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Abstract 
 

Genetic diversity gradients can provide invaluable knowledge about the evolutionary 

history of humans. These gradients can be influenced by diverse evolutionary phenomena 

such as range expansions, range contractions, range shifts and population admixture. Some 

genetic gradients have been observed in The Americas although their evolutionary causes 

were not investigated so far. In this study we extended the approach used to study genetic 

diversity gradients in Europe. We analyzed the influence of admixture between the first two 

expanding American populations and of the North American ice sheets derived from Last 

Glacial Maximum (LGM) on current American genetic diversity gradients. We studied the 

entire continent, North America and South America, separately. To address these aims, we 

performed extensive spatially-explicit computer simulations of genetic data under those 

evolutionary scenarios. Next, we applied Principal Component Analysis (PCA) to infer 

genetic diversity gradients for each evolutionary scenario. The results showed that, 

concerning the entire continent, a northwest-southeast (NW-SE) direction of the genetic 

diversity gradient is invariable with any analyzed scenario, suggesting an isolation by distance 

process. Regarding North America, the absence of ice sheets led to a northeast-southwest 

(NE-SW) gradient. By contrast, the presence of ice sheets generated the opposite gradient, 

with a NW-SE direction. Both gradients in North America were orthogonal to the direction of 

range expansions if we either consider an expansion from Bering (NW-SE) or a posterior re-

expansion (SW-NE) to colonize northern regions that became habitable after melting of the 

ice sheets, suggesting allele surfing processes. The analyses of South America also showed 

genetic diversity gradients orthogonal to the direction of the expansion, thus suggesting allele 

surfing. The inferred genetic gradients are in agreement with known gradients derived from 

real data. Altogether, we demonstrated that different evolutionary processes operated during 

the settlement of modern humans in the The Americas and that these processes can vary with 

the geographical shape of the landscape. 

 

 

 

 

Keywords: The settlement of The Americas; Genetic diversity gradients; Last Glacial 

Maximum; Admixture; Isolation by distance; Allele surfing. 
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Resumo 
 

 Os gradientes de diversidade genética podem fornecer conhecimento valioso sobre a 

história evolutiva dos humanos. Estes gradientes podem ser influenciados por diversos 

fenómenos como range expansions, range contractions, range shifts e mistura entre 

populações. Alguns gradientes de diversidade genética foram observados na América mas as 

causas não foram investigadas até agora. Neste trabalho recorremos à metodologia usada no 

estudo dos gradientes de diversidade genética da Europa. Analisamos a influência da mistura 

entre as duas primeiras populações da América e das capas de gelo na América do Norte 

derivados do Último Glacial Máximo (UGM) nos gradientes de diversidade genética da 

América. Estudamos o continente inteiro, e a América do Norte e a América do Sul por 

separado. Para alcançar os objetivos realizamos simulações espacialmente explícitas para 

gerar dados genéticos sob os diferentes cenários. De seguida, aplicamos Análise de 

Componentes Principais (ACP) para inferir os gradientes de diversidade genética. Os 

resultados indicam que, relativamente ao continente inteiro, o gradiente de diversidade 

genética com uma direção noroeste-sudeste (NO-SE) é invariável em qualquer um dos 

cenários analisados, sugerindo um processo de isolamento por distância. Na América do 

Norte, a ausência de capas de gelo levou a um gradiente com uma direção nordeste-sudoeste 

(NE-SO). A presença das capas de gelo gerou o gradiente oposto, com uma direção NO-SE. 

Ambos os gradientes na América do Norte são ortogonais à direção da range expansion se 

considerarmos uma expansão com origem em Bering (NO-SE), ou uma re-expansão posterior 

(SO-NE) para colonizar as regiões do norte que se tornaram habitáveis após as capas de gelo 

derreterem, sugerindo processos de allele surfing. As análises da América do Sul também 

mostraram gradientes de diversidade genética ortogonais à direção da expansão, sugerindo 

allele surfing. Os gradientes genéticos descritos estão de acordo com os gradientes obtidos 

através de dados reais. No geral, demonstramos que diferentes processos evolutivos operaram 

durante a colonização das Américas pelo Homem moderno, e que estes processos podem 

variar de acordo com a forma geográfica do mapa. 

 

 

 

Palavras-chave: Colonização da América; Gradientes de diversidade genética; Último 

Glacial Máximo; Mistura entre populações; Isolamento por distância; Allele surfing. 
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1. Introduction 

 

The worldwide distribution of genetic diversity provides useful information about our 

origins (thus responding to human curiosity) and about other disciplines such as biomedicine. 

For example, it is useful to detect selection (Excoffier et al., 2009b), to understand diseases 

distribution (Campbell and Tishkoff, 2008) and to make predictions about the future of the 

populations (Etterson and Shaw, 2001; Ray and Excoffier, 2009; Serre and Pääbo, 2004).  

 

1.1. The settlement of The Americas 

The colonization of The Americas by modern humans is still controversial (Dillehay, 

2009; Goebel et al., 2008; Madsen, 2015). Studies in several areas of research (including 

Linguistics, Geology, Archaeology, Paleoanthropology, Morphology and Genetics) have 

presented diverse hypotheses and models trying to explain when and from where first modern 

humans started to colonize The Americas, the number of expansion waves and the routes used 

to entry in this continent (de Azevedo et al., 2015; Hoffecker et al., 2016; Salzano, 2011). 

Nowadays the scientific community has a consensus in some aspects of the 

colonization of The Americas. Modern humans entered in The Americas in Late Pleistocene, 

around 15,000–21,000 years ago (ya), through a land bridge between Alaska and Asia 

(Beringia) that could be transited due to the lower level of the sea caused by the Last Glacial 

Maximum (LGM) (Goebel et al., 2008; Madsen, 2015; Reich et al., 2012). The Americas was 

the last continent to be populated by modern humans. The colonizers presented a hunter-

gatherer lifestyle and colonized the continent in just a few millennia (Amick, 2016; Buchanan 

et al., 2016; Dillehay, 2009; Fagundes et al., 2008; Frachetti and Spengler Iii, 2015; Galland 

and Friess, 2016; Goebel et al., 2008; Hamilton and Buchanan, 2007; Mulligan et al., 2008; 

Reich et al., 2012; Tamm et al., 2007). 

A main question about the colonization of The Americas is related to the number of 

expansion waves: single or multiple waves (Galland and Friess, 2016; Goebel et al., 2008; 

Raghavan et al., 2015; Reich et al., 2012; Skoglund and Reich, 2016). A different number of 

expansion waves was discussed considering genetic and fossil data and linguistic groups, 

proposing a number of waves that ranged from one (Bonatto and Salzano, 1997; Chatters et 

al., 2014; Zegura et al., 2004) to four (Horai et al., 1993). However, most of authors coincide 

in proposing more than one (Greenberg et al., 1986; Hellenthal et al., 2008; Neves and 

Hubbe, 2005; Raghavan et al., 2014; Reich et al., 2012; Skoglund and Reich, 2016; Wang et 
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al., 2007). A large number of these studies were based on haplogroups. Haplogroups based on 

the non-recombinant portion of Y chromosome (NRY) and on mitochondrial DNA (mtDNA), 

have been used to trace the past migration in The Americas. These uniparental markers allow 

scientists to trace a lineage back to the past, particularly mtDNA, which has a high mutation 

rate that allows scientists to distinguish between close dates (Eshleman et al., 2003; Jobling 

and Tyler-Smith, 2003). The studies based on mtDNA were initiated by Wallace et al. (1985), 

and presently it is believed that Native Americans descend from five founding mtDNA 

haplogroups, named A, B, C, D, and X (Goebel et al., 2008; Schurr and Sherry, 2004; 

Wallace et al., 1985).    

Based on cranial morphology, Neves et al. (2003) proposed two different expanding 

populations, a scenario named ‘‘two main biological components model’’. The first expanding 

wave was named Paleoindian or Paleoamerican and the second one was named Amerindian. 

