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Resumo 

O oeste Mediterrânico é uma região com uma complexa história demográfica desde 

a chegada do Neolítico há aproximadamente 7,500 anos. Esses eventos 

demográficos deixarão uma marca indelével nos genomas das populações humanas 

modernas. Durante a transição Neolítica, as populações humanas experimentaram 

desenvolvimentos culturais e tecnológicos que levaram à revolução agrícola e que 

remodelaram profundamente a estrutura genética, linguística e cultural das 

populações mundiais. Eventos mais recentes, como a expansão Muçulmana, 

durante o primeiro milénio da era moderna, também originou um profundo impacto 

demográfico nas populações do oeste Mediterrânico que potencialmente afetou a 

estrutura genética das populações. 

Apesar da genética populacional e evolutiva das populações Neolíticas Europeias 

ter sido amplamente estudada, ainda pouco se sabe sobre a expansão Neolítica no 

Norte de África. Poder-se-á esperar que as diferentes condições ambientais e 

geológicas em ambas as margens do Mar Mediterrâneo tenham levado a expansões 

contrastantes. Por isso, na primeira parte desta Tese, comparámos a expansão 

Neolítica na Europa e no Norte de África, tendo também em conta possível migração 

entre as regiões pelo Estreito de Gibraltar, usando uma densa base de dados 

genéticas de populações espacialmente distribuídas ao longo do Norte de África e 

da Europa. Aplicámos a técnica de Aproximação Bayesiana Computacional baseada 

num extenso número de simulações espacialmente explícitas para selecionar entre 

cenários alternativos de migração através do Estreito de Gibraltar e para estimar 

parâmetros genéticos populacionais em ambas as expansões (Paleolítica e 

Neolítica). Os resultados sugerem que, apesar de tecnologicamente mais 

avançadas, as populações Neolíticas não expandiram mais rapidamente do que as 

populações Paleolíticas, o que poderá ser interpretado como sendo consequência 

de um estilo de vida mais sedentário. Detetamos migrações Neolíticas recíprocas 

entre a Península Ibérica e o Norte de África através do Estreito de Gibraltar. 

Contraintuitivamente, estabelecemos que as expansões Neolíticas estudadas 

apresentam níveis similares de capacidades de carga e migração, e que ocorreram 

a velocidades semelhantes, sugerindo um processo démico similar de substituição 

das populações caçadoras-recoletoras. De um modo geral, as expansões Neolíticas 

ao longo de ambas as margens Mediterrânicas não foram muito diferentes, talvez 

porque estas populações partilhavam habilidades técnicas e padrões de estilo de 

vida similares. 
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Na segunda parte desta Tese, estudámos as causas da estrutura genética e 

dinâmicas migratórias passadas na Península Ibérica, que é uma região bem 

delimitada geograficamente com um rica e complexa história humana. Avaliámos o 

fluxo e a estrutura genética ao longo da Península Ibérica com modelos espaciais 

explícitos baseados numa base de dados genómica georreferenciada composta por 

populações espacialmente bem distribuídas. Determinámos que a estrutura genética 

e dinâmica migratória dentro da Península Ibérica não está relacionada com o 

formato geográfico da região, mas em vez disso, encaixa nas atuais e antigas 

determinações territoriais politicas e linguísticas. Nas regiões a Norte, detetamos 

diversas barreiras relevantes ao fluxo genético que se assemelham aos reinos 

católicos durante a ocupação Muçulmana. Contrastantemente, nas regiões do sul, a 

Reconquista não consegue explicar inteiramente os padrões genéticos observados e 

portanto sugerimos que migrações posteriores à Reconquista desempenharam um 

papel importante na paisagem genética observada. De facto, os nossos resultados 

também sugerem a existência de migrações sexualmente enviesadas nas regiões 

Mediterrânica e do sul da Espanha. Adicionalmente, encontrámos sinais de 

diferenciação genética entre Portugal e Espanha, o quais associámos com a divisão 

política entre as duas regiões ocorrida há quase mil anos atrás. 

De um modo geral, os estudos apresentados nesta Tese permitem-nos traçar um 

quadro abrangente da expansão Neolítica no norte de África e sul da Europa, ao 

mesmo tempo que fornece informações relevantes sobre a dinâmica migratória 

através Estreito de Gibraltar. Além disso, fornece uma imagem detalhada da 

estrutura genética espacial da Península Ibérica e as suas possíveis causas 

demográficas. 

