). This date places the Semitic origin a surprising ~1500 years before the first 

Akkadian inscriptions, which were written using Sumerian cuneiform script (Daniels 1997) and 
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appear in the archaeological record of northern Mesopotamia (Buccellati 1997). The city-states 

of Sumer were established and flourishing in Mesopotamia with their own indigenous languages 

~5900 ybp (Lloyd 1984), so it is unlikely that Akkadian was spoken in Sumer for the entirety of 

the 1500-year interval between its divergence from ancestral Semitic and initial appearance in 

the archaeological record of Sumer. Furthermore, the closest relative of Akkadian and the only 

other member of East Semitic, Eblaite (unsampled in our study), was spoken in northwestern 

Syria, in a region adjacent to where some of the oldest West Semitic languages were spoken. The 

presence of ancient members of the two oldest Semitic groups (i.e., East and West Semitic) in 

the same area suggests their divergence from ancestral Semitic occurred there, in what is today 

Syria. This, combined with the long interval between the origin of East Semitic and the 

appearance of Akkadian in Sumer, suggest that East Semitic originated in present-day Syria and 

Akkadian later spread from Syria eastward into Mesopotamia and Sumer (see Fig. 3-1 for a map 

of Semitic dispersals).  

 Our Semitic tree indicates that within several centuries of the initial divergence of 

ancestral Semitic into East Semitic (represented in our study by Akkadian) and West Semitic 

branches, West Semitic in turn diverged ~5425 ybp (Fig. 3-2, node A) to form Central and South 

Semitic. The short interval between this divergence and the origin of Semitic in Syria (~500 

years) suggests that this divergence occurred in the same region of the interior Levant, and that 

Central Semitic (found throughout the Levant) spread to the west while South Semitic spread 

into the southern Levant. Thus, the early emergence ~4525 ybp (Fig. 3-2, node D) of a South 

Arabian lineage of South Semitic may reflect an early Bronze Age expansion of Semites from 

the southern Levant southward through the Arabian Peninsula.  The Central Semitic sub-branch 

of West Semitic was characterized first by a divergence into northern (Ugaritic) and southern 
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(Arabic, Aramaic, and Hebrew) lineages ~4100 ybp (Fig. 3-2, node B), and later by the 

divergence of Arabic, Aramaic and Hebrew from each other ~3200 ybp (Fig. 3-2). The 

expansion of Central Semitic ~4100 ybp was likely part of the migration process that was 

definitive of the transition from the Early to the Middle Bronze Age in the Levant (Ehrich 1992; 

Ilan 2003; Richard 2003b). This period in the Levant involved the devolution of many urban 

societies at the tail end of the Early Bronze Age (Richard 2003b) and their replacement with new 

urban societies that were culturally and morphologically distinct at the start of the Middle Bronze 

Age (Ilan 2003). Our analysis suggests that the shift in urban populations from the Early to 

Middle Bronze Age is associated with the wider expansion of Semitic in the Levant. 

 The recurrent spread of early Semitic peoples and their languages, first South Semitic and 

later Arabic, into the marginal, desert lands of the Arabian Peninsula, combined with the Biblical 

testimony on early Hebrew subsistence, suggest that the earliest West Semitic society had a 

largely pastoralist economy particularly adapted to such conditions. Furthermore, this is 

consistent with the ancestral Semitic society occupying the easternmost Early Bronze Age urban 

developments in the Levant. This placement provides a plausible setting for the initial movement 

of Akkadian into Mesopotamia, as well as the subsequent expansion of South Semitic through 

the Arabian Peninsula and Central Semitic throughout the Levant. The expansion of Arabic into 

the Arabian Peninsula is the result of a more recent migration of Central Semitic southward from 

the Levant. 

Recent Arabic Divergence 

 The Arabic languages, or dialects, represent the largest group of extant Central Semitic 

languages (Gordon 2005). The Arabic languages originated in north Arabia and expanded along 

with Islam in the 7
th

 century to occupy a geographic range that extends from Morocco to Iran 
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(Kaye and Rosenhouse 1997). Our phylogenetic analysis indicated that the two studied Arabic 

languages (Moroccan and Ogaden) diverged ~540 ybp (Fig. 3-2, node C), or ~800 years after the 

expansion of Arab populations associated with Islam. We were able to employ a log BF test to 

asses the ability of our linguistic clock to reject unrealistic historical scenarios by comparing the 

effects of different constraints on the divergence times of these Arabic languages. Specifically, 

we compared our Standard model (Arabic divergence date estimate = ~540 ybp) with a model 

that constrained the divergence of Arabic to occur prior to the spread of Islam (i.e., > 1400 ybp), 

and were able to show “strong” support for the Standard model over the model with unrealistic 

constraints. This test confirms the accuracy of our linguistic clock, while suggesting that in some 

regions, such as Morocco,  Arabic languages became fully established as local indigenous 

tongues, replacing earlier indigenous languages (Berber in this case), only within the past 

millennium, long after the initial expansion of Islam. 

South Semitic and the Origins of Ethiosemitic 

 We estimate that after the divergence of West Semitic into Central and South Semitic 

~5425 ybp, South Semitic continued to expand southward until ~4525 ybp (Fig. 3-2, node D). It 

was at this time that South Semitic diverged into two lineages with to the south of the Levant.  

One of these lineages was ancestral to the Modern South Arabian languages, and its speakers 

likely inhabited the southern coasts and coastal hinterlands of the peninsula.  The other lineage 

leads to the „Epigraphic‟ South Arabian language(s), spoken in and around highland Yemen in 

the later second and the first millennia B.C.E.  The founding speakers of Ethiosemitic in the far 

northern Ethiopian highlands likely came from this Yemeni population. Our estimate of ~2975 

ybp for this transfer of Semitic to Eritrea and Ethiopia (which became the Ethiosemitic 

languages) is contemporaneous with the adoption of Iron Age technologies in the Middle East 
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(Ehrich 1992; Moorey 1994), but pre-dates the rise of the Aksumite Kingdom in Eritrea and 

Ethiopia by at least ~600 years (Connah 2001). This migration to Africa most likely reflects a 

influx of Semitic speaking migrants of unknown size, concurrent with the rise of the first towns 

and cities in the northern edges of the Ethiopian Highlands during or before the middle of the 

first millennium B.C.E. (Ehret 1988), and suggests that the introduction of Semitic from Arabia 

was temporally correlated with the development of the first urbanized states in Eritrea and 

Ethiopia (Fattovich 1990).  

 Intriguingly, the estimated date for the Ethiosemitic migration is broadly consistent with 

the Queen of Sheba (Saba‟) myth, which posits a 10
th

 century B.C.E. connection of the Ethiopian 

Highlands and Yemen with the Levant. This myth claims that after visiting King Solomon in 

Israel, the Queen of Sheba returned home to bear a son who would later found a new state in 

Eritrea and Ethiopia culturally attached to Semitic populations in the Levant (specifically the 

Hebrews). Genetic studies have shown that Ethiosemitic speaking populations are genetically 

similar to Cushitic-speaking populations within Eritrea and Ethiopia (Lovell et al. 2005), 

indicating that the migration of Semitic to the Horn of Africa was accomplished with little gene 

flow from the Arabian Peninsula. This process of local adoption, in which Ethiosemitic was first 

introduced to and later adopted by individuals recruited from existing local populations is also 

consistent with the word borrowing evidence (Ehret 1988) that a relatively small number of 

people from Yemen, holding economically and politically strategic positions, introduced Semitic 

to populations in the Horn of Africa. 

Conclusion 

 We used Bayesian phylogenetic methods to elucidate the relationship and divergence 

dates of Semitic languages, which we then related to the archaeological and epigraphic record to 
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produce a comprehensive hypothesis of Semitic origins and dispersals (Fig. 3-1). Our analysis 

demonstrates the first time that language sampling dates have been used to calibrate the mean 

rate of linguistic evolution, including variation between lineages. This allowed us to provide 

dates for important events in Semitic history and place them in context. For example, we 

estimate that (i) Semitic had an Early Bronze Age origin (~5900 ybp) in the dry interior areas of 

the Levant from which Akkadian subsequently expanded into Mesopotamia, (ii) Semitic then 

dispersed, earlier than previously thought, throughout the Levant as part of the Early to Middle 

Bronze Age transition in the Eastern Mediterranean, and (iii) conclude that Ethiosemitic was the 

result of a single, early Iron Age (~2975 ybp) migration of Semitic across the Red Sea consistent 

with 10
th

 century B.C.E. Queen of Sheba myths connecting Ethiopia to non-African Semitic 

populations. Furthermore, we employed the first use of Bayes factors to statistically test 

competing language histories and confirm the robustness of our inferences about Semitic history. 