These two populations would explain the morphological differences found in The Americas. 

Skoglund et al. (2015) suggested that two migration waves would justify the genetic 

differences found among the Native Americans. Several other studies defended the two-wave 

model (Neves and Hubbe, 2005; Raghavan et al., 2015; Schurr and Sherry, 2004). 

Additionally, several models attempted to integrate evidences from different fields accounting 

for recurrent gene flow and admixture between waves (González‐ José et al., 2008; Ray et 

al., 2010b).  

Due to the LGM, the entry to The Americas was blocked by the Laurentide and 

Cordilleran ice sheets that covered northern regions of North America until the end of the 

LGM (17,000–15,000 ya) (Hoffecker et al., 2016; Llamas et al., 2016). The ice started to 

retreat in the Pacific coast around 18,000–15,000 ya, raising the possibility of migration 

through a coastal route (Figure 1A). A few thousand years later (13,000 ya) a corridor 

between the two ice sheets could be opened (Figure 1B), allowing an entrance towards inland 

regions of the continent (Dillehay et al., 2008; Frachetti and Spengler Iii, 2015; Galland and 

Friess, 2016; Goebel et al., 2008; Heintzman et al., 2016; Hoffecker et al., 2016; Lewis, 

2010; Llamas et al., 2016; Madsen, 2015; Misarti et al., 2012; Pedersen et al., 2016; 

Skoglund and Reich, 2016). 

 Additional hypotheses have been proposed, such as a migration through the northern 

coast of Beringia or a migration from Europe to The Americas by boat (Solutrean hypothesis). 

However, these studies were discredited for not presenting supported evidences (Bradley and 

Stanford, 2004; O'Rourke and Raff, 2010; Rasmussen et al., 2014; Southerton, 2013). 
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 Range expansion: expansion of a population on a new territory. Usually leads to 

an increase in genetic distance and a decrease in genetic diversity as the expanding wave 

moves forward (Angal, 2016; Donaldson et al., 2015; Excoffier et al., 2009a; Peischl et 

al., 2016; Ramachandran et al., 2005; Ray et al., 2003; Slatkin and Excoffier, 2012). 

 Range contraction: a population, previously occupying an area, restricts its living 

space to a smaller area. This event leads to a reduction in genetic diversity (Arenas et al., 

2012). 

 Range shift: the area occupied by a population changes. The new area has the 

same dimensions than the initial one. The faster the shift, the bigger the decrease in 

genetic diversity (Arenas et al., 2012). 

 

 

Figure 1. The two proposed routes to entry in The Americas. 

A: Route through the Pacific coast; B: Inland route in between the ice sheets. Adapted from Wade (2016). 

  

1.2. Evolutionary phenomena during a range expansion and their influence on 

genetic diversity gradients 

During worldwide colonization range expansions, range contractions and range shifts 

may have occurred.  

The Americas were occupied by a process of range expansion (Alves et al., 2016; 

Eriksson et al., 2012; Hewitt, 2000; Ray and Excoffier, 2009). This spatial and temporal 

(B) Inland 

corridor 

(A) Coastal  

Route 
Cordilleran 

Ice sheet 

Laurentide 

Ice sheet 
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process is influenced by climatic alterations (i.e., LGM) and can influence on genetic 

diversity gradients. Its effect on genetic diversity depends on the occurrence of diverse 

evolutionary processes such as allele surfing, founder events or isolation by distance 

(Benguigui and Arenas, 2014; Klopfstein et al., 2006; Ray and Excoffier, 2009). For example, 

Ray et al. (2003) described that the molecular pattern left by a range expansion is affected by 

its age and by the gene flow between demes (subpopulations). 

A genetic diversity gradient represents the variation of genetic diversity over space, 

thus its orientation derives from processes that occurred during colonization (among others). 

The most relevant evolutionary processes investigated in the present study are described 

below. 

 

1.2.1. Isolation by distance 

The process of isolation by distance (IBD) is responsible for multiple genetic patterns 

observed in the world and is defined as a decrease in genetic similarity between populations 

with the geographic distance (Figure 2). Generally, the long distance between two regions is 

responsible for the limited gene flow among them (Jensen et al., 2005; Ramachandran et al., 

2005; Wright, 1943). In this case, the genetic diversity gradient derived from IBD presents the 

direction of the connection of the most distant regions of the landscape, which sometimes can 

also follow the expansion axis (Peischl et al., 2016). However, van Strien et al. (2015) 

showed that the habitat configuration and deme topology (the spatial rearrangement of demes) 

influenced IBD. The authors generated five landscapes with different configurations and 

noticed that the highest FST (Fixation index)-distance correlation did not always occur when 

the migration distance was the longest. 

Isolation by distance (i.e., due to a geographic barrier or long distance) leads to genetic 

differentiation. The evolutionary forces that act in a population during and after a range 

expansion are different. After the expansion, homogenization between neighboring regions 

can occur, but also differentiation between separated regions (isolation by distance). These 

processes can remove genetic signatures left by some processes (i.e., allele surfing) that occur 

during the range expansion (Hutchison and Templeton, 1999; Slatkin, 1993). 

https://www.google.pt/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0ahUKEwjgisinhszQAhWBtRQKHY1BBXYQFggaMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FIsolation_by_distance&v6u=https%3A%2F%2Fs-v6exp1-ds.metric.gstatic.com%2Fgen_204%3Fip%3D77.54.73.163%26ts%3D1480356662074843%26auth%3Dqkuqrzlsvidwjlzytdwxwxo5tfcwtync%26rndm%3D0.559686244440559&v6s=2&v6t=6715&usg=AFQjCNFkoj6D_WS-HglloM5zK70298LmdA&sig2=22QunU1IHfOVHMArC50M2g&bvm=bv.139782543,d.d24
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Figure 2. Representation of isolation by distance.  

Genetic similarity decreases (represented by the change of color) as the distance to the origin of the expansion 

increases. 

 

1.2.2. Founder effects 

During an expansion, as the expanding wave moves forward, a small number of 

individuals (founders) from the front of the wave are picked to colonize the neighbor demes 

(Figure 3). The derived founder effect may cause a reduction of genetic diversity, since the 

genetic diversity from the picked sample will determine the future diversity in the neighbor 

demes, and it do not necessarily represents the diversity from the original population 

(Austerlitz et al., 1997; DeGiorgio et al., 2009; Donaldson et al., 2015; Peischl et al., 2016).  

 

 
Figure 3. Illustration of founder events.  

Different colors symbolize individuals with different genetic characteristics. Some individuals are randomly 

selected to colonize the neighbor area. The genetic characteristics from those individuals determine the genetic 

pool of the descendent population.   
 

In 2005, Ramachandran and co-workers showed that serial founder effects (SFE) 

might have been occurred in the worldwide colonization. In their model, founder events occur 

repeatedly (serial), leading to a decrease in genetic diversity with the distance to the source 

(Figure 4). This pattern is similar to the one left by the IBD process, and both explain the 

decrease in genetic variation and in heterozygosity with the increase of the distance to the 

source of expansion (DeGiorgio et al., 2011; Ramachandran et al., 2005).  
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Figure 4. Illustration of serial founder events. 

The initial population experiences a founder event leading to the loss of the blue individuals (different colors 

symbolize individuals with different genetic characteristics). A following founder event occurs in the descendent 

population A causing the loss of the green individuals. Serial founder effects caused a decrease in genetic 

diversity and an alteration on allele frequencies.  

 

1.2.3. Allele surfing 

During a range expansion, mutations (neutral, deleterious or beneficial) can occur in 

the front or middle of the expanding wave (Excoffier et al., 2009a; Klopfstein et al., 2006; 

Ray and Excoffier, 2009; Slatkin and Excoffier, 2012). Many times these mutations disappear 

or end up to be established near the place of origin, with low frequencies. Other times, these 

low-frequency alleles disseminate. This event, named as allele surfing, is related with 

population features (e.g., migration rate and population growth rate) and thus it is more 

probable to occur in populations with high population growth rates (Klopfstein et al., 2006). 