 

Palavras-Chave: expansão Neolítica, estrutura genética espacial, aproximação 

Bayesiana computacional, Estreito de Gibraltar, barreiras geográficas. 

 

  



FCUP 
Human Migrations and Population Dynamics in the western Mediterranean: from the Neolithic 

to the present 

XIII 

 

Abstract 

The western Mediterranean is a region with a complex demographic history since the 

arrival of the Neolithic to the region approximately 7,500 years ago. These 

demographic events left an indelible imprint in genomes of modern human 

populations. During the Neolithic transition, human populations underwent cultural 

and technological developments that led to an agricultural revolution, which 

profoundly reshape the genetic structure, languages and culture of populations 

worldwide. More recent events, such as the Muslim expansion during the first 

millennia of the current era, also led to profound demographic impacts on 

populations from the western Mediterranean that potentially affected the genetic 

structure of populations. 

Although the population genetics and evolution of European Neolithic populations 

have been extensively studied, little is known regarding the Neolithic expansion in 

North Africa with respect to Europe. One could expect that the different 

environmental and geological conditions at both shores of the Mediterranean Sea 

could have led to contrasting expansions. In the first part of this Thesis, we 

compared the Neolithic expansion in Europe and North Africa, accounting for 

possible migration between them through the Strait of Gibraltar, using a dense 

population genetic dataset spatially distributed along the North of Africa and Europe. 

We applied approximate Bayesian computation based on extensive spatially explicit 

computer simulations to select among alternative scenarios of migration through the 

Strait of Gibraltar and to estimate population genetics parameters in both 

expansions. Our results suggest that, despite being more technologically advanced, 

Neolithic populations did not expand faster than Palaeolithic populations, which could 

be interpreted as a consequence of a more sedentary lifestyle. We detected 

reciprocal Neolithic migration between the Iberian Peninsula and North Africa 

through the Strait of Gibraltar. Counterintuitively, we found that the studied Neolithic 

expansions presented similar levels of carrying capacity and migration, and occurred 

at comparable speeds, suggesting a similar demic process of substitution of hunter-

gatherer populations. Altogether, the Neolithic expansion through both 

Mediterranean shores was not so different, perhaps because these populations 

shared similar technical abilities and lifestyle patterns. 

In the second part of this Thesis, we studied the causes of genetic structure and past 

migratory dynamics in the Iberian Peninsula, which is a well-delimited geographic 

region with a rich and complex human history. We evaluated the gene flow and 

genetic structure throughout the Iberian Peninsula with spatially explicit modelling 
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based on a georeferenced genome-wide dataset composed well spatially distributed 

populations. We found that the genetic structure and migratory dynamics within the 

Iberian Peninsula do not correlate with the geographical shape of the landscape and 

rather fits with political and linguistic territorial determinations. In northern regions we 

found several relevant barriers to gene flow that present a close resemblance to 

Catholic kingdoms during the Muslim occupation. By contrast, in southern regions 

the Reconquista could not entirely explain the observed genetic structure and there 

we suggest that migrations posterior to the Reconquista played an important role 

shaping the observed genetic landscape. Indeed, our findings also suggest the 

existence of sex-bias migrations in Mediterranean and southern regions of Spain. 

Additionally, we found signatures of genetic differentiation between Portugal and 

Spain that we associate with the political split of both regions that occurred almost a 

thousand years ago. 

Altogether, the studies presented in this Thesis allow us to draw a comprehensive 

picture of the Neolithic process in North Africa and Europe, while providing relevant 

insight into the migratory dynamics across the Strait of Gibraltar. Additionally, it 

provides a detailed picture of the spatial genetic structure of the Iberian Peninsula 

and its possible migratory and demographic causes. 