These inferences shed light upon the complex history of Semitic, answer key questions about 

Semitic origins and dispersals, and provide important hypotheses to test in future studies with 

new data.  

Methods 

Word Lists and Cognate Coding 

 Wordlists were modified from Swadesh‟s 100-word list of most conserved words 

(Swadesh 1955), with the final lists containing 97 words for 25 extant and extinct Semitic 

languages (Supplementary Figure 3-S1). Wordlists for the Ethiosemitic languages (Amharic, 

Argobba, Chaha, Gafat, Ge‟ez, Geto, Harari, Innemor, Mesmes, Mesqan, Soddo, Tigre, Tigrinya, 

Walani, Zway) and Ogaden Arabic were drawn from Bender‟s The Languages of Ethiopia 

(Bender 1971). The lists for Moroccan Arabic, the South Arabian languages (Gibbali, Harsusi, 
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Mehri, Soqotri), and extinct non-African Semitic languages (Akkadian, Aramaic, ancient 

Hebrew, and Ugaritic) were constructed from previously published lexicons (Rabin 1975). 

 Cognate classes were determined for each of the 97 words using a comparative method 

that emphasizes the similarity of consonant-consonant-consonant roots and known consonant 

shifts when comparing two words (see Supplemental Figure 3-S2 for a graphical depiction of the 

cognate coding and loanword treatment). Loanwords were identified using lexical information 

from distantly related but geographically close language families (such as Cushitic) as well as 

comparisons with lexicons of languages within the Semitic family. Loanwords were dealt with in 

two ways: (i) all loanwords were coded as missing data (i.e., „-‟) to indicate the loss of the 

ancestral word in the accepting language(s), and (ii) loanwords shared by descent (i.e., the loan 

event occurred in a common ancestor of multiple languages) were considered to be an extra 

meaning in which all languages sharing the loanword via descent are coded as cognate (e.g., „A‟) 

while all others are coded as missing data (i.e., „-„). In the second case, the loanword was used as 

a marker of common descent in languages that diverged after the loan event, while no common 

ancestry for that meaning was supposed between the language(s) that provided the loanword and 

the language(s) that accepted the loanword. The coded cognate dataset, including the treated 

loanwords, is available as Supplemental Figure 3-S3. 

Phylogenetic Analysis and Divergence Date Estimation 

 Phylogenetic trees were constructed under a Bayesian framework using BEAST v1.4.6 

(Drummond and Rambaut 2007). An unordered model of cognate class evolution was used to 

allow transitions between any pair of cognate classes. Rate heterogeneity across meanings was 

modeled by a gamma distribution on meaning-specific rates. This model accommodates 

variations in the rate of change across meanings, such that conserved meanings (e.g., a single 
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cognate class for all languages) were assigned a slower rate than the mean while highly variable 

meanings (e.g., few shared cognate classes between languages) were assigned a faster rate than 

the mean. Priors for the unordered rate matrix and gamma shape parameter were flat.  

 Divergence times were estimated using an uncorrelated lognormal relaxed clock model 

that assumes a single underlying rate for the entire phylogeny but allows for variations in rates 

across the tree (Drummond et al. 2006). This relaxed clock model accommodated differences in 

the overall rate of cognate transition between languages by assigning rates drawn from a 

lognormal distribution to individual branches in the tree. We used heterogeneous tip date 

information (Rambaut 2000) and constraints on the root of Semitic to calibrate the relaxed clock. 

Specifically, we included the sampling dates of the five languages in our dataset that are no 

longer spoken [Akkadian = 2800 ybp, Aramaic = 1800 ybp, Ge‟ez = 1700 ybp, ancient Hebrew = 

2600 ybp, and Ugaritic = 3400 ybp; (Rabin 1975)] and used a flat prior on the root of the Semitic 

set to 4,300 [the age of the first evidence of a Semitic language, Akkadian (Buccellati 1997)] to 

8,000 ybp to calibrate the clock. (Although the earliest few documents in Akkadian date to 

~4300 ybp, the great bulk of Akkadian lexical data comes from late Assyrian materials, 2900-

2700 ybp, hence the choice of 2800 ybp for the sampling date of Akkadian.) A flat prior of 0.01 

to 0.0001 cognate transitions per meaning per year (roughly, a 0.01% to 1% replacement rate per 

year) was placed on the mean of the lognormal distributed clock. 

 The robustness of our results was tested by the application of log BF model tests to 

comparisons of alternative Semitic histories. In addition to the analysis with no topological 

constraints described above (the unconstrained model), we first constrained the tree topology to 

reflect the accepted major divisions of Semitic: East Semitic (Akkadian) vs. West Semitic, with 

West Semitic into Central (the Arabic languages, Aramaic, ancient Hebrew, and Ugaritic) and 
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South (the Ethiosemitic and South Arabian languages) Semitic clades (Faber 1997). We called 

this Semitic history the Standard model, as it represents a general consensus amongst Semitic 

linguistisc that the primary division of Semitic is between East and West clades. For our second 

test, we compared the Standard model with a model (termed the „Old Arabic‟ model) that 

constrained the divergence of Moroccan and Ogaden Arabic to occur more than 1400 ybp. This 

comparison was used to test the accuracy of our relaxed clock model, as the Old Arabic model 

forces the divergence of the two Arabic languages to have occurred unrealistically before the 

expansion of Arabic with Islam starting in the 7
th

 century. Our final test compared the Standard 

model with a model (termed the „African‟ model) that forced Semitic to have an African root by 

constraining Ethiosemitic as the outgroup. The mean clock rate estimated under the Standard 

model (4.438 x 10
-4

 transitions per meaning per year) was used for all log BF tests, and Markov 

chains were run for 10
8
 generations. Marginal likelihoods for each model were estimated using 

the smoothed harmonic mean of the likelihood distribution (Newton et al. 1994; Redelings and 

Suchard 2005) and all log BF values were calculated by taking the difference in the log of the 

marginal likelihoods of each model (Kass and Raftery 1995), with log BF values reported in log 

base 10 units. A log BF > 0 would indicate a preference for model 1, whereas a log BF < 0 

would indicate a preference for model 2.  

 BEAST uses a Markov chain Monte Carlo simulation technique to estimate the posterior 

distribution of parameters. All Markov chains were run for 20,000,000 generations with samples 

taken every 1,000 generations (for a total of 20,000 sampled states per run). Burn-in was 

1,000,000 generations (1,000 states), and post run analysis of parameter plots in Tracer v1.4 

(Rambaut and Drummond 2007) suggested all chains had reached convergence by the end of the 
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burn-in period (e.g., all estimated sample size values were > 500). The MCMC sampling and run 

conditions, and all prior distributions, were identical for all analyses unless otherwise stated. 
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Figure 3-1. Map of Semitic languages and inferred dispersals. The location of all languages 

sampled in this study are depicted. The map also presents the dispersal of Semitic 

inferred from our study. The origin of Afroasiatic along the African coast of the Red 

Sea is indicated in red (Ehret 1995; Ehret, Keita, and Newman 2004), while Semitic 

migrations are depicted by green arrows. The Semitic dispersal follows a radial 

pattern expanding from a Semitic origin in eastern Syria. The current distributions of 

all Semitic languages in Eritrea and Ethiopia (Ethiosemitic) follow Bender (Bender 

1971) and the remaining follow Hetzron (Hetzron 1997). The ancient distributions of 

the extinct languages are indicated, i.e., Akkadian, Aramaic, Ge‟ez, Hebrew, and 

Ugaritic (Bender 1971; Hetzron 1997). The West Gurage (Chaha, Geto, Innemor, 

Mesmes, and Mesqan) and East Gurage (Walani and Zway) Ethiosemitic language 

groups in central Ethiopia are listed as two combined groups since the distribution of 

these languages was too circumscribed to list individually in the map. 
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Figure 3-2. Phylogenetic tree of Semitic languages. The language tree produced by the 

phylogenetic analysis of Semitic wordlists placed the origin of Semitic at ~5900 ybp 