The founder events that occur during the colonization favor these alleles to expand (Slatkin 

and Excoffier, 2012). 

When a mutation occurs, it can “surf on the wave” leading to genetic sectors derived 

from an original allele (Figure 5) (Excoffier et al., 2009a). Sectors are uniform regions with a 

low level of genetic diversity inside but can present a high genetic distance to other sectors. 

As a result of this process, allele surfing causes a large variation of genetic diversity in a 

direction that is orthogonal to the direction of the expansion (between sectors) (Excoffier and 

Ray, 2008; Hallatschek et al., 2007; Peischl et al., 2016). Posterior migration events can 

reduce the presence of sectors over time through homogenization. Therefore, sectors can be 

observed in recent range expansions with limited gene flow (Excoffier et al., 2009a; Excoffier 

and Ray, 2008; Peischl et al., 2016). 
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Figure 5. Illustration of allele surfing.  

The stars (  ) represent the occurrence of allele surfing events. Low-frequency alleles take advantage from the 

expanding wave to disseminate. The conical regions represent the sectors where the allele will be fixed. The 

formation of different sectors leads to genetic diversity gradients perpendicular to the expansion axis. Adapted 

from François et al. (2010). 

 

1.3.  Computer simulations in population genetics and evolution 

Computer simulations attempt to mimic processes of the real world (Benguigui and 

Arenas, 2014; Hoban et al., 2012). They are widely used in population genetics to test 

hypothesis, evaluate and compare analytical frameworks, study evolutionary forces or 

estimate evolutionary parameters (Benguigui and Arenas, 2014; Carvajal-Rodríguez, 2010; 

Hoban et al., 2012). 

Computer simulators in population genetics can be hardly classified in two strategies, 

forward-in-time and backward-in-time (Table 1). 
 

Table 1. Differences between forward-in-time simulations and backward-in-time simulations (also called 

coalescent simulations).   

I. Forward-in-time simulations 
II. Backward-in-time simulations / 

Coalescent simulations 

Simulation from the past to the present. 

Simulation of the history of the whole 

population. 

Slow simulation in terms of computer time. 

Can consider diverse scenarios with 

complex migration and selection models. 

 

 

(Carvajal-Rodríguez, 2010) 

Simulation from the present to the past. 

Simulation of the history of the sample (but 

considering population parameters). 

Fast simulation in terms of computer time. 

Simulation of a limited number of scenarios, 

including demography, population structure, 

migration and recombination. 

 

(Arenas, 2012) 
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1.3.1. Spatially-explicit computer simulations 

Spatially-explicit computer simulations belong to forward-in-time simulations but can 

additionally incorporate a backward-in-time process. The main point of spatially-explicit 

simulations is to combine demographic and genetic processes with a landscape. Real maps 

can be imported from a Geographical Information System (GIS) (Maliene et al., 2011) and 

the map can be divided into a number of demes that depends on the desired resolution 

(Benguigui and Arenas, 2014). 

Spatially-explicit computer simulators can be used to investigate the genetic signatures 

caused by range expansions, range contractions and range shift, complexes migration 

processes and admixed populations (Benguigui and Arenas, 2014). The main advantage of 

this strategy is to provide realistic simulations (Benguigui and Arenas, 2014). In human 

evolution these simulations are mainly used to compare models (e.g., testing alternative 

geographic origins) and estimate evolutionary parameters (e.g., interbreeding rate in 

population admixture) (Angal, 2016; Benguigui and Arenas, 2014).    

 Nowadays there is a wide variety of computer simulators, all of them with particular 

characteristics that makes them more suited to a specific work. Simulators can vary 

concerning their implementation of migration, mating system, fecundity, life cycle, 

population growth or evolutionary events such as selection, mutation and recombination 

(Hoban et al., 2012). Besides, spatially-explicit simulators can be population or deme-

oriented (e.g., SPLATCHE and SPLATCHE2) or individual-oriented (e.g., Kernel Pop and 

IBDSim) (Benguigui and Arenas, 2014). The choice of a computer simulator is crucial to 

properly mimic a given scenario. 

 

The computer simulator SPLATCHE2 

SPLATCHE (SPatiaL And Temporal Coalescences in Heterogeneous Environment) is 

a spatially-explicit computer simulator of genetic data. Its second version, SPLATCHE2, has 

been widely used in human evolution (Benguigui and Arenas, 2014; Ray and Excoffier, 

2009). It takes into account environmental heterogeneity (note that the environment affects 

species distribution and genetic diversity). Environmental information is translated by 

carrying capacity (K, the maximum number of individuals that can be maintained by local 

resources) and friction (F, the difficulty on moving through the deme). These features allow a 

more realistic consideration of the landscape, for instance to account for rivers, mountains, or 

deserts (Benguigui and Arenas, 2014; Currat et al., 2004; Excoffier and Ray, 2008; François 
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et al., 2010; Ray et al., 2010a). Following the cited procedures, SPLATCHE2 can simulate 

genetic data under different genetic markers (e.g., DNA, SNP, STR, RFLP) (Alves et al., 

2016; Benguigui and Arenas, 2014; Currat et al., 2004; François et al., 2010; Ray et al., 2005; 

Ray et al., 2010a). SPLATCHE2 can also simulate admixture and competition between two 

populations. This program includes a practical graphical user interface (GUI) (Benguigui and 

Arenas, 2014; Currat et al., 2004; Ray et al., 2010a).  

This simulator performs three steps (Figure 6): 

A. The forward-in-time phase: a deme is chosen to start the colonization. Migration 

events occur to the neighbor demes. This process can occur during a user-specified 

time or number of generations. At the end the map is colonized (Figure 6A).  

B. The backward-in-time phase: the history of the entire population obtained from the 

previous phase is used to recover the history of a sample under a coalescent process 

until the most recent common ancestral (MRCA) is reached (Figure 6B) (Benguigui 

and Arenas, 2014; Currat and Excoffier, 2005; Currat et al., 2004; Ray et al., 

2010a). 

C. Simulation of genetic data: a genetic sequence is assigned to the MRCA of the 

sample and that sequence is evolved over the branches to obtain a sequence for 

each sample node. 

 

Figure 6. Representation of the two steps in a spatially-explicit computer simulation.  

A: Forward-in-time step: the colonization starts from the source, and ends with the entire map colonized; B: 

Backward-in-time phase: the use of the coalescent to obtain the history of the sample. Next, genetic data could 

be simulated over the history of the sample. Adapted from Benguigui and Arenas (2014). 

Source MRCA 
Time 

t=0 

Present      

(A) (B) 
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1.4.  PCA in population genetics and evolution 

  Principal component analysis (PCA) is a method to reduce the number of dimensions 

of data but keeping most of the information, and it is used in a number of scientific disciplines 

(Abdi and Williams, 2010; François et al., 2010). Besides useful to summarize the data, PCA 

extracts the most important information, compress the dataset and simplify the analysis of 

data structure. PCA is based on a mathematical algorithm that searches for an axis that has the 

largest variation explaining the data (first principal component, PC1), then it relocates the 

positions of those objects along the axis. Other principal components (PCs) can be traced and 

are based on the same method as the PC1 (e.g., second principal component, PC2). However, 

PC1 is the one with the biggest proportion of the variation present (most of information is 

included in PC1) and variation decreases with subsequent PCs (François et al., 2010; Ringnér, 

2008). 

 Used since more than 30 years ago, this technique remains with popularity and has 

been used in evolutionary and population genetics to infer genetic diversity gradients 

(described with PCs) of European populations of modern humans (François et al., 2010; 

Menozzi et al., 1978). 