 

Keywords: Neolithic expansion, spatial genetic structure, approximate Bayesian 

computations, Strait of Gibraltar, geographic barriers.   
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1.1. Neolithic Revolution 

Until the end of the Pleistocene, anatomically modern human (AMH) populations 

lived as hunter-gatherers (HG), exploiting aquatic and land resources. Then human 

populations started a transition to an agriculture and pastoralist lifestyle, the Neolithic 

Revolution, which fundamentally changed cultural and demographic features of 

human populations. Domestication on plants and animals emerged independently in 

multiple regions around the world, including Levant, China, New Guinea, Ethiopia, 

North America, Mesoamerica and South America, during a chronological window 

comprised between 12,000 and 5,500 years ago (ya) (Figure 1.1) (Diamond and 

Bellwood 2003). With the exception of dog domestication, which most likely occurred 

in a single event 20,000-40,000 ya and was HG way of life compatible (Botigué et al. 

2017), the Neolithic transition started with the domestication of wild plants, such as 

cereals and legumes, and continued later with the domestication of animal species 

(Scanes 2018). 

The adaptation to Agriculture led to an increment of food production per region of 

productive land, which made possible to feed a larger number of individuals, 

gradually increasing the population density. Moreover, food productive populations 

adopted a sedentary lifestyle, storing food reserves and constructing villages, which 

allowed the development of more complex technologies and stratified communities 

(Diamond and Bellwood 2003). However, archaeological evidence show that the 

initial transition to a farmer lifestyle led to a decreased stature and poorer health 

Figure 1.1. Independent regions of origin of the Neolithic transition through the world (from Diamond and 

Bellwood 2003. Reprinted with permission from AAAS). 
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conditions (Cohen and Armelagos 1984). Indeed, in a review by Mummert et al. 

(2011), authors showed that independently of the region around the world or the type 

of crops they farmed, newly farming communities were shorter and less healthy than 

contemporary HG populations. These conditions were most likely caused by 

nutritional deficiencies due to a diet based on a reduced number of crop species and 

a substantial decreased of meat consumption (Richards 2002), therefore poor on 

essential nutrients, in opposition to a more varied and rich diet from HGs populations. 

Indeed, there was a decreased in adult average height around 4% between 

Palaeolithic and Neolithic (Hermanussen 2003), which was only recovered during the 

20th century. Additionally, the growing population density associated with farmer 

settlements and poor sanitary conditions would have helped the spread of infectious 

diseases (Omran 1971). 

Counterintuitively, an increased population density accompanied the transition to a 

sedentary lifestyle, despite the harsh life conditions and the nutritional stress that 

farmer populations faced. Palaeodemographic data from cemeteries show a major 

demographic shift by an abrupt increase of the proportion of the juvenile skeletons 

during this crucial period, a process commonly called as Neolithic Demographic 

Transition (Bocquet-Appel 2002). This demographic growth has been attributed to a 

substantial increase in female fertility, due to the reduction of the duration of the 

reproductive cycle, possible caused by a combination of several demographic 

features that resulted from the adoption of a sedentary lifestyle (Bocquet-Appel 

2011). Despite the unprecedented birth rates estimated for famer populations in 

comparison with forager populations (Bocquet-Appel and Naji 2006), the arrival of 

the Neolithic did not produce a major growth in world’s population, due to an increase 

of the mortality rate (Cohen and Armelagos 1984). The appearance of villages with 

high population density, with poor sanitary conditions, associated nutritional 

deficiencies, would have helped the spread of infectious diseases which incremented 

child mortality and reduced the life expectancy (Bocquet-Appel 2008). Indeed, the 

disease burden associated with the adoption of agriculture resulted in the first 

described Epidemiological transition (Armelagos and Harper 2005). 

The process by which the farmer industry gradually replaced the HG lifestyle all 

around the world has been one of the most studied subjects by different fields of 

science. Dates on Archaeological data from Neolithic sites (Lemmen et al. 2011; 

Bocquet-Appel et al. 2012) show a spatiotemporal pattern that is in agreement with a 

radiation from the independent founder regions that introduce local differences in 

lifestyle, technology and population density. Therefore, the expansion dynamics of 
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the Neolithic along these spatial gradients could be modelled by diffusion processes. 

There are three main processes proposed for the adoption of the Neolithic industry: 

cultural diffusion, which assumes that the spread of the Agriculture occurred by 

information transmission through social learning, with little or non population 

movement (Edmonson 1961); demic diffusion, which encompasses the spread of 

Agriculture within a range expansion of farmers, that gradually replaced local HG 

populations (Ammerman and Cavalli-Sforza 1973); and independent origin, an 

autonomous and convergent uprising of the Neolithic industry in different locations 

with the domestication of different plant and animal species (Diamond and Bellwood 

2003).  