(CI = 4300 – 7700 ybp). All branch lengths are in years, represented by median 

estimates from their posterior distributions, and node dates are relative to years before 

present (ybp). The scale bar along the bottom of the tree presents dates in ybp and 

relative to the common era (C.E. and B.C.E.). Extinct languages are under-lined, and 

all other languages are considered to evolve to the present. Sub-groups of Semitic are 

identified by color (East Semitic = purple, Central Semitic = green, Modern South 

Arabian = red, and Ethiosemitic = blue), with bars to the right of the tree, and by two 

boxes (Central Semitic and South Semitic), while the geographic distribution (African 

vs. non-Africa) is indicated by a bar to the right of the tree. Important groups are 

indicated by letters A-I. These are: A, West Semitic; B, Central Semitic; C, Arabic; 

D, South Semitic; E, Modern South Arabian; F, Ethiosemitic; G, Outer Gurage; H, 

East Gurage; and I, Amharic-Argobba-Gafat. Posterior probabilities of internal 

branches are printed in italics above each branch, with median divergence dates 

printed to the right of each node. All branches with posterior support < 0.70 are 

collapsed and considered unresolved. The topology follows the constraints of the 

Standard model, which is preferred by our log BF analysis. 
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Figure 3-S1. Semitic wordlist data for 25 languages. The final Semitic wordlists contained 97 

meanings for 25 extant and „extinct‟ languages. Data for 15 Ethiosemitic languages 

[Amharic, Argobba, Chaha, Gafat, Geto, Ge‟ez, Harari, Innemor, Mesmes, Mesqan, 

Soddo, Tigre, Tigrinya, Walani, and Zway; (Bender 1971)], Ogaden Arabic (Bender 

1971), and 9 non-African Semitic languages [Akkadian, Moroccan Arabic, Aramaic, 

Gibbali, Harsusi, Hebrew, Mehri, Socotri, and Ugaritic; (Rabin 1975)] were gathered 

from previously published wordlists. Gaps in the data are indicated by „-„ characters. 
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Figure 3-S1 continued. 
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Figure 3-S1 continued. 
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Figure 3-S1 continued. 
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Figure 3-S1 continued. 
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Figure 3-S1 continued. 
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Figure 3-S1 continued. 
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Figure 3-S1 continued. 
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Figure 3-S1 continued. 
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Figure 3-S2. Example of the cognate coding process as applied to the gloss of the word „dog.‟ 

Cognate coding involved two steps: the identification of loanwords and the 

determination of cognate classes (depicted in panel A). Step 1: Loanwords shared by 

descent (identified by a red box placed around them) are placed in a new gloss 

category (e.g., DOGb) and coded as missing data (i.e., „-„) with regard to the original 

gloss (e.g., DOGa). Step 2: Cognate classes are then identified from the words in each 

gloss category based on similar morphology (e.g., “k-lb” roots vs. “b-c” or “g-nn” 

roots) and given state codes (e.g., „A,‟ „B,‟ or „C‟). Panel B depicts the effect of this 

treatment on phylogenetic inference. When a language has missing data for a gloss 

category, the phylogenetic algorithm prunes the tree to not consider the position of 

that language when assessing the fit of the tree to the data for that particular gloss 

category. This pruning is depicted by dashed lines on the language trees of the DOGa 

(ancestral gloss for „dog‟) and DOGb (the loanword gloss for „dog‟) gloss categories. 

As you can see from the DOGb language tree, the data in this gloss category serves to 

hold together the four languages sharing the loanword by descent, but does not 

influence the relationships between any of the other languages. 
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Figure 3-S3. Cognate lists for 25 Semitic languages. This final Semitic cognate lists contained 

126 words for 25 languages. The 126 words include the 97 meanings (see Figure 3-

S1) and 29 loanwords (see Materials and Methods for our loanword identification and 

treatment methods), with gaps in the data coded by „-„ characters. 
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Figure 3-S3 continued. 
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Figure 3-S3 continued. 
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Figure 3-S3 continued. 
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Figure 3-S3 continued. 
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Figure 3-S3 continued.
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CHAPTER 4 

UTILITY OF DNA VIRUSES FOR STUDYING HUMAN HOST HISTORY: CASE STUDY 

OF JC VIRUS
4
 

Introduction 

Recent research has focused on the use of microbial pathogens and commensals as 

complements to traditional genetic markers to investigate the population histories and 

demographies of their hosts (Ashford 2000; Holmes 2004). Microbial pathogens and 

commensals have generally faster mutation rates () and shorter generation times than their 

hosts, which thereby often produce significant population differentiation faster than that 

observed in any host genetic system. These attributes also offer greater resolution for the 

estimation of  and therefore other population genetic parameters such as effective population 

size (Ne) and coalescent time.  

In turn, the utility of microbial pathogens and commensals to study host history and 

demography also depends on their mode of transmission [i.e.,, vertical, horizontal, or some 

mixture of both (Ashford 2000; Holmes 2004)]. Vertically transmitted pathogens and 

commensals are passed from parents to offspring within their host populations, thereby closely 

tying them to their host genealogies and generation times (with the latter often measured in years 

to decades). Thus, such microbes are expected to show older coalescent times and slower 

population dynamics that reflect the more ancient historical events within their hosts. In contrast, 

horizontally transmitted pathogens and commensals are not so constrained as they can also be 

passed among unrelated individuals within their host populations by direct or indirect contact 

with infected non-relatives. Thus, these microbes are expected to exhibit more recent coalescent 

                                                 
4
 Reproduced with permission from: Kitchen A, Miyamoto M, Mulligan C. 2008b. Utility of DNA viruses for 

studying human host history: Case study of JC virus. Mol Phylogenet Evol. 46:673-682. 
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times and faster population dynamics that represent changes in their infection rates due to 

younger historical events within their hosts. 

In particular, viruses have shown great utility as markers that both corroborate and extend 

the population histories inferred from human DNA (Holmes 2004). Given their fast rates of  = 

0.01 to 3.4 x 10
-3

 substitutions per site per year (Jenkins et al. 2002), RNA viruses have proven 

their utility for studying recent human events due to societal and epidemiological changes as well 

as population genetic ones (e.g.,, migration). For example, Pybus et al. (2003) and Drummond et 

al. (2005) documented a link between virus population expansion and increased infection rates in 

the rapidly evolving hepatitis C virus ( = 7.9 x 10
-4

) due to changing public health policies 

during the 1920s-1950s in Egypt.  

In contrast to RNA viruses, DNA viruses have presumably more variable , thereby 

making their applications to studies of human population events less clear but potentially 

broader. Slowly evolving DNA viruses, such as human papillomavirus (HPV-18,  = 2 x 10
-7

), 

have been used as markers of ancient human population events, including the establishment of 

host phylogeographic substructure (Ong et al. 1993; Bernard 1994). Conversely, hepatitis B virus 

(HBV) is a fast evolving virus ( = 4.2 x 10
-5

) whose population dynamics have been shown to 

reflect recent human events such as the spread of HBV infections in Japan due to postwar 

societal changes after World War II (Michitaka et al. 2006). Collectively, DNA viruses have the 

potential to track major events in human history ranging from recent societal and 

epidemiological changes to older phylogenetic co-divergences. 

JC virus (JCV) is a double-stranded, circular, DNA virus of humans that belongs to the 

polyomavirus family. Although ~ 70 to 90% of all adults are seroprevalent for JCV (Padgett and 

Walker 1973), this virus is not normally associated with any disease, except in 
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immunocompromised patients (Weber and Major 1997). The normal target organ for JCV is the 

kidneys and the virus is thought to be passed among both relatives and non-relatives through 

their urine. JCV replicates in the host cell nucleus, but does not integrate into the latter‟s 

chromosomes (Khalili et al. 2007). Evolutionary studies indicate that the JCV genome has not 

evolved under widespread positive selection (Pavesi 2005). 

JCV has been widely assumed to be a slowly evolving virus, which has co-evolved for at 

least 100,000 years with its human host (Sugimoto et al. 1997). For these reasons, the virus has 

been used to infer ancient global (Sugimoto et al. 1997, 2002; Wooding 2001) and regional 

(Agostini et al. 1997; Ikegaya et al. 2005) human population history. This assumption of slow 

evolution and ancient co-divergence is largely based on medical, epidemiological, and 

comparative information for individual patients, ethnic groups, JCV strains, and other 

polyomaviruses (Agostini et al. 1997; Sugimoto et al. 1997). These results have proven most 

consistent with the hypothesis of an effectively vertically transmitted and slowly changing virus. 