 

1.4.1. Genetic diversity gradients in Europe from spatially-explicit computer 

simulations and PCA 

The colonization of Europe is believed to have occurred 45,000–40,000 ya, during the 

Paleolithic (a period of human prehistory marked by the use of stone tools). Next, a different 

population (Neolithic), more evolved, expanded from the Middle East at ~10,000 ya 

(Bramanti et al., 2009; Currat and Excoffier, 2005; François et al., 2010). Diverse studies 

about genetic diversity gradients generated during the colonization of Europe applied 

spatially-explicit computer simulators and PCA (Benguigui and Arenas, 2014; François et al., 

2010). 

The use of PCA in the European colonization is based on the fact that past spatial 

expansions left genetic signatures in the population (Menozzi et al., 1978). Menozzi et al. 

(1978) applied PCA to analyze real data and suggested that the Neolithic colonization of 

Europe was based on a demic diffusion. Their PC maps (PC1 gradient with a NW-SE 

direction) were interpreted as the variation of allelic frequencies along the direction of 

expansion. These gradients were thought to be the result of an expansion with origin in the 

southeast of Europe. Cavalli-Sforza et al. (1993) also studied worldwide allelic frequencies 
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with PCA. In Europe, the main gradient (PC1) also presented an orientation NW-SE, which 

follows the direction of the Neolithic expansion. Piazza et al. (1995) attempted to establish a 

relationship between European languages and genetic patterns and also found a NW-SE 

gradient of PC1 in Europe (Figure 7). 

 

 
Figure 7. PC1 map calculated from 95 gene frequencies from Europe.  

Note a NW-SE gradient. Adapted from Piazza et al. (1995). 

 

Recently, François et al. (2010) also applied spatially-explicit computer simulations 

and PCA to study the effect of admixture between Paleolithic and Neolithic populations on 

genetic diversity gradients. They found that the level of admixture between populations 

influenced the gradient: when the contribution of the Paleolithic population in the current 

European gene pool was large, the direction of the gradient was W-E; when the contribution 

of Paleolithic population was small the direction of the gradient was SW-NE. Altogether, 

gradients derived from Neolithic populations presented a direction perpendicular to the 

expansion axis. They justify these gradients as an effect of allele surfing process. Despite 

knowing that allele surfing affected the results, they found that just 1% of mutations reached 

high frequencies (>20%).  

Later, Arenas et al. (2013a) performed a more advanced (based on a much larger 

number of alternative scenarios and computer simulations) study of European genetic 

gradients with the above cited techniques. They found gradients perpendicular to the 

expansion axis when only the Neolithic population contributes (Figure 8) or, when Iberian 

Peninsula was used as refugia during the LGM and the Paleolithic contribution was large 

(>80%). 
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Figure 8. PC maps for a recent Neolithic expansion from the Middle-East.  

The PC1 gradient is perpendicular to the expansion axis, with a SW-NE orientation. Adapted from Arenas et al. 

(2013a). 

 
Despite some authors, as Menozzi et al. (1978) and Sokal et al. (1989), consider that 

genetic diversity gradients denote different migration events, the interpretation of these 

gradients is controversial because other authors demonstrated that the gradients can be caused 

by diverse evolutionary processes (Fix, 1997; Novembre and Stephens, 2008). 

 

1.5.  Objectives 

The main objective of this work is to study the influence of different evolutionary 

scenarios on genetic diversity gradients of modern humans of The Americas. The studied 

evolutionary scenarios vary according with: 

 The presence or absence of ice sheets caused by LGM and, for the former, the 

possible corridors used to entry in the continent. 

 The consideration of a single expanding population or two expanding populations 

to colonize The Americas and, for the latter, different levels of admixture between 

them. 

We intended to discuss the genetic diversity gradients formed in those scenarios and 

compare them to real data in order to decipher which scenarios are more likely to have 

occurred. Importantly, we aim to investigate the genetic diversity gradients formed not only in 

the entire continent, but also in North America and South America, separately. That will 

allow us to examine the influence of these phenomena at different geographical scales. We 

also intend to clarify which evolutionary processes (isolation by distance, allele surfing and 

serial founder effects) may have occurred in the colonization of The Americas. 
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2. Materials and Methods 
 

2.1.  Spatially explicit computer simulations with SPLATCHE2 

We performed computer simulations with SPLATCHE2 under the following 

evolutionary scenarios: 

A. Presence or absence of ice sheets derived from the LGM. In case of presence of 

ice sheets, we studied the different corridors used to entry in the continent. 

B. One or two expanding populations. In case of two expanding populations, we 

studied the influence of different levels of population admixture. 

C. Analysis of the entire continent, North America and South America, separately. 

 

The influence of LGM was derived from the ice sheets that existed in North America, 

and the occurrence of two different corridors to entry in the continent, a coastal and an inland 

corridor. We studied the three possibilities: coastal corridor, inland corridor and both 

corridors. 

Concerning admixture, the studied values of interbreeding rate (IR) were 0, 0.04, 

0.068 and 0.1 according to Arenas et al. (2013a). An IR=0 means that only the second 

population contributed to the final genetic pool; an IR=0.04 means a contribution of 20% to 

the final genetic pool; an IR=0.068 a contribution of 10% and an IR=0.1 a contribution lower 

than 5% to the final genetic pool (Arenas et al., 2013a; François et al., 2010). 

The simulated scenarios are shown in Tables 2, 3 and 4. 
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Table 2. Studied evolutionary scenarios in the entire continent.  

The scenarios account for (i) the number of expanding populations; (ii) the presence or absence of ice sheets, and 

in case of presence, the possible entry routes and (iii) the level of admixture between the populations if both 

were considered. “SecPop” refers to the second (more recent) population.  

Number of 

populations 

Ice 

sheets 

Ice sheets 

(corridor/s) 
Admixture 

Single population 

(18,000 ya) 

No  - - 

Yes  

Coastal - 

Inland - 

Coastal and 

inland 
- 

Two populations (a first 

one 18,000 ya, and a 

second one 11,000 ya) 

No  

- IR=0 (100% SecPop) 

- IR=0.04 (20% SecPop) 

- IR=0.068 (10% SecPop) 

- IR=0.1 (<5% SecPop) 

Yes  

Coastal 

IR=0 (100% SecPop) 

IR=0.04 (20% SecPop) 

IR=0.068 (10% SecPop) 

IR=0.1 (<5% SecPop) 

Inland 

IR=0 (100% SecPop) 

IR=0.04 (20% SecPop) 

IR=0.068 (10% SecPop) 

IR=0.1 (<5% SecPop) 

Coastal and 

inland 

IR=0 (100% SecPop) 

IR=0.04 (20% SecPop) 

IR=0.068 (10% SecPop) 

IR=0.1 (<5% SecPop) 
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Table 3. Studied evolutionary scenarios in North America.  

The scenarios account for (i) the number of expanding populations; (ii) the presence or absence of ice sheets, and 

in case of presence, the possible entry routes and (iii) the level of admixture between the populations if both 

were considered. “SecPop” refers to the second (more recent) population. 
 

Number of 

populations 

Ice 

sheets 

Ice sheets 

(corridor/s) 
Admixture 

Single population 

(18,000 ya) 

No - - 

Yes  

Coastal - 

Inland - 

Coastal and 

inland 
- 

Two populations (a first 

one 18,000 ya, and a 

second one 11,000 ya) 

No  

- IR=0 (100% SecPop) 

- IR=0.04 (20% SecPop) 

- IR=0.068 (10% SecPop) 

- IR=0.1 (<5% SecPop) 

Yes  

Coastal 

IR=0 (100% SecPop) 

IR=0.04 (20% SecPop) 

IR=0.068 (10% SecPop) 

IR=0.1 (<5% SecPop) 

Inland 

IR=0 (100% SecPop) 

IR=0.04 (20% SecPop) 

IR=0.068 (10% SecPop) 

IR=0.1 (<5% SecPop) 

Coastal and 

inland 

IR=0 (100% SecPop) 

IR=0.04 (20% SecPop) 

IR=0.068 (10% SecPop) 

IR=0.1 (<5% SecPop) 
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Table 4. Studied evolutionary scenarios in South America.  