The role of cultural and demic diffusion in the expansion of the Neolithic industry 

throughout the world has been a subject of debate for several decades. Initial studies 

in Europe pointed to a more relevant role of the cultural component for the expansion 

of farming (Edmonson 1961). In contrast, works by Ammerman and Cavalli-Sforza 

(1971; 1973) highlighted the role of the demic diffusion, advocating that this diffusion 

process was the most relevant for the spread of the Neolithic in Europe. Additionally, 

authors also predicted that this “wave of advance model” (Ammerman and Cavalli-

Sforza 1971, pag.687) would lead to genetic clines caused by the interbreeding 

between individuals from the Mesolithic and the Neolithic. However, the model 

created by Ammerman and Cavalli-Sforza did not exclude the cultural diffusion. 

Indeed, authors emphasized that demic and cultural diffusions had a variable 

importance for the Neolithic expansion across Europe. In recent years, a new 

approach was developed to integrate both diffusion processes in one unified 

expansion model to evaluate the relative importance of the demic and cultural 

diffusion in the Neolithic transition (Fort 2012).  

 

1.1.1. Neolithic Transition in Europe 

The Neolithic transition in Europe comprises two main steps: the uprising of 

Agriculture and the farmer lifestyle in the Fertile Crescent region in the southwest 

Asia, approximately 12,000 ya (Figure 1.2) (Asouti and Fuller 2013; Arranz-Otaegui 

et al. 2016; Broushaki et al. 2016), and the gradual expansion of the Neolithic thread 

into Europe introduced through the region of Anatolia (Turkey) (Omrak et al. 2016). 

The spread of the Neolithic in Europe was object of extensive analysis due the 

richness of available archaeological sites and ancient DNA (aDNA). Indeed, 

radiocarbon dating results show that the oldest evidence of the presence of farming 

communities in the southeastern Europe could be traced back to around 9,000 ya 
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(Weninger et al. 2014) and that these communities presented a close cultural 

resemblance to Levant Neolithic package (Özdogan 2014). Recent genetic analysis, 

identified Early farmers from Levant and Anatolia as the source population of 

European Neolithic groups (Mathieson et al. 2015; Kılınç et al. 2016; Lazaridis et al. 

2016; Omrak et al. 2016). These first Neolithic communities from Anatolia (10,000 

ya) were characterized by small-scale cultivation and herding but extensively relying  

on foraging practices (Kılınç et al. 2016). Indeed, this region faced a complex 

Neolithization process demonstrating some cultural continuity from Epipaleolithic 

threads, regional variations of the Neolithic package and a possible contribution of 

local HG populations to the gene-pool of Anatolian Neolithic populations (Kılınç et al. 

2017). From this region the Neolithic spread into Europe from two main routes 

proposed by archaeological data: the Danubian route, which follow the Danube and 

Rhine River valleys into the northwest and central Europe and was characterized by 

the Linearbandkeramic culture (LBK); and the Mediterranean route, which follow a 

southern maritime route through the northern coast of the Mediterranean Sea and 

was associated with the adoption of the Impreso and Cardium-Impresso culture 

groups (Price 2000). 

The pace of the dispersal of the Neolithic has also attracted the interest of 

researchers and led to the development of various dispersal models, such as 

leapfrog and wave of advance. The spread of the Neolithic happened rapidly and 

since its arrival to southeastern regions 9,000 ya, all Europe had adopted the farmer 

Figure 1.2. Map of the Neolithic transition across Europe. Different colours represent the isochrones of the 

estimation of the earliest time of arrival of farming in years before the current era (BCE) (from Broushaki et al. 