However, other such studies have instead argued that horizontal transmission from extra-familial 

sources occurs in > 50% of infections [Kitamura et al. 1994; Kunitake et al. 1995; see also Chen 

et al. (2004) for evidence of a rapid polyomavirus rate]. Significant horizontal transmission and 

rapid change are more characteristic of a fast evolving virus that could instead be tracking recent 

events in human history. 

Recently, Shackelton et al. (2006) used a very different approach to estimate  for JCV, a 

method that did not rely on the a priori assumption of an ancient basal co-divergence between 

virus and host. Instead, these authors used the different sampling dates for JCV samples to 

provide a new estimate of its , one which was independent of this assumption. Specifically, 

they used Bayesian, maximum likelihood (ML) and distance phylogenetic methods to show that 
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there was substantial geographic subdivision among global JCV populations. However, above 

the subtype level, they then statistically documented that the virus and human phylogenies 

showed no significant co-divergence, which thereby led to their rejection of the old external 

calibration for estimating the JCV rate. Rather, using the viral sampling dates, Shackelton et al. 

produced an independent estimate of  for global JCV that was two orders of magnitude faster ( 

= 1.7 x 10
-5

) than those based on the assumption of an old basal co-divergence between virus and 

host ( = 1 to 4 x 10
-7

; Hatwell and Sharp 2000). Correspondingly, the historical population 

dynamics of global JCV was now scaled in centuries rather than in tens of thousands of years. 

In this study, we evaluate the utility of DNA viruses, as represented by JCV, to investigate 

recent versus ancient events in the history and demography of their human host. Specifically, we 

assess the support for a fast versus slow  for JCV and we evaluate the ramifications for each  

when investigating human population dynamics. Our approach relies on a combination of 

phylogenetic and coalescent methods, which include the first use of Bayesian skyline plots to 

trace regional changes in Ne over time in both JCV and its human host. Coupled with different 

lines of evidence, comparisons of these skyline plots for JCV and humans indicate that the virus 

is evolving on a timescale similar to that for other fast evolving DNA viruses and RNA viruses. 

Thus, like these other fast evolving viruses, we conclude that JCV can be used to track recent 

human events, including those that are due to societal and epidemiological changes. 
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Materials and Methods 

JC Virus and Human Mitochondrial DNA Sequences 

A dataset of 407 genome sequences for JCV was collected from GenBank (Table 4-S1
5
). 

Two hundred and eighty contiguous nucleotides, representing the 5‟ hypervariable non-coding 

intergenic region, were removed from each genome prior to their multiple alignment with 

ClustalX (Thompson et al. 1994). The resultant 4,850 base pair alignment for the full coding 

genomes was edited by hand to minimize the number of unique gaps and to ensure the integrity 

of the reading frame (Figure 4-S1
6
). A subset of 92 of the 231 dated sequences from Shackelton 

et al. (2006) was assembled for estimation of population genetic parameters, consisting of 11 

African, 21 Native American, 25 European and 35 Japanese sequences. These four regions were 

chosen because each was well represented by dated JCV sequences that were sampled from the 

major lineages of the longer-term diversity in that region (Figure 4-1). Furthermore, each region 

was also well represented by complete coding mitochondrial DNA (mtDNA) genomes for its 

human host population (see below), as well as by associated archaeological, paleoclimatological, 

and paleogeographic information. The sampling dates for this subset of 92 dated JCV ranged 

from 1970 to 2003. 

A total of 196 genome sequences for human mtDNA was collected from the online Human 

Mitochondrial Genome Database (mtDB: www.genpat.uu.se/mtDB/; Ingman and Gyllensten 

                                                 
5
 Table 4-S1 (available online at Molecular Phylogenetics and Evolution journal website): Directory for the 407 

JCV coding genomes used in this study. “Identifier” refers to the unique name adopted for each sequence (see 

Figure 4-S1). The fourth, fifth, and sixth columns identify the subset of 337 JCV that were considered by Shackelton 

et al. (2006); the subset of 231 JCV for which known sampling dates were provided by this reference; and the subset 

of 92 JCV (in boldface) used in our internal and external rate estimations.  

 
6
 Figure 4-S1 (available online at Molecular Phylogenetics and Evolution journal website): Multiple sequence 

alignment for the 407 JCV coding genomes. Each sequence is represented by its unique identifier that is keyed to its 

GenBank accession number in Table 4-S1. Gaps are represented by “-.” Position 1 of this alignment corresponds to 

the first site of the VP2 gene. The “v” at position 4,597 marks the location of the contiguous non-coding IR region 

that was excluded from this study. 

http://www.genpat.uu.se/mtDB/
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2006). As reviewed in Pakendorf and Stoneking (2005), the non-coding control region sequences 

of each genome were then removed to limit subsequent analyses to the more conserved full 

coding regions. These full coding genomes were then aligned as for JCV, resulting in a multiple 

sequence alignment of 15,465 base pairs (Figure 4-S2
7
). In all, 56 African, 20 Native American, 

60 European and 60 Japanese genomes were collected (the 60 European and 60 Japanese 

genomes were randomly sampled from larger datasets available in mtDB).  

JC Virus Phylogenetic Analysis 

A ML phylogenetic analysis was performed on the 407 JCV sequence alignment to 

complement the distance, ML and Bayesian analyses of 337 sequences completed by Shackelton 

et al. (2006). Modeltest 3.7 (Posada and Crandall 1998) was used to determine that the GTR + 

+ I model of nucleotide substitution was most appropriate for this dataset (using the Akaike 

Information Criterion). The GTR + + I model allows for unequal rates among the six pairs of 

reciprocal substitutions (e.g.,, the probability of change from A to C equals that from C to A, but 

can vary from that for A to G), while accounting for rate heterogeneity among sites by a gamma 

distribution and proportion of invariable positions. This ML analysis was performed using 

PhyML (Guindon and Gascuel 2003) with branch swapping by tree bisection-and-reconnection. 

ML bootstrap analysis was based on 1000 pseudo-replicates to determine group support. 

The available genome sequences for three other members of the polyomavirus family 

[simian virus 40 (SV40), BK virus (BKV), and simian agent 12 (SA12)] were initially 

                                                 
7
 Figure 4-S2 (available online at Molecular Phylogenetics and Evolution journal website): Multiple sequence 

alignment for the 196 human, coding, mtDNA genomes used in this study. Here, “coding” refers to both protein and 

structural RNA genes following Pakendorf and Stoneking (2005).  Gaps are represented by “-.” Position 1 of this 

alignment corresponds to site 577 of the Anderson Reference Sequence (ARS), which represents the first position of 

the tRNA-PHE gene. The final position of this alignment (15,465) corresponds to site 16,023 of the ARS, which 

represents the last position of tRNA-PRO. Sequences starting with “mtDNA” and “AmtDNA” follow the naming 

conventions of Herrnstadt et al. (2002) for the European and American sequences in mtDB (Ingman and Gyllensten 

2006), respectively. All other sequences are identified by their GenBank accession numbers. 
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considered, but later rejected, as outgroups to root the JCV phylogenies. Each of these three 

other polyomavirus genomes was aligned to the set of 407 JCV sequences and then subjected to 

a neighbor-joining bootstrap analysis (with 1000 pseudo-replicates) using ML distances under 

the same GTR +  + I model as accepted above (Saitou and Nei 1987).  However, none of these 

three provided a well-supported root for JCV, as judged by their bootstrap scores of <50% 

(results not shown).  These failures can be attributed to the extensive sequence divergence 

between JCV and SV40, SA12 and BKV, which all have proportional sequence differences from 

the former of 20% to 30%. In addition to this concern with ambiguous rooting due to substitution 

saturation, the two related polyomaviruses, BKV and SA12, may also have undergone horizontal 

transfers between their human and baboon hosts, thereby questioning their use as outgroups 

(Cantalupo et al. 2005). For these reasons, we instead followed convention and rooted the JCV 

tree at its midpoint, which thereby allowed for direct comparison of this ML phylogeny to those 

of Shackelton et al. (2006) and others. 