The scenarios account for (i) the number of expanding populations and (ii) the level of admixture between the 

populations if both were considered. “SecPop” refers to the second (more recent) population. 
 

Number of populations Admixture 

Single population 

(18,000 ya)  
- 

Two populations (a first 

one 18,000 ya, and a 

second one 11,000 ya) 

IR=0 (100% SecPop) 

IR=0.04 (20% SecPop) 

IR=0.068 (10% SecPop) 

IR=0.1 (<5% SecPop) 

 

Note that the LGM was not studied in South America because the ice sheets 

(Cordilleran and Laurentide) only affected North America. 

 

The map of The Americas was obtained using GIS. It was a two dimensions landscape 

of 13,536 (94144) demes covering America, 3,815 of them are in land (Figure 9). Each deme 

corresponds to 100
 
× 100 km

2
. The simulations were based on a two-dimensional stepping-

stone migration model (Kimura and Weiss, 1964). The sample was collected from 91 well-

distributed places, each containing 20 haploid individuals. A deme near to the Bering Strait 

was chosen to start the expansion in scenarios of entire continent and in North America. A 

deme in Central America was picked to start the colonization in scenarios of South America. 

To each individual we simulated 100 SNPs under a minor allele frequency (MAF) of 0.03 

according to Arenas et al. (2013a). 

We performed 100 computer simulations for each studied evolutionary scenario. 

 

Figure 9. The 2D map of 13,536 demes covering America (94144).  

The black area represents the continent, and the pink demes correspond to the sample locations. 
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The total time of the simulation was 720 generations for the first expansion [18,000 ya 

(Fagundes et al., 2008), assuming a generation time = 25 years (Liu et al., 2006)]. For this 

population, the ancestral population size was set to 500 individuals (once there is any 

consensus, this value lays between previously proposed values of 70 and 1000 by Hey (2005) 

and Mulligan et al. (2008), respectively). The carrying capacity (K) of all demes was fixed to 

1,000 (Alves et al., 2016). The most recent expansion started 11,000 ya (Dillehay, 2009; 

Neves et al., 2003), with a population size and a carrying capacity 10 times higher than that 

for the first population, respectively 5,000 and 10,000 (Arenas et al., 2013a; François et al., 

2010; Mellars, 2011). When the ice sheets were present in the map, two possible corridors (1-

2 demes width) were considered, one coastal and one inland. The carrying capacity of the 

demes of the ice sheets was 0 (Arenas et al., 2013a) from 18,000 to 10,000 ya according to 

estimates of the duration of ice sheets (Bodner et al., 2012). The population growth rate (r) 

and migration rate (m) were common to both populations, r=0.5 (Alves et al., 2016; Barbujani 

et al., 1995; François et al., 2010) and m=0.8 (in order to allow a realistically rapid 

colonization). The migration was isotropic (rate=0.2 towards each direction). Table 5 

summarizes the most important parameters for each population. 

 

Table 5. The demographic parameters used in the simulations for both populations.  
 

 1
ST 

POPULATION 2
ND 

POPULATION 

Total time of simulation (generations) 720 440 

Initial Population Size 500 5,000 

Carrying Capacity, K 1,000 10,000 

Migration Rate, m 0.8 0.8 

Population Growth Rate, r 0.5 0.5 

 

2.2. Principal Component Analysis using R 

The “prcomp” function implemented in the R statistical package was used to compute 

PCA (Abraham and Inouye, 2014). After performing the PCA for each simulated genetic 

dataset, a line representing the PC gradient was generated by connecting the geographical 

centroids of the positive and negative coordinates. Next, we computed the median over the 

100 PC1 gradients generated under each evolutionary scenario. 
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2.3. Testing Serial Founder Effects 

In order to test if the PC gradients in the entire continent were caused by IBD or SFE, 

we performed two additional sets of simulations with origin in other regions (east of North 

America and east of South America) of the landscape (Figure 10). 

 

Figure 10. The origins used in simulations to investigate the causes of the genetic gradient observed in the entire 

continent.  

A: Origin of expansion in Northeast America; B: Origin of expansion in Southeast America. 
 

 

A 
 

B 
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3. Results 

 

3.1.  Simulation of the colonization of The Americas  

The timing of the colonization of The Americas for the different evolutionary 

scenarios is described in the following paragraphs. Regarding the simulations with two 

populations, the timing did not vary with different IR levels, thus, in order to prevent 

repetition, only the results for IR=0.068 are shown in the following paragraphs. The results 

from the remaining IRs are shown in Appendix A (Figure 27, Figure 28 and Figure 29).  

 

3.1.1. Colonization of The Americas by a single population 

The colonization of The Americas by a single population took a maximum of 350 

generations, independently of the simulated scenario (Figure 11). When ice sheets were not 

considered the colonization of the entire continent took 324 generations (Figure 11A). 

Regarding the corridors formed during the LGM, the faster colonization was found when both 

corridors were used simultaneously (337 generations to colonize the continent using both 

corridors) (Figure 11D).  

 

Figure 11. Simulated colonization of The Americas by a single population.  

A: Colonization without ice sheets; B: Colonization using the coastal corridor; C: Colonization using the inland 

corridor; D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
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3.1.2. The colonization of The Americas by two expanding populations 

Next it is described the results from simulations with two populations in The Americas 

under an IR=0.068 (Figure 12). 

The presence of the ice sheets caused a delay in the colonization by the first 

population. Additionally, the second population colonized the map faster than the first one: 

ignoring ice sheets, the first expansion took 324 generations and the second one took 296 

generations (Figure 12A). 

 Concerning the use of the corridors, the coastal was the corridor that allowed a faster 

colonization (Figure 12B). Moreover, the colonization using the coastal corridor took the 

same time than the colonization with both corridors (340 generations). When the inland 

corridor was used the colonization took 346 generations (Figure 12C).  

Note that when the second expansion started to expand, the ice sheets were already 

melted. Therefore, the second expansion was not affected by the LGM. 
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Figure 12. Simulated colonization of The Americas by two populations under an IR=0.068.   

The first population is represented in brown, and the second one in black. The green area represents admixture. A: Colonization without ice sheets; B: Colonization using 

the coastal corridor; C: Colonization using the inland corridor; D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
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3.2.  Simulation of the colonization of North America 

The timing of the colonization of North America for the different evolutionary 

scenarios is described in the following paragraphs. Regarding the simulations with two 

populations, the timing did not vary with different IR levels, thus, in order to prevent 

repetition, only the results for IR=0.068 are shown in the following paragraphs. The results 

from the remaining IRs are shown in Appendix B (Figure 30, Figure 31 and Figure 32).  

 

3.2.1.  The colonization of North America by a single population 

The colonization of North America by a single population was affected by the 

presence or absence of ice sheets. If LGM was ignored, North America was colonized in 150 

generations (Figure 13A). By contrast, if LGM was considered, independently of the used 

corridors, the colonization took around 300 generations. The faster colonization was found 

when both corridors were used simultaneously (Figure 13D). 

 

Figure 13. Simulated colonization of North America by a single population.  

A: Colonization without ice sheets; B: Colonization using the coastal corridor; C: Colonization using the inland 

corridor; D: colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 

 
3.2.2.  Colonization of North America by two expanding populations  

Next it is described the results from simulations with two populations in North 

America under an IR=0.068 (Figure 14).  

The simulation of the colonization of North America by two different populations 

showed that the presence of ice sheets caused a delay in the colonization by the first 

population, and that the second expansion was faster that the first expansion. Without ice 

sheets the first population took 132 generations to colonize the entire map, and the second one 

took 120 generations (Figure 14A).  