2016. Reprinted with permission from AAAS). 
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lifestyle within the next 4,000 years (Fort 2015) and early estimates pointed to a 

spread velocity as fast as 1 km per year (Ammerman and Cavalli-Sforza 1984; 

Pinhasi et al. 2005), which favoured a demic diffusion model for the Neolithic 

expansion. However, results on archaeological data showed that the cultural 

diffusion had a far more relevant role than previously thought, which led to the 

development of new models integrating demic and cultural diffusion, emphasising the 

contact between local HGs and foreign farmers (Fort 2012; Fort 2015). In recent 

decades, the development of aDNA analyses complemented and redefined the way 

we understand prehistoric migrations and the demographic dynamics of the 

Neolithization of Europe. Indeed, integrating both Archaeological data and aDNA 

results show very complex picture of the adoption of Agriculture.  

 

1.1.1.1. Neolithic expansion in Southern Europe and Western Mediterranean 

At the same time that Neolithic spread into central regions of Europe through the 

Danubian (continental) route, farming lifestyle, coming from Anatolia and Near East, 

expanded in southern regions of Europe until it reached the Iberian Peninsula, 

following a maritime route through the northern margins of the Mediterranean Sea 

(Figure 1.2). The spread of the Neolithic into southern and south-western Europe is 

characterized by the expansion of the Impreso and Cardium-Impresso culture groups 

that expanded at an estimated rate of more than 10 km per year, which can be best 

explained by a pioneer maritime colonization (Zilhao 2001). Indeed, archaeological 

(Bocquet-Appel et al. 2009) and genetic (Fernández et al. 2014) results suggest that 

the first movements of Neolithic farmers into Europe were the result of maritime 

migrations that colonize southeastern regions (i.e. Greece), via Cyprus and Aegean 

Islands, from 8,000 to 9,000 ya, mostly by a leapfrog pattern of expansion that 

established small communities that explored favourable agricultural environments in 

the Greek coast and Aegean islands. From there, the Neolithic expanded towards 

north, to Balkans and central regions of Europe, and towards west into the Italic 

Peninsula (Zeder 2008). While archaeological data attesting the Neolithic presence 

in Italy are scarce, results point to the introduction of farming in southeastern regions 

of the peninsula by seafaring colonization at least 8,000 ya and to a major 

discontinuity between Mesolithic and Neolithic cultures (Biagi 2003), but without a 

complete replacement of HG populations (Coppa et al. 2007). Recent genomic 

analysis on modern southern Italy showed a high proportion of ancestry retrieved 

from Early Neolithic farmers from Anatolia and Europe and only modest levels of HG 
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ancestry, suggesting that farming largely replaced Mesolithic HG lifestyle, which is in 

agreement with archaeological findings (Sarno et al. 2017). 

The initial stage of the Neolithic transition in southern France is characterized by the 

arrival of small groups of seafarers from the Italic Peninsula around 7,500 to 8,000 

ya. Indeed archaeological evidence show close cultural resemblance between Italian 

Early farmers and southern France seafarers, mainly with ceramic and lithic systems 

and the presence of typical obsidian tools from Palmarola, Sardinian and Lipari 

(Bernabeu Aubán et al. 2017). After these initial settlements in the Mediterranean 

coast the Neolithic spread inwards occupying new ecosystems and allowing the 

diversification of food resources (Perrin et al. 2017). Interesting, at present, there is 

still lack of unequivocally evidence of contact between Mesolithic HG and Early 

farmers in southern France. Indeed, dating in archaeological sites show a gap of a 

few centuries between the occupation of HG and farmers population groups at the 

same location or a geographic gap of a few hundreds of kilometres between 

contemporary Late Mesolithic and Early Neolithic remains. However, the special 

distribution of a particular type of arrowhead (“Montclus arrowheads”) show the 

possibility of potential contacts between both population groups at the fringe of the 

geographic range of Early Neolithic farmers (Perrin 2013). 

 

1.1.1.2 Neolithic Transition in the Iberian Peninsula 

As for other Western Mediterranean regions the arrival of the Neolithic to the Iberian 

Peninsula, between 7,500 and 8,000 ya, is largely connected with the spread of the 

Cardial culture (Zilhao 2001; Rowley-Conwy 2011). First farmers arrived from the 

Italic Peninsula by pioneer maritime colonization, and first settlements were 

established in coastal enclaves in peripheral regions of Iberia, where the conditions 

were favourable for farming (Zilhao 2001; Zeder 2008). Archaeological data support 

a scenario of multiple points of origin of the Neolithic in the Mediterranean coast, 

suggesting a simultaneous initiation of farming in several regions of the Iberian 