Estimation of  for JC Virus 

Two Bayesian skyline analyses (Drummond et al. 2005) were performed on the dataset of 

92 dated JCV sequences using the program BEAST v1.3 (http://evolve.zoo.ox.ac.uk) to estimate 

. The first analysis relied on the sampling dates for each dated JCV, whereas the second 

assumed that these viral sequences were all sampled contemporaneously. Following the 

terminology introduced by Rambaut (2000) in his ML study, these two approaches for estimating 

 are herein referred to as the single rate dated tips (SRDT) and single rate (SR) molecular clock 

models. 

The SRDT analysis relied on an uninformative flat prior of =0 to 100, whereas the SR 

approach used a strong uniform prior where the total tree depth was set to 90-110 thousand years 
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ago (kya). The latter prior was based on the assumption of a basal co-divergence between JCV 

and humans calibrated to 100 kya (see Figure 4-1). These two approaches are herein referred to 

as “internal” and “external.” In both analyses, the number of stepwise changes in Ne was fixed at 

10. Thus, these two Bayesian analyses were analogous to the generalized ML skyline approach, 

where the number of stepwise changes in Ne can be less than their maximum (i.e.,, the number of 

sequences (n) minus one) (Strimmer and Pybus 2001). 

All Bayesian skyline analyses were performed with the GTR + + I substitution model and 

a relaxed molecular clock with an uncorrelated log-normal rate distribution (Drummond et al. 

2006). Markov chains were run for 40,000,000 generations and sampled every 1,000 generations 

with the first 4,000 samples discarded as burn-in. Unless otherwise specified (e.g.,, as above for 

), default priors were used for all parameters. The program Tracer v1.3 

(http://evolve.zoo.ox.ac.uk) was used to visually inspect sampled posterior probabilities for 

Markov chain stationarity and to calculate summary statistics for the population genetic 

parameters. At least two independent runs were completed for each analysis to corroborate these 

final results. 

JC Virus Population Dynamics 

 Bayesian skyline plots were generated for the four regional sets of dated JCV using the 

calculated mean internal and external rates to estimate historical changes in Ne. The SR rate 

model was used for the regional skyline plots using the external rate of 1.356 x 10
-7

 (Figure 4-2). 

The SRDT rate model was used to analyze the Native American, European and Japanese datasets 

with the internal rate of 3.642 x 10
-5

 (Figure 4-3). The original African dataset, with only 11 

dated sequences, was supplemented with 55 undated African JCV. Skyline plots for Africa were 

then generated using the SR model with both the internal and external rates. In these various 
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analyses, the number of stepwise changes in Ne was set to their maximum of (n – 1) as done in 

the classic ML skyline approach (Pybus et al. 2000). All other conditions of these BEAST runs 

were as above. 

Human mtDNA Population Dynamics 

Bayesian skyline plots were generated for the mtDNA coding genomic sequences from the 

same four regions. The SR model was used on the assumption that the sampling interval of the 

mtDNA sequences was insignificant relative to . The Bayesian counterpart to the classic ML 

skyline model (see above) and the widely accepted  of 1.7 x 10
-8

 for coding mtDNA (Ingman et 

al. 2000) were used while all other conditions were as above. 

Bayes Factor Model Comparison 

Two Bayesian skyline analyses of the 92 dated JCV dataset were performed using the 

SRDT and SR models with the mean rate fixed at 3.642 x 10
-5

 and 10 piecewise estimates of Ne. 

The marginal likelihood under each model was approximated by the harmonic means of the log 

likelihoods sampled. Both analyses were performed using identical priors and protocols for their 

proposals, moves and sampling to minimize known limitations in using the harmonic mean to 

estimate marginal likelihoods (Lartillot and Philippe 2006). Log Bayes Factor (BF) was 

calculated according to the equation: log BF = log [(marginal likelihood for SRDT model) / 

(marginal likelihood for SR)] (Raftery, 1996). In this way, we tested the significance of 

including the sampling dates for the JCV sequences in their SRDT analysis against the exclusion 

of this information in their SR treatment. 
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Results 

ML Phylogeny for JC Virus 

Our ML phylogeny of 407 JCV coding genomes (Figure 4-1) was consistent with the 

distance, ML and Bayesian phylogenies of Shackelton et al. (2006) for 337 JCV. All 21 

previously identified JCV subtypes clustered together and ML bootstrap analysis demonstrated 

substantial (83% to 100%) support for 18 of these 21 groups (Sugimoto et al. 2002). The JCV 

sequences within each subtype cluster corresponded to host populations from distinct geographic 

regions and historically related ethnicities. For example, subtypes 7B1 and 7B2, which were 

supported by bootstrap scores of 100%, included only East Asian sequences. At the inter-subtype 

level, our ML phylogeny was congruent with the two of Shackelton et al. (2006) for the 13 

highlighted subtypes that were used in their six jungle analyses of virus/host co-divergence 

(Figure 4-1). Correspondingly, our JCV phylogeny also showed no significant association above 

the subtype level with the three human host phylogenies as used in their jungle analyses. In short, 

there was substantial phylogeographic structuring of JCV diversity by subtypes in regional 

human populations, but no significant co-divergence at the higher levels between virus and host 

phylogenies. 

JC Virus Rates and Skyline Plots 

The mean estimate of  for JCV, when calculated under the SR model that assumes a basal 

co-divergence between virus and human host of 100 kya (i.e.,, the external rate), was 1.356 x 10
-

7
, with a 95% credible interval of 1.089 - 1.563 x 10

-7
. We used this external rate estimate to 

produce four regional skyline plots (Africa, Americas, Europe and Japan) that traced the changes 

in Ne for JCV over time on a scale of thousands to tens of thousands of years (Figure 4-2). We 

defined a significant change in population size as the occurrence of non-overlapping 95% 

credible intervals at the beginning and end of an increase or decrease. Using this criterion, we 
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interpreted the ~40-fold and ~25-fold increases of JCV population size beginning ~10-12 kya in 

Africa and Europe, respectively, to be significant, while the largest increases seen in the 

Americas and Japan to be suggestive but not significant. 

The mean estimate of  for JCV, when calculated using virus sampling dates under the 

SRDT model (i.e.,, the internal rate), was 3.642 x 10
-5

, with a 95% credible interval of 1.227 to 

6.149 x 10
-5

. This internal rate estimate, which is close to that of Shackelton et al. (2006) using a 

different set of dated JCV sequences, was thus more than 100-fold faster than the external rate 

estimate. Skyline plots generated with this internal rate had timescales on the order of decades 

and centuries (Figure 4-3). As  is a scalar of Ne and time (Pybus et al. 2000), the relative 

magnitudes and statistical significance of the changes in these regional plots were therefore 

similar to those calculated with the external rate, i.e., only Africa and Europe showed significant 

increases in population size.  

Human mtDNA Skyline Plots 

The human skyline analyses, estimated with the widely accepted  of 1.7 x 10
-8

 for its 

coding mtDNA, produced skyline plots that were scaled in thousands to tens of thousands of 

years, similar to the JCV external rate plots (Figure 4-4). Using our definition of significance, we 

interpreted the ~30-fold population increase starting at ~14 kya in Europe and the ~65-fold 

increase ~55 to 25 kya in Japan to be significant, while the largest changes in Africa and the 

Americas and the recent increase in Japan to be suggestive of population growth.  

Log Bayes Factor Model Comparison 

Using the full set of dated sequences, the marginal log likelihood of the SRDT model with 

the internal rate was -12817.73, whereas the marginal log likelihood of the SR model with the 
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internal rate was -12829.22. This produced a log BF of 11.49 for the comparison of the two 

models. 

Discussion 

Bayesian Skyline Plots, Human mtDNA, and Historical Demography 

Bayesian skyline plots provide a dynamic representation of changes in Ne over time. As 

such, they provide a moving picture of population change and capture far more information than 

summary statistics or simpler coalescent models that offer only snapshots of Ne. Our Bayesian 

skyline plots of mtDNA sequences represent the first application of this powerful method to the 

extensive comparative database of human mtDNA (Figure 4-4). Our plots reveal coalescences 

that range from 50 kya in Europe to 140 kya in Africa and, thus, capture the complete time 

period during which anatomically modern humans lived in these regions. Interestingly, the 

significant 30-fold increase noted in the European population is consistent with 

paleoclimatological and archaeological evidence for the retreat of the European ice sheet 13-15 

kya and the subsequent spread of agriculture in Neolithic Europe (Gamble et al. 2004; Pinhasi et 

al. 2005). The significant 65-fold increase between 55 and 25 kya in the Japan skyline plot is 

consistent with a mid-Pleistocene population expansion in Asia and reflects the ancestral 

diversity sampled by the relatively large group of immigrants from East Asia that founded the 

modern Japanese population (D‟Andrea et al. 1995). The other suggestive population increases 

are also associated with major shifts in climate, subsistence practices, or migrations, which are 

events thought to have the most extreme effects on regional human demography (Figure 4-4). 