Note that when the second expansion started to expand, the ice sheets were already 

melted. Therefore, the second expansion was not affected by the LGM. 



Consequences of admixture and LGM on current genetic diversity gradients of American humans 

3. Results 

23 

 

 

Figure 14. Simulated colonization of North America by two populations under IR=0.068.  

The first population is represented in brown, and the second one in black. The green area represents admixture. A: Colonization without ice sheets; B: Colonization using 

the coastal corridor; C: Colonization using the inland corridor; D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
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3.3.  Simulation of the colonization of South America  

The timing of the colonization of South America for the different evolutionary 

scenarios is described in the following paragraphs. Regarding the simulations with two 

populations, the timing did not vary with different IR levels, thus, in order to prevent 

repetition, only the results for IR=0.068 are shown in the following paragraphs. The results 

from the remaining IRs are shown in Appendix C (Figure 33, Figure 34 and Figure 35). 

 

3.3.1. The colonization of South America by a single population 

The colonization of South America by a single population took 150 generations to 

colonize the entire map (Figure 15). 

 
Figure 15. Simulated colonization of South America by a single population.  

Screenshots collected each 50 generations. 

 

3.3.2. Colonization of South America by two expanding populations 

Next it is described the results from simulations with two populations in South 

America under an IR=0.068 (Figure 16).  

The colonization took approximately the same time for each population, 150 

generations.  

 
Figure 16. Simulated colonization of South America by two populations under IR=0.068.  

The first population is represented in brown and the second one in black. The green area represents admixture. 

Screenshots collected each 50 generations. 
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3.4. Genetic diversity gradients in The Americas 

The genetic diversity gradient in The Americas presented a NW-SE direction (Figure 

17), which was invariable when considering or ignoring the LGM and for any level of 

admixture between the expanding populations (Figure 18).  

Note that for each scenario we performed 100 simulations, and each simulation was 

used to trace a PC1 map with the genetic diversity gradient (e.g., Figure 17). Then the 100 

PC1 maps were gathered in a map with the mean of all the PC1 gradients (e.g., Figure 18). 

 
Figure 17. PC1 maps in The Americas obtained from a single simulation.  

A: PC1 map obtained from a simulation based on the expansion by the first population without ice sheets; B: 

PC1 map obtained from a simulation based on the expansion by the first population using both corridors. 
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Figure 18. PC1 maps in The Americas for different evolutionary scenarios.  

The black lines represent each simulation, and the green line was generated considering the median and 

intercepts from all the black lines. Results are presented ignoring (A) and considering (B-D) ice sheets. A: Range 

expansion without ice sheets; B: Range expansion using the coastal corridor; C: Range expansion using the 

inland corridor; D: Range expansion using both corridors. Each of those situations was combined with a 

particular genetic contribution from each population (100%, 20%, 10%, <5% or 0% of second population 

(SecPop)). 
 

 

100% SecPop (IR=0) 20% SecPop (IR=0.04) 10% SecPop (IR=0.068) <5% SecPop (IR=0.1) 0% SecPop  
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PC2 maps are less informative than PC1 maps. However, PC2 maps are usually used 

to describe regions with some isolation (Arenas et al., 2013a; François et al., 2010). The PC2 

maps from the studied evolutionary scenarios presented main regions of isolation in Tierra del 

Fuego, Central America, Labrador Peninsula and Alaska (Figure 19).  

Figure 19. PC2 maps in the entire continent exhibiting isolation areas.  

A: PC2 map from two populations under IR=0, exhibiting isolation in Tierra del Fuego; B: PC2 map from two 

populations under IR=0.068, exhibiting isolation in Central America; C: PC2 map from two populations with 

IR=0.1, exhibiting isolation in the Labrador Peninsula and Mexico; D: PC2 map from a single population 

(18,000 ya), exhibiting isolation in Alaska. 

 

3.5.  Genetic diversity gradients in North America 

Each one of the 100 simulations was used to draw a PC1 map (see Appendix D, Figure 

36).  

In the colonization of North America, the genetic diversity gradients varied among 

evolutionary scenarios that considered or ignored ice sheets, but did not vary with the level of 

admixture (Figure 20). If ice sheets were ignored, the gradient presented a NE-SW direction. 

If ice sheets were considered, the gradient presented a NW-SE direction.  

 It is important to notice that when IR=0 (Figure 20, first column), only the second 

expansion contributed to the final genetic pool and, since it was not influenced by the LGM, 

the gradient was invariable with the presence/absence of the LGM. 

 

A B C D 
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Figure 20. PC1 maps in North America for different evolutionary scenarios.  

The black lines represent each simulation, and the green line was generated considering the median and 

intercepts from all the black lines. Results are presented ignoring (A) and considering (B-D) ice sheets. A: Range 

expansion without ice sheets; B: Range expansion using the coastal corridor; C: Range expansion using the 

inland corridor; D: Range expansion using both corridors. Each of those situations was combined with a 

particular genetic contribution from each population (100%, 20%, 10%, <5% or 0% of second population 

(SecPop)). 
 

100% SecPop (IR=0) 20% SecPop (IR=0.04) 10% SecPop (IR=0.068) <5% SecPop (IR=0.1) 0% SecPop  
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The PC2 maps presented isolation in the regions: Labrador Peninsula, Central America 

and Alaska (Figure 21).   

 

Figure 21. PC2 maps in North America exhibiting isolation areas. 

A: PC2 map from two populations under IR=0.068, exhibiting isolation in the Labrador Peninsula; B: PC2 map 

from two populations under IR=0.1, exhibiting isolation in Central America; C: PC2 map from a single 

population (18,000 ya) exhibiting isolation in Alaska. 

 

3.6.  Genetic diversity gradients in South America  

As above, each one of the 100 simulations was used to draw a PC1 map (see Appendix 

e, Figure 37).  

The genetic diversity gradients in South America did not vary with the level of 

admixture (Figure 22). The gradient presented a NE-SW direction. 

 

 

Figure 22. PC1 maps in South America for different evolutionary scenarios.  

The black lines represent each simulation, and the green line was generated considering the median and 

intercepts from all the black lines. Each column refers to a particular genetic contribution from each population 

(100%, 20%, 10%, <5% or 0% of second population (SecPop)). 
 

 
The PC2 maps exhibited isolation in south and north regions of South America. Also a 

distinction was found between east and west regions (Figure 23). 

A C B 

100% SecPop (IR=0) 20% SecPop (IR=0.04) 10% SecPop (IR=0.068) <5% SecPop (IR=0.1) 0% SecPop  
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Figure 23. PC2 maps in South America exhibiting isolation areas.  

A: PC2 map from two populations under IR=0.068, exhibiting isolation in the south; B: PC2 map from two 

populations under IR=0.1, exhibiting isolation in the west; C: PC2 map from a single population (18,000 ya), 

exhibiting isolation in the north. 

 
 

3.7.  Serial founder effects or isolation by distance in the entire continent 

 The simulations performed to test if the PC gradients in the entire continent were 

caused by IBD or serial founder events revealed a genetic diversity gradient similar to the one 

found with the correct origin (Figure 24).  

 
Figure 24. Genetic diversity gradients from the evolutionary scenarios performed to investigate the evolutionary 

causes of PC1 gradients.  

A: Genetic diversity gradient from the scenario with origin of expansion in the east of North America; B: 

Genetic diversity gradient from the scenario with origin of expansion in the east of South America. 
 