Peninsula (Isern et al. 2014; Martins et al. 2015). Such a scenario could be the result 

of an expansion of farming by land throughout the European Mediterranean coast 

associated with the arrival of seafarer farmers from the western regions of North 

Africa, or a rapid expansion of European groups of farmers through sea along the 

Mediterranean Coast (Bernabeu Aubán et al. 2015). More recently, Isern et al (2017) 

modelling the voyaging process of the spread of Neolithic in the Iberian Peninsula 

showed that archaeological data fit better a leapfrog model, with long distance 

migrations and multiple points of entry throughout the Iberian coast (Figure 1.3). 
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Moreover, authors suggested that the rapid spread of farming was associated to an 

effective growth rate of at least 2.3%, which could be achieved by an increased 

fertility in farming population (as discussed in the section 1.1) and by interbreeding 

and/or acculturation with Mesolithic HG populations. 

The wide distribution of Early Neolithic sites throughout the Iberian Peninsula coast, 

from the northeastern Spain to Atlantic façade in Portugal, indicates a rapid spread of 

the Neolithic industry, which has been associated with a demic diffusion process for 

the transition (Zilhao 2001; Zilhão 2003). However, the Neolithic expansion 

throughout the Iberia is still a much-debated subject. It is generally accepted that the 

transition was heterogeneous and different regions endured varying degrees of 

demic and cultural diffusion of farming (de Pablo and Puche 2009). Indeed, the 

spread of farming seems to have enclosed a partial replacement of indigenous 

populations by colonizing farmers as well as the adoption and adaptation of Neolithic 

threads by Mesolithic HG groups (Zeder 2008). Additionally, results based on 

radiocarbon dating suggests, for some regions, a time gap between the occupation 

of Mesolithic groups and the establishment of Neolithic communities and therefore 

Figure 1.3. Comparison of different models for the arrival of the Neolithic to the Iberian Peninsula using 

archaeological data. The model with the best fit to the observed data (model D) included long distance 

migrations (leapfrog). White diamonds represent the coastal areas of the observed arrival estimates considered 

in a model (from Isern et al 2017. Reprinted with permission from PNAS). 
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the absence of direct contact between both population groups (Pardo Gordó et al. 

2018). 

Only in the last two decades, results based on aDNA for mtDNA and Y-Chromosome 

started to provide a complementary view to archaeological data concerning the Late 

Mesolithic and the Neolithic periods and the population dynamics between HG and 

farmer groups during the transition to agriculture in the Iberian Peninsula (Chandler 

et al. 2005; Lacan et al. 2011; Gamba et al. 2012; Hervella et al. 2012; Olalde et al. 

2015; Szécsényi-Nagy et al. 2017). However, the limited number of human remains 

from the Early Neolithic period in the Iberian Peninsula led to a lack of available data 

to understand the genetic affinities of Iberian first farmers and the expansion of 

Cardial culture in the region. Nevertheless, the growing number of aDNA studies 

made possible to have a more detailed picture of the farming transition in the Iberian 

Peninsula. 

Recent aDNA results show a heterogeneous expansion of the Neolithic threads in 

Iberia, suggesting a more complex scenario of the interaction between indigenous 

Mesolithic populations and incoming farmers. In general, inferred mtDNA lineages on 

Early Neolithic individuals from Iberia comprises typical HG haplogroups from 

southwestern Europe (such as U5b, H, and N*) and haplogroups associated with 

early farmers from Europe (such as K, J, T2, HV, V and X), which leads to an 

intermediate position between these two populations groups in a PCA despite some 

regional variation (Lacan et al. 2011; Gamba et al. 2012; Szécsényi-Nagy et al. 

2017). Results on northeast Iberia supports the hypothesis of the arrival of the Early 

Neolithic through this region and posterior expansion following the Iberian coast line 

and rivers into the central regions (Lacan et al. 2011; Gamba et al. 2012; Haak et al. 

2015; Olalde et al. 2015; Szécsényi-Nagy et al. 2017). Indeed, this region received 

the largest influx of Neolithic migrants arriving along Mediterranean route, attested by 

the largest proportion of farmer lineages in northeastern Iberian than in other regions 

of the Iberia and that between all Iberian regions, northeast Iberia has the largest 

genetic similarity with Anatolia Early Neolithic farmers (Szécsényi-Nagy et al. 2017). 