The mtDNA skyline plots also allow for absolute estimates of the effective number of 

females (Nef) over time, which are of great interest as alternatives to point estimates of Nef. The  

values from the skyline plots can be converted to Nef estimates by dividing by the widely 

accepted value of 25 years-per-generation for humans (Fenner 2004). In this way, we calculate 
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the founder Nef of the Americas to be ~2,000 females, which is consistent with much of the 

literature (Bonatto and Salzano 1997b) and, therefore, disagrees with the extremely low estimate 

of ~70 males + females by Hey (2005). Furthermore, we calculate the median estimate of 

African Nef at the coalescent as ~1,300, which rises to ~6,000 by ~75 kya and then increases 

even further during the Pleistocene expansion ~50 kya. These skyline estimates of African Nef 

add substantial detail to previously published estimates that indicate a Nef of ~5,000 averaged 

over the ~150 kya since the origin of modern humans (Jorde et al. 1998). 

JC Virus Rates and Historical Demography 

The slow external JCV rate estimate produces skyline plots that are scaled in thousands to 

tens of thousands of years and are thus comparable to the skyline plots of its human host. We 

find that there are apparent associations between the JCV skyline plots using the external rate 

and the major human expansions detailed in the mtDNA plots (Figures 4-2 and 4-4). In 

particular, the external rate plots show increases in JCV population sizes for the five expansion 

events described in the mtDNA skyline plots (Figure 4-4).  

In contrast, JCV dynamics estimated under the fast internal rate occur on the order of 

decades to centuries (Figure 4-3), which is a product of the internal rate being more than 100 

times faster than the external rate. This extreme difference in timescale precludes a comparison 

of JCV population changes estimated with the fast rate to ancient population dynamics of its 

human host. The implication of accepting a fast internal rate is that JCV is not a marker of 

ancient human population dynamics. Rather, the geographic patterning of JCV diversity may 

reflect recent human events that are behavioral, sociological or technological in nature. 

Current Support for the Fast Internal Rate of JC Virus 

Which JCV evolutionary rate, fast internal or slow external, is correct? In support of the 

slow rate, there is the apparent similarity between the skyline plots using the external JCV rate 



 

93 

and those for human mtDNA (Figures 4-2 and 4-4). While this convergence supports the 

regional co-divergence of JCV and its human host, it is the only current result supportive of the 

slow external rate estimate. 

In contrast, there are three lines of current evidence that favor a substantially faster rate of 

JCV evolution.  First, our phylogenetic analysis provides no significant overall support for 

ancient co-divergence between JCV and humans, thereby contradicting a parallel slow rate in the 

virus as well as in its host.  Specifically, our ML analysis of a JCV dataset that is 22% larger than 

that of Shackelton et al. (2006) produced the same inter-subtype topology as used in their six 

jungle tests (Figure 4-1), thus corroborating the lack of significant support for a long-term 

association between virus and host and a slow rate in the former (see these authors for details, 

particularly about the grouping of subtypes 2A1 and 2A2 from East Asia and the New World 

versus the non-basal position of African JCV).  Correspondingly, this phylogeny opposes the 

unique hypothesis of Pavesi (2003) for an ancient African origin of JCV and thereby a similar 

slow rate for both virus and humans.  In contrast to his study of only the slowly evolving and 

invariant sites for 18 JCV genomes and the highly divergent SV40 as their outgroup, the current 

phylogenetic conclusions are based on six different jungle analyses of 13 JCV versus human 

nodes; from ~200-400 viral genomes; and from all available coding positions (including the 

rapidly evolving ones) with their rate heterogeneity accommodated by a gamma distribution and 

proportion of invariable sites. 

Second, our log BF test now provides a new line of evidence in support of a faster rate for 

JCV. In the statistics literature, log BF values greater than 5 are generally considered “decisive” 

in support of one model over another (Kass and Raftery 1995). In our log BF test, an indecisive 

result would indicate that the known sampling dates for the 92 JCV offer no more information 
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for their skyline analyses than does a comparable set of undated sequences. That is, if JCV is 

slowly evolving, the yearly differences in sampling dates would have little impact on the study of 

its population dynamics, which would have occurred on a timescale of thousands to tens of 

thousands of years. However, our log BF value of 11.49 indicates instead that these sampling 

dates for JCV do indeed provide critical information for its SRDT rate estimation and skyline 

analyses. The reason is that JCV is rapidly evolving on a timescale of decades to centuries, 

where yearly differences in its sampling dates can have a large effect. 

Third, acceptance of the fast internal rate of  = 3.642 x 10
-5

 for JCV leads to a novel 

explanation for virus/host interactions, one that is based on recent societal and epidemiological 

changes in humans ~50 years ago.  The fast internal rate for JCV means that its population 

dynamics are occurring on a timescale that is obviously too recent to track ancient human 

evolution.  Instead, this fast internal rate is more consistent with the phylogeography of JCV 

reflecting recent changes in its infection rates due to societal and epidemiological shifts in human 

behavior or technology.  In short, if the fast internal rate for JCV is accurate, we would expect to 

find associations between its skyline plots and known recent events in modern human history, as 

were initially noted for its slow external versus host mtDNA graphs (see above). 

Thus, the third line of current support for the fast internal rate comes from the associations 

of the major recent expansions for JCV in Africa, Europe, and Japan (but not in the Americas) 

with known postwar societal changes at the end of World War II in 1945 (Michitaka et al. 2006). 

The significant 40- and 25-fold increases of the JCV populations in Africa and Europe, 

respectively, start ~50 years ago (Figure 4-3). The JCV skyline plot for Japan also shows a 

suggestive increase that begins at about the same time. In contrast, the largest increase in the 

Americas begins only ~15 years ago. Taken together, these results point to the fact that postwar 
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societal changes in the human host of JCV were much more extensive in regions near the centers 

of fighting during World War II than elsewhere (i.e.,, Europe and Japan versus the Americas) 

(Weinberg 1995). In turn, while major fighting and destruction did not occur across Africa, 

postwar political, economic, and technological changes, such as the replacement of colonial rule 

and the subsequent spread of a “green revolution,” resulted in sub-Saharan Africa having the 

largest population growth and urbanization rates in the world over the last ~50 years (United 

Nations 2003, 2004). These obvious ties (or lack thereof) to known postwar changes in its human 

host offer a new third line of corroboration in support of the fast internal rate for JCV.  In the 

process, they also reinforce the potential utility of JCV to address other, less, well documented 

events in human host history (see below). 

In light of these three lines of current support, we accept the fast internal rate for JCV and 

its associated skyline plots as more accurate reflections of its population dynamics. 

Correspondingly, we conclude that the apparent similarities between the JCV external rate and 

human mtDNA skyline plots are coincidental. 

Utility of JC Virus and Other Fast Evolving DNA Viruses for Studying the Human Host 

Multiple tests are needed to document the fast versus slow evolutionary rates of DNA 

viruses. Based on such tests, this study shows that the evolutionary rate and population dynamics 

of JCV are most similar to those of other fast evolving DNA viruses (e.g., Michitaka et al. 2006). 