 
 
 
 

 

A B 

A B C 



Consequences of admixture and LGM on current genetic diversity gradients of American humans 

4. Discussion 

 

31 

 

4. Discussion 
 

4.1. The colonization times in The Americas   

The colonization of The Americas is known to have occurred rapidly, in a few 

thousand years (Fagundes et al., 2008; Hamilton and Buchanan, 2007). Under the simulated 

parameters the colonization of the entire continent by the first population took around 8,100 

years, more if ice sheets were considered. Such results were expected since ice sheets started 

to melt 250 generations after the beginning of the first expansion, and only then allowed the 

colonization of northern regions. Additionally, comparing the coastal and inland corridors, it 

was the coastal corridor that allowed a faster colonization. We suggest that the coastal 

corridor played a major role during the colonization, as some authors have already pointed out 

(Fagundes et al., 2008; Pedersen et al., 2016; Wang et al., 2007). 

 Regarding the expansion waves, the simulations showed that the second expansion 

occurred faster than the first one. That was expected because the population size at the onset 

of the expansion and the carrying capacity were higher for the second expansion than for the 

first one. Additionally, it was not identified a significant influence of the level of population 

admixture on the speed of the expansions.  

Diverse archaeological evidences were found in The Americas, but most of them need 

further analyses to be accepted as clear evidences of modern human occupation. Among them 

exists: Paisley Caves (Oregon) with human coprolites and tools evidences, dated around 

14,100–14,500 ya (Jenkins et al., 2012; Madsen, 2015); Huaca Prieta (Peru) dated around 

14,200–13,300 ya; Schaefer–Hebior (Wisconsin) dated around 14,100–15,000 ya and, 

Meadowcroft Shelter (Pennsylvania)  dated around 22,000–13,400 ya. These locations were 

supported by our simulated times of colonization. However, other archaeological evidences 

found in Cactus Hill (Virginia), Monte Verde (Chile) and Tierra del Fuego, respectively dated 

around 20,000–18,000 ya, ≈14,600 ya, and 12,000–14,300 ya (Dillehay et al., 2008; Madsen, 

2015) did not fit with our colonization times. In particular, note that those evidences propose 

an extremely rapid colonization despite the poor knowledge of the environment. The hunter-

gatherers were faced against never seen species of plants and animals, and the landscape and 

its resources were unknown and unpredictable. In this concern, while some authors (e.g., 

Dillehay (2009)) suggested that first colonizers moved quickly, others (e.g., Madsen (2015)) 

proposed that knowledge acquired in other lands could not be transferred to new lands.  
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4.2.  Genetic diversity gradients in The Americas 

We found clear differences between genetic diversity gradients of the entire continent, 

North and South America. 

Regarding the entire continent, the identified genetic diversity gradients presented a 

NW-SE direction, independently of the level of admixture and the presence/absence of ice 

sheets. 

The genetic diversity gradients have been already used to clarify the colonization of 

The Americas. Cavalli-Sforza et al. (1993) mapped allelic frequencies in The Americas. 

Despite the big amount of drift in PC maps, the authors found a NW-SE gradient along the 

continent (Figure 25A). In 2007, Wang and collaborators used real data and analyzed the 

genetic diversity and population structure in The Americas. They found evidences that the 

American continent was the last to be colonized. Moreover, the authors found a decrease in 

heterozygosity (note that this parameter is generally used to infer on genetic diversity) as the 

distance to Bering increased and a decline with a NW-SE direction (Figure 25B). More 

recently, Yang et al. (2010) performed a study similar to the one by Wang et al. (2007), but 

using more genetic markers. The authors also verified a gradient with a NW-SE direction. The 

gradients obtained from real data are similar to the gradient obtained from our simulations 

(Figure 25C), allowing us to suggest that these computer simulations are realistic.  

 

Figure 25. Genetic diversity gradients along The Americas. 

A: Genetic diversity gradient obtained from real data by Cavalli-Sforza et al. (1993); B: Genetic diversity 

gradient obtained from real data by Wang et al. (2007); C: Genetic diversity gradient obtained with simulations 

(present study). 

 

 

 

A B C 
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The obtained gradient presented a direction parallel to the direction of the expansion, 

which is concordant either with an IBD process and/or with SFE. Furthermore, previous 

studies have shown the importance of serial founder events in American genetic diversity 

(Hunley and Healy, 2011). In order to understand which process was more responsible for our 

results we performed two additional simulations based on different origins for the expansion 

(described in 2.3). There, if SFE is the main process, the gradients would present the same 

direction that the one from the expansion. However, if IBD is the main process, the gradients 

should present the direction of the longest distance of the continent. For these simulations the 

obtained gradients also presented a NW-SE direction, suggesting that IBD is the process that 

mainly influenced on the observed genetic gradients. This finding would be expected due to 

the long NW-SE (or N-S) distance of The Americas although we had to test that expectation. 

 Using the PC2 maps it was identified several regions that could be genetically 

isolated: Alaska, Tierra del Fuego, Central America and Labrador Peninsula. These areas 

present some geographical barriers: Alaska has a particular topography marked by mountain 

peaks which may have contributed to a geographic isolation in this area and favored a genetic 

isolation (it could also be isolated from the rest of The Americas during some millennia due to 

the ice sheets). Geographical barriers are also present in Tierra del Fuego and Central 

America (Cavalli-Sforza et al., 1994). The Labrador Peninsula is isolated from the rest of the 

continent. Tamm et al. (2007) suggested that the geographical isolation of the populations 

may lead to the development of regional haplotypes. Indeed, the geographical distribution of 

haplogroups supports the genetic isolation found in PC2 maps: sub-haplogroups A2a e A2b 

are associated with the coast of North America, and with Alaska (Coutinho et al., 2014). 

Haplogroup B is dispersed along the continent, but sub-haplogroup B2c is mainly found in 

Central America, as sub-haplogroup C1d. Sub-haplogroup C1c is found in Mexico (Coutinho 

et al., 2014). Haplogroup D2 has two sister clades, D2a and D2b. The former is found in the 

coast of the Labrador Peninsula (Achilli et al., 2008; Tamm et al., 2007).  

Concerning North America, genetic diversity gradients varied depending on the 

consideration or ignorance of ice sheets. If ice sheets were ignored it was obtained a gradient 

with NE-SW direction. This direction was perpendicular to the direction of the range 

expansion, and consequently it can be interpreted as a consequence of an allele surfing 

process. If ice sheets were considered we obtained a gradient with NW-SE direction, 

excepting under lack of admixture since the second expansion is posterior to the LGM. This 

gradient can also be interpreted as a consequence of an allele surfing process. In this case, the 
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process could be derived from an expansion from southeast (SW-NE) to colonize those 

northern regions that become available after melting of the ice sheets (Figure 26). Thus, the 

gradients presented a direction perpendicular to the expansion.  

 

 

Figure 26. Colonization of northern regions after melting of ice sheets.  

An expansion with origin in the corridors occurs.  

  

An alternative explanation for the gradient found in North America under the presence 

of ice sheets can be the combination of allele surfing (originated during the original 

expansion) and a north-south (N-S) IBD process along the corridors. The first explanation 

seems more probable because: (1) according to the second explanation a N-S gradient (instead 

of the observed NW-SE gradient) would be expected and (2) allele surfing is likely to occur 

in recent expansions such as those in North America. 

 Based on real data, Wang et al. (2007), Reich et al. (2012) and Suarez et al. (1985) 

proposed a gradient in North America with a N-S direction. Cavalli-Sforza et al. (1994) 

proposed a gradient in North America with NW-SE direction based on the distribution of 

linguistic families. This latter gradient can be more accurate than the formers, because it is 

based on a much larger sample size. Additionally, this gradient presented by Cavalli-Sforza et 

al. is in agreement with the gradient derived from our simulations under scenarios that 

account for ice sheets. Therefore, we suggest that ice sheets played a major role on current 

(observed) genetic diversity gradients of North America. 

The PC2 maps from North America exhibited isolation areas in Labrador Peninsula, 

Central America and Alaska. The isolation in Labrador Peninsula matches with the isolation 

found in the entire continent, and has already been found by Suarez et al. (1985) in theirs PC2 

maps from North America. Those authors also reported the isolation in Alaska. The isolation 

in Central America may be the result of the range expansion (this expansion ended there). 