Southeastern and southwestern Iberian results (Szécsényi-Nagy et al. 2017), 

besides the lower proportion Neolithic lineages, showed a haplogroup composition 

less diverse than their northeastern counterpart. This drastic increase of Neolithic 

lineages in such a narrow temporal window (Zilhao 2001) suggests a rapid 

expansion of farming as well as a demic process of diffusion despite the early 

interbreeding with indigenous HG populations. In clear contrast, early Neolithic 

samples taken from central Portugal (Chandler et al. 2005), central Iberia (Haak et al. 
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2015; Alt et al. 2016; Szécsényi-Nagy et al. 2017) and northern Iberia (Hervella et al. 

2012) harbour a much larger proportion and diversity of HG haplogroups, and shared 

less Early Neolithic lineages, therefore, presenting a greater genetic similarity with 

southwestern HG groups. All these aDNA results taken together demonstrate that 

the Neolithic revolution arrived Iberian Peninsula from southeastern Europe through 

a fast pioneer maritime migration, in similar fashion to central Europe through the 

continental route. However, the impact of the contact with indigenous HG was much 

more relevant during the Iberian Neolithic transition when compared with the similar 

period in central Europe, resulting that different early Neolithic Iberian communities 

had different proportions of HG ancestry. Indeed, this apparent trend is accentuated 

with the geographic distance to northeastern Iberia. The further the Neolithic 

expanded into central and northern inner regions and southern coastal parts, the 

larger the HG indigenous component, suggesting a relevant role of the cultural 

process of diffusion during the Neolithic transition in the Iberian Peninsula. 

The transition from Early Neolithic to Middle/Late has been receiving a growing 

amount of attention due to the interesting population dynamics in this period. An 

increase in HG ancestry in farming populations in central and northern regions of 

Iberia as been described by recent aDNA results for the middle Neolithic and early 

Chalcolithic (Günther et al. 2015; Mathieson et al. 2015; Lipson et al. 2017; 

Szécsényi-Nagy et al. 2017). Despite the scarcity of available data, results for La 

Mina site (north-central Iberia) show a HG ancestry proportion of 23% for the Middle 

Neolithic, larger than contemporaneous populations from central Europe, and 27% 

for the Chalcolithic (Lipson et al. 2017). In line with these results, Szécsényi-Nagy et 

al. (2017) demonstrated that the increased of HG ancestry through time from the 

early Neolithic Iberia to Chalcolithic, in northeast and central Iberian. 

 

1.1.2. Neolithic Transition in North Africa 

In opposition to Europe, Neolithic archaeological and genomic data from the 

transition period in North Africa are still scarce. The dynamics of the farming 

expansion and population relationship between indigenous HG and Neolithic 

migrants is still far from being completely understood. Nevertheless, most results on 

archaeological data agree that agriculture was introduced in North Africa during the 

Early Neolithic period by migrants from the Near East (Linstädter et al. 2012) and 

northern coast of the Mediterranean (Zilhão 2014) by mainly demic diffusion. 

However, the spread of farming throughout the vast area of North Africa could also 

be the result of native development of Neolithic threads by Epipaleolithic 
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communities (Barton et al. 2008; Mulazzani et al. 2016). Indeed, archaeological data 

show that Epipaleolithic communities in northeastern Africa, before the arrival of 

Neolithic threads from the Near East, had developed subsistence and economic 

technologies based on the exploitation of natural resources (hunting, fishing and 

gathering of plants and molluscs) (Di Lernia 2001; Garcea 2004), developing in some 

regions strategies of resource management, like the delayed consumption and the 

use of pottery (Di Lernia 2001; Garcea 2004; Mulazzani et al. 2016). Morales et al. 