Thus, like them, the historical population dynamics of JCV are to a large extent the consequence 

of rapid horizontal transmissions due to recent societal and epidemiological changes in its human 

host. Conversely, they are not primarily the result of slow vertical transmissions across human 

generations, which span ~25 years. Slowly evolving DNA viruses that exhibit vertical 

transmission patterns (e.g.,, HPV) are more appropriate for the study of older evolutionary events 

within their hosts (Bernard 1994; Holmes 2004). 
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In light of this need for multiple testing, further follow-up studies are now encouraged to 

assess critically our arguments for a fast JCV rate.  As used in this study, BEAST v1.3 does not 

account for migration.  Thus, the upcoming availability of a newer version that implements a 

structured coalescent model is particularly welcomed, since it will allow for Bayesian rate and 

skyline plot estimates for subdivided JCV populations that have experienced/are experiencing 

migration as well as growth (http://evolve.zoo.ox.ac.uk/beast/manual.html).  Along these lines, 

the SR and SRDT models with their relaxed, uncorrelated, log normal, molecular clocks were 

chosen for this study on the basis of their nested relationship that allows for straightforward 

comparisons and their documented successes in the treatment of both real and simulated datasets 

(Rambaut 2000; Drummond et al. 2005).  The coefficients of variation for these two models, 

given their estimated mean rates of 1.356 x 10
-7

 and 3.642 x 10
-5

, were 0.127 and 0.146, 

respectively.  An obvious next step relative to the present study is to extend its Bayesian 

comparisons of these relaxed molecular clock models to include a non-clock model where rates 

are entirely free to vary from branch to branch (i.e.,, the unrooted model of phylogeny).  Such 

follow-up tests are crucial to improving our understanding of the history, demography, and 

epidemiology of JCV both regionally and worldwide (Shackelton et al. 2006). 

In conclusion, fast evolving DNA viruses like JCV can complement RNA viruses to study 

human events that have occurred too recently to be detected by any host genetic system currently 

in use (Holmes 2004). Such studies of recent human history can include the tracking of political 

and economic changes, new vaccination programs, and dispersal events to name just a few of the 

societal, epidemiological, and population genetic areas that can be addressed with fast evolving 

viruses such as JCV. 
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Figure 4-1. Optimal ML phylogeny for 407 JCV coding genomes. Major JCV groups are 

classified according to their recognized subtypes (1A to 8B; Sugimoto et al. 1997) 

and the ethnic origins of their human hosts are specified as well. Bootstrap 

proportions are given for those subtypes and other higher-order clusters with scores 

>50%. Boxed labels identify the 92 JCV from the four regional groups studied here 

(Africa, Europe, Japan, and the Americas). The bold branches and nodes trace the 

relationships of the 13 highlighted subtypes used in the jungle analyses by Shackelton 

et al. (2006). The arrow points to the node that has been widely used to reinterpret the 

midpoint root of other JCV phylogenies as an unresolved trichotomy of its 

populations from Europe, Africa, and Africa plus other regions. Correspondingly, this 

basal trichotomy has been widely related to the initial split within the human 

phylogeny and has thereby been dated at ~100 kya (Sugimoto et al. 1997; Hatwell 

and Sharp 2000). 
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Figure 4-2. Bayesian skyline plots for the four regional groups of JCV generated with the slow 

external rate of 1.356 x 10
-7

. The number of sequences for each region is noted in 

parentheses. The x-axis is time as measured in years before present and the y-axis is 

the scaled population size (, which is the product of Ne multiplied by generation 

time). Each curve is a plot of median , with its 95% credible interval indicated by the 

light gray lines. “X” marks the median coalescent time for each regional sample, with 

its 95% credible interval given in brackets. Note the different scales for both axes 

across plots. A to D highlight five increases in median  for JCV that correspond to 

major events and episodes of growth in human history (see Figure 4-4). 



 

99 

 

Figure 4-3. Bayesian skyline plots for the four regional groups of JCV generated with the fast 

internal rate of 3.642 x 10
-5

. The x- and y-axes are in the same units as in Figure 4-2, 

although both are two to three orders of magnitude smaller. This difference in the 

dimensions of both axes reflects the fact that the genetic diversity of each population 

is determined by its product of Ne times  (Tajima 1983). Correspondingly, given the 

recent timescales of these plots, their x-axes are best interpreted as years before the 

date of the most recently sampled JCV sequence(s) for that region (e.g., 2003 for 

Japan; see Table S1). Otherwise, these plots follow the conventions of Figure 4-2. 
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Figure 4-4.Bayesian skyline plots for the four regional groups of humans as estimated with 

complete mtDNA coding genomes. In these plots,  is the product of Nef multiplied 

by generation time. Otherwise, these plots follow the conventions of Figure 4-2. A to 

D highlight five episodes of population size change that correspond to known major 

events in human history. These events include: (A) increasing aridity in Africa 

coinciding with a reduction in observed archaeological sites (Mitchell 2002; Kuper 

and Kropelin 2006); (B) the peopling of the Americas after migration across the 

Bering landbridge (Greenberg et al. 1986); (C1) the retreat of the glaciers in Europe 

following the last glacial maximum (Gamble et al. 2004); (C2) the rise and spread of 

agriculture in Neolithic Europe (Pinhasi et al. 2005); and (D) the introduction of rice 

agriculture and subsequent migration of people from the Korean peninsula to Japan 

(D‟Andrea et al. 1995). 
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CHAPTER 5 

CONCLUSION 

 The demographic history of human populations has been one of shifting population sizes 

and complex migrations since the expansion of modern humans out of Africa at least ~50,000 

years ago (e.g., Tamm et al. 2007; Atkinson, Gray, and Drummond 2008; Kayser et al. 2008). 

Changes in human demography have left patterns in human genetic diversity, via the 

evolutionary processes of genetic drift and gene flow, which can be used to infer the timing and 

magnitude of events in the population history of humans. However, natural selection and 

mutation have also shaped variation in the human genome (e.g., Reich et al. 2002; Smith, 

Webster, and Ellegren 2002; Webster, Smith, and Ellegren 2002; Voight et al. 2006; Nielsen et 

al. 2007; Sabeti et al. 2007) and limit our ability to infer past demographic events from the 

genetic diversity of modern human populations. While the effects of natural selection can be 

minimized by analyzing neutrally evolving DNA sequences, the relatively slow mutation rate of 

human DNA [from ~10
-7

 substitutions per site for mitochondrial DNA (Hasegawa et al. 1993; 

Ingman et al. 2000; Howell et al. 2003) to ~10
-9

 for nuclear DNA (Kaessmann et al. 1999)] 

makes it extremely difficult to infer events in human demographic history that occurred more 

recently than thousands of years ago from human DNA alone and also increases the variance of 

estimates of demographic parameters.  

 The limited utility of human DNA alone for investigating only ancient population events 

necessitates the use of complementary approaches that utilize alternative sources of data to 

investigate more recent events or to increase the precision of demographic parameter estimates. 

My dissertation demonstrates how genetic anthropology may combine complementary forms of 

data evolving at different rates with existing lines of evidence to investigate human demographic 

events from decades and centuries to tens of thousands of years in the past. I believe that genetic 
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anthropologists, who must consider cultural and historical as well as biological processes in 

human evolution, are uniquely positioned to use complementary forms of data and multiple lines 

of evidence from diverse disciplines. This inter-disciplinary perspective can, at best, instill in 

genetic anthropologists an appreciation of alternative forms of evidence and an inherent 

disregard for disciplinary boundaries that aid in the pursuit of understanding human history. My 

study demonstrates that such an approach can provide significant new insights, such as a 

surprisingly fast evolutionary rate for a double-stranded DNA virus or a long occupation of 

Beringia by the Amerind, and new strategies for addressing human demographic history. 

 Each of the three projects included in my dissertation presented approaches to 

investigating human demography at different timeframes. First, with regard to the colonization of 

the New World, I was able to use the mitochondrial genetic diversity of Amerind populations, 

along with archaeological, climatological, and paleoecological data, to propose a three-stage 

model for the peopling of the Americas. In this model, the proto-Amerind population first 

diverged from the Asian gene pool ~43,000 years ago, then underwent a long period (~20,000 

years) of stable population size, and ultimately expanded into the Americas ~16,000 years ago. 

Second, I showed that including independent evidence into an analysis of molecular data 

dramatically improves inferences about the Amerind expansion into the Americas. By including 

archaeological and historical evidence in a reanalysis of a dataset previously used to produce an 

unrealistic model for the migration, I produced estimates of demographic parameters similar to 

those made from mitochondrial data and consistent with the archaeological record. Specifically, 

Hey (2005) estimated that ~70 people colonized the entire New World ~7,000 years ago, 

whereas I used archaeological evidence and contemporary migration rates to estimate a more 

plausible migration of ~1,000 Amerind ~15,000 years ago from the same dataset as Hey. Third, I 
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was able to estimate substantially narrower ranges for the time of the Amerind expansion 

(~14,000 to 16,000 years ago) into the Americas as well as the effective population size of the 

Amerind founder population (~1,000 to ~5000 individuals). These dates and population sizes are 

consistent with the physical (i.e., archaeological, climatological, and paleoecological) and 

molecular (maternal, paternal, and autosomal markers) evidence. This study was able to produce 

a model for the peopling of the Americas that reconciles the existing molecular, archaeological, 

and climatological evidence, dramatically narrow estimates of important demographic 

parameters, and is amenable to the inclusion of new data and future hypothesis testing. 