Concerning South America, this region presented a gradient with direction NE-SW for 

any level of population admixture. Similarly to North America, this genetic gradient was 

orthogonal to the direction of the expansion and consequently it can be explained by allele 
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surfing. Regarding comparisons with real data, Cavalli-Sforza et al. (1994) found a gradient 

with a NE-SW direction. This gradient is similar to that one derived from our computer 

simulations. 

 The PC2 maps for South America showed that the south, north and west of this map 

could present genetic isolation. The isolation in the north can be explained as a consequence 

of range expansion (the expansion started from the north). The isolation observed in the south 

can be explained by the land topography. Regarding the isolation found in the west, several 

works have already described genetic differences between east and west of South America. 

Primarily O'Rourke and Suarez (1986) noticed that the South Americas appeared to be 

divided into two areas: a lighter intensity area spanning the west-central and a lower intensity 

region surrounding the first from the north, eastward and south to Tierra del Fuego. The 

authors justified this differentiation as a result of local differentiation due primarily to 

stochastic forces such as drift. Later, several authors have also notice the differences: Goebel 

et al. (2008); Lewis Jr et al. (2007); Luiselli et al. (2000); Reich et al. (2012); Tarazona-

Santos et al. (2001); Wang et al. (2007); Yang et al. (2010). Mostly, all the authors suggest 

that contrasting population size at both sides of the map, the environmental conditions and 

complex patterns of gene flow would explain these differences. 
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5. Conclusion  
 

The history of the colonization of The Americas remains under debate, although 

several general theories have been well-established such as the barriers imposed by the ice 

sheets at the north of the continent or the colonization by more than one expansion waves. 

However, little is known about the genetic effects (i.e., genetic diversity gradients) derived 

from those phenomena. With the PCA analysis of extensive spatially-explicit computer 

simulations, we conclude:  

A. Spatially-explicit computer simulations can generate realistic genetic diversity 

gradients. 

B. The genetic diversity gradient for the entire continent presented a NW-SE 

direction and was probably caused by IBD, not by SFE. 

C. The genetic diversity gradient for North America varied depending on the 

presence or absence of the ice sheets. If they are ignored, the gradient presents a 

NE-SW direction. If they are considered (using any entry corridor), the gradient 

presents a NW-SE direction. These gradients were caused by allele surfing 

processes. Since real data presented a gradient with NW-SE direction, we 

conclude that ice sheets really influenced on the genetic diversity of native North 

Americans. 

D. The genetic diversity gradient for South America presented a NE-SW direction 

and was probably caused by allele surfing. This gradient is in agreement with 

gradients based on real data.  

E. Variations of the level of admixture between the studied expanding waves did 

not affect genetic diversity gradients. Therefore, unfortunately, we cannot 

propose a particular level of admixture that could better fit with real data. In 

other words, the level of admixture was not a key factor to drive the shape of 

genetic diversity gradients.    

Altogether, these findings verify that different evolutionary phenomena – leading to 

distinct genetic diversity gradients – can operate due to different shape of the landscape, 

orthogonal to the expansion in short and “square-like” landscape and parallel in long 

landscape. 
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7. Appendix 
  

7.1 Appendix A: The colonization of the entire continent by two populations under other IRs 

values 

The results from the simulation of the colonization of the entire continent with two populations with IR 

value different from 0.068 are presented in the following Figures.  

Figure 27, Figure 28 and Figure 29 present the results from the colonization of the entire continent by 

two populations under an IR of 0, 0.1, and 0.04, respectively. All the scenarios show that the first expansion was 

faster when ignoring ice sheets. When ice sheets were presented the colonization was faster if both corridors 

were considered. Moreover, the second population colonized the map faster than the first one.  
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Figure 27. Simulated colonization of The Americas by two populations under IR=0.  
The first population is represented in brown, and the second one in black. The green area represents admixture. A: Colonization without ice sheets. B: Colonization using 

the coastal corridor. C: Colonization using the inland corridor. D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
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Figure 28. Simulated colonization of The Americas by two populations under IR=0.1.  

The first population is represented in brown, and the second one in black. The green area represents admixture. A: Colonization without ice sheets. B: Colonization using 

the coastal corridor. C: Colonization using the inland corridor. D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
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Figure 29. Simulated colonization of The Americas by two populations under IR=0.04.  

The first population is represented in brown, and the second one in black. The green area represents admixture. A: Colonization without ice sheets. B: Colonization using 

the coastal corridor. C: Colonization using the inland corridor. D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
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7.2. Appendix B: The colonization of North America by two populations under other IRs values 

The results from the simulations of the colonization of the North America with two populations under an IR value different from 0.068 are presented in the 

following Figures.  

Figure 30, Figure 31 and Figure 32 present the results from the colonization of North America by two populations under an IR of 0, 0.1, and 0.04, respectively. 

All the scenarios show that the first expansion was faster when ignoring ice sheets. When ice sheets were presented the colonization was faster if both corridors were 

considered. Moreover, the second population colonized the map faster than the first one.  

 

Figure 30. Simulated colonization of North America by two populations under IR=0.  

The first population is represented in brown, and the second one in black. The green area represents admixture. A: Colonization without ice sheets. B: Colonization using 

the coastal corridor. C: Colonization using the inland corridor. D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
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Figure 31. Simulated colonization of North America by two populations under IR=0.1.  

The first population is represented in brown, and the second one in black. The green area represents admixture. A: Colonization without ice sheets. B: Colonization using 

the coastal corridor. C: Colonization using the inland corridor. D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
 

 
 



Consequences of admixture and LGM on current genetic diversity gradients of American humans 

7. Appendix 

 

53 

 

 

Figure 32. Simulated colonization of North America by two populations under IR=0.04.  

The first population is represented in brown, and the second one in black. The green area represents admixture. A: Colonization without ice sheets. B: Colonization using 

the coastal corridor. C: Colonization using the inland corridor. D: Colonization using both corridors, coastal and inland. Screenshots collected each 50 generations. 
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7.3. Appendix C: The colonization of South America by two populations under other IRs values  

The results from the simulations of the colonization of the South America with two populations under an IR value different from 0.068 are presented in the 

following Figures.  

Figure 33, Figure 34 and Figure 35 present the results from the colonization of the entire continent by two populations under an IR of 0, 0.1, and 0.04, 

respectively. The colonization took approximately 150 generations to each population. 

 

 

Figure 33. Simulated colonization of South America by two populations under IR=0.  

The first population is represented in brown and the second one in black. The green area represents admixture. Screenshots collected each 50 generations. 
 
 

 

 

Figure 34. Simulated colonization of South America by two populations under IR=0.1.  

The first population is represented in brown and the second one in black. The green area represents admixture. Screenshots collected each 50 generations. 
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Figure 35. Simulated colonization of South America by two populations under IR=0.04.  

The first population is represented in brown and the second one in black. The green area represents admixture. Screenshots collected each 50 generations. 
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7.4.  Appendix D: PC1 maps obtained from a single simulation in North America 

We performed 100 simulations to each scenario, and each simulation was used to trace a PC1 map with 

the genetic diversity gradient (Figure 36). 

 
Figure 36. PC1 maps in North America obtained from a single simulation.  

A: PC1 map obtained from a simulation based on a single population without ice sheets; B: PC1 map obtained 

from a simulation based on the first population using both corridors. 
 

 

7.5. Appendix E: PC1 maps obtained from a single simulation in South America 

We performed 100 simulations to each scenario, and each simulation was used to trace a PC1 map with 

the genetic diversity gradient (Figure 37). 

 
Figure 37. PC1 maps in South America obtained from a single simulation. 

A: PC1 map obtained from a simulation based on a single population without ice sheets; B: PC1 map obtained 

from a simulation based on two populations without admixture 