 In the second project, I investigated the evolution of the Semitic language family to make 

inferences about the history of human populations in the Middle East and Horn of Africa over 

the most recent centuries and millennia. I used phylogenetic techniques borrowed from 

evolutionary biology to estimate a language tree with divergence dates for the Semitic languages, 

which I then correlated with the archaeological evidence of Semitic populations. This analysis 

indicated an Early Bronze Age origin of Semitic ~5900 years ago between Mesopotamia and the 

Levant, while rejecting an African origin for the Semitic family. It also supported a single Iron 

Age migration of Semitic to Ethiopia ~3000 years ago from across the Red Sea, which is 

consistent with cultural myths linking Ethiopia to Semitic populations in the Levant. These 

results provide a statistically robust model of Semitic population history that is consistent with 

linguistic and archaeological data and will provide a hypothesis that will be tested in the future 

by the inclusion of genetic data. 

 In the final project, I studied the recent demographic history of JC virus and correlated it 

to events in human history within the very recent past. First, I estimated a mutation rate for JC 

virus that was much faster than previously assumed. This rate was ~300 times faster than 
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previous estimates, which indicates that JC virus is evolving on the order of decades and 

centuries and is a poor marker of ancient human history. Second, I used the demographic history 

of JC virus to infer events in recent human history. By applying the newly estimated fast rate to 

study JC virus‟s demography, I saw evidence for rapid population growth that correlates with 

significant events in human history, such as increased urbanization rates and population growth 

following World War II. Finally, I demonstrated that DNA viruses, even double-stranded DNA 

viruses, can be used as fast evolving markers of recent human history. The fast rate estimated for 

JC virus was robustly supported by multiple tests, and the inferences about human history made 

from JC virus demography are consistent with the known historical record. This invites the 

possibility that fast evolving DNA viruses can complement slow-evolving human DNA to 

investigate recent human history. 

 This study has broader implications for genetic anthropology as a whole. First, I 

implement a strategy for investigating human history across multiple timeframes using data 

evolving at vastly different rates. This increases the temporal reach of genetic anthropologists, 

who have traditionally addressed only ancient events that occurred tens to hundreds of thousands 

of years ago, to include events in the very recent past. This provides unique opportunities for 

combining historical and archaeological records with genetic or linguistic data into 

comprehensive analyses of recent population events. Indeed, this strategy is already generating 

much excitement, and at least one multi-million dollar Mellon grant has been awarded (to 

UCLA) to facilitate collaborations between geneticists, historians, and linguists to study 

historical events as recent as the Middle Ages. Second, I demonstrate the importance of 

including lines of evidence from other disciplines into the analysis of molecular data. Genetic 

analyses must account for and often benefit from the inclusion of existing non-genetic evidence; 
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for example, the inclusion of archaeological evidence for the occupation of North America by 

14,000 years ago provided a more realistic estimate of the founder population size in my analysis 

of the peopling of the Americas. Incorporating prior information guides genetic analyses to 

consider only realistic scenarios and often increases the precision of inferences made from such 

analyses. Lastly, I show how data that are coevolving with human populations can be used to 

infer events in human history when the analysis of human DNA alone is not sufficient to do so. 

Languages and human viruses, though not vertically transmitted like human DNA and studied by 

fundamentally different disciplines, are intrinsically linked to human populations and can be 

exploited to investigate aspects of human demography. In sum, these insights demonstrate that 

genetic anthropologists who are interested in human demography and human history would 

benefit from an approach that includes biological, cultural, and historical perspectives. 

 The pursuit of a truly multi-disciplinary approach to genetic anthropology fits within a 

larger perspective that not only encompasses all of biological anthropology, but extends 

throughout anthropology as a whole. This perspective advocates not only the use of alternative 

forms of data, but also emphasizes the adoption of epistemological frames and analytical 

methods across disciplinary boundaries. I call this approach to anthropology “integrative 

anthropology” to highlight the value of integrating both data and methods across the sub-

disciplinary lines (archaeological, biological, cultural, and linguistic) of anthropology to perform 

question-based research about human history. 

 I believe the time is ripe for research projects with this outlook to flourish. Previously, 

such integrative research has been accomplished in stops and starts, yielding interesting results 

but lacking sustained output, possibly due to historical reasons. For example, a first attempt to 

unify archaeological, biological, and linguistic evidence for the peopling of the New World 
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(Greenberg, Turner, and Zegura 1986) resulted in much further research on the subject, but did 

not produce a sustained inter-disciplinary approach to studying the Amerind colonization of the 

Americas, possibly because the attempt occurred before its time. In a sign that the outlook for 

such research is improving, my multi-disciplinary analysis of the peopling of the New World has 

been met with much interest, as evidenced by the numerous general science articles, requests to 

use my map, and citation in a Science review article (Goebel, Waters, and O'Rourke 2008). 

Another initiative toward an integrative approach is the analysis of individual samples from 

multiple perspectives, such as the generation of archaeological, stable isotope (also good for 

tracking human migrations), and molecular genetic data from the same set of samples. 

Technological change has also increased the viability of such research, especially with regard to 

genetics. The ever-decreasing cost of obtaining genetic data, in conjunction with the increasing 

amount of such data available in public databases, has begun to shift the focus of genetic 

anthropologists away from simple data collection and toward the development or application of 

innovative analytical methods. This increased emphasis on method application and development 

directly led to the incorporation of non-genetic data into genetic analyses as it became clear that 

some questions could not be answered with sufficient accuracy or precision by human genetic 

data alone, regardless of sample size. For example, Wang et al. (2007) analyzed a massive 

microsatellite dataset (>800 chromosomes typed for 678 loci) to investigate the peopling of the 

Americas from the genetic structure of Amerind populations. Though they found intriguing 

patterns of population structure, they were unable to obtain estimates for important demographic 

parameters (such as the time and size of the migration) that I was able to obtain from the analysis 

of smaller datasets in my study of the same event. A side-effect of the interest in new data has 

been the emergence of research using human pathogens as markers of human population history. 
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This research is maturing quickly as large datasets have led to novel insights about human 

disease dynamics and corrected false assumptions about the utility of specific pathogens as 

markers (e.g., my research demonstrating JC virus is a marker of recent instead of ancient human 

history).  

 The most radical direction of such research is the investigation and identification of 

patterns that extend from human biological evolution to changes in human culture. This endeavor 

has an inglorious history rooted in social Darwinism and the mis-application of natural selection 

to social and cultural outcomes. However, current examples of this research have been more 

circumspect and careful in their use of evolutionary theory to answer questions about human 

cultural and linguistic history. This research has had the most impact on the study of language 

history (e.g., my phylogenetic study of Semitic languages), but has recently spread to include the 

use of „neutral‟ and „adaptive‟ models of cultural or linguistic change, patterned off of „neutral 

theory‟ and natural selection in evolutionary biology, to predict expected distributions of 

languages or cultural outcomes under different scenarios. Two examples of this are the melding 

of game theory and population genetics to understand the evolution of human social behavior 

(see Boyd 2006 for a review of recent work) and the use of selection and drift to investigate links 

between linguistic change and human demography (see Nettle 2007 for a discussion of new 

studies). While such research will certainly experience growing pains characterized by the over-

interpretation of cultural change from an evolutionary perspective, it will at the very least 

provoke discussion about such broad approaches to studying human history.  

 The „integrative anthropology‟ approach to studying human history takes an explicitly 

broad view of what constitutes appropriate data and the application of analytical techniques. The 

integration of multiple sub-disciplines of anthropology, as well as data from other disciplines 
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(e.g., virology or climatology), into a single, broad-based analysis requires a willingness to look 

for general patterns and focus on question-based research rather than expertise- or discipline-

based research. Research along these lines holds great promise to produce novel insights about 

human history as well as define the extent to which data and analytical techniques can be 

combined into a single anthropological research program. 
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