(2015) demonstrated that Capsian populations exploited both acorns and pine nuts, 

highly nutritious and storable food plants, which could have played a relevant role in 

human subsistence, helping the development of a sedentary lifestyle without 

domesticated crops. In northeastern Africa the earliest date recorded of exploitation 

of domesticated plants is at north Sudan (in Nubia at R12 site) around 7,000 ya, with 

evidence of the presence of phytoliths of Near Eastern cereals (wheat and barley) 

(Madella et al. 2014). In Egypt, at the Kom K and Kom W sites, radiocarbon dates 

indicate the presence of domesticated plants (wheat and barley) since 6,500 ya 

(Wendrich et al. 2010). On the other hand, the introduction of domesticated animals 

in northeastern Africa was most likely associated with an 8,200 ya arid event (Barich 

2014). Archaeological evidence indicate the establishment of a pastoralist economy 

based on neareastern caprines (Vermeersch et al. 2015) and goats (Gautier 2014) in 

Egypt, at least 8,000 ya. However, earlier evidence of management of 

autochthonous animal species, such as Barbary sheep (Di Lernia 2001) and aurochs 

(Barich 2010), by Epipaleolithic populations have been reported between 10,000 and 

9,000 ya, which suggests that the introduction of domesticated animals in the region 

could have occurred by adaptation of local foragers (cultural diffusion) without or with 

little migration of Neolithic farmers. 

While the Neolithic could have been introduced in Libya by land from Egypt (Garcea 

2004), how agriculture gradually expanded throughout North Africa reaching the 

westernmost regions of Morocco is still a matter of debate, despite several results 

pointing to a maritime pioneer migration (Zilhao 2001; Linstädter 2008; Linstädter et 

al. 2012). The earliest evidence of exploitation of domesticated plants in the entire 

region of North Africa was found in northern Morocco coast (at Kaf Taht el-Ghar and 

Ifri Oudadane sites) where charred seeds of domesticated plants were dated to 

around 7,600 ya (Ballouche and Marinval 2003; Linstädter et al. 2012; Morales et al. 

2013). To date, this is the only evidence of domesticated plants species in North 

African context between Libya and Morocco. Evidence of animal domestication 

(sheep), also in Morocco at Ifri Oudadane and Tingitana Peninsula, are dated to 
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around 7,400 ya (Zilhão 2014; Martínez-Sánchez et al. 2017). Interestingly, similar 

radiocarbon dates on domesticated plant remains in both margins of western 

Mediterranean (Morocco and Iberian Peninsula) suggest a synchronous arrival of the 

Neolithic threads to both regions (Morales et al. 2013). Moreover, Zilhão (2014) 

suggested that the similarities concerning the cardial ceramic styles present at both 

shores of the Strait of Gibraltar are associated with an earlier arrival of the Neolithic 

to Iberia and indicate that after the diffusion of agriculture in Iberia Peninsula the 

Neolithic spread into northwestern Africa, attesting the Strait of Gibraltar as a bridge 

between both continents. 

To date, only one study has focused on the analysis of aDNA of individuals from the 

early and late Neolithic sites in North Africa. Fregel et al. (2018) identified, in early 

Neolithic samples (~7,000 ya) from Morocco, an endemic ancestry component that is 

only present in modern North African populations. Interestingly, these early Neolithic 

groups shared genetic affinities with pre-Pottery Anatolian famers and Near Eastern 

Natufians HG, which suggest early westward migrations of pre-pottery groups. 

Additionally, analyses on late Neolithic samples (~5,000 ya) from Morocco showed 

the presence of an Iberian component that could be the result of gene flow across 

the Strait of Gibraltar, attesting the presence of pre-historic European ancestry in 

North African populations before the Roman conquest (Fregel et al. 2018). 

Concluding, the spread of the Neolithic culture throughout North Africa is still a very 

fragmented and incongruent story. While it seems that at northeastern Africa 

indigenous populations had an active role during the Neolithic transition, in western 

regions their role is still undefined. Moreover, besides the study mentioned in the 

previous paragraph, no comprehensive genetic study has been conducted to support 

the results retrieved from archaeological sites until now. 

 

1.2. Genetic Diversity in Human Populations 

Throughout history, human populations have interacted, due to migrations, invasions, 

slavery or commercial trades, and the records of these historical events led to the 

geographic patterns of genetic diversity in human populations. In the last few 

decades, results on several types of genetic markers provided large amounts of 

information that complemented other sources of information, such as history, 

archaeology, anthropology and linguistics. More recently, the emergence of genome-

wide technologies (The International HapMap Consortium 2005; 2007) associated 

with development of new bioinformatics tools, made possible to study the human 

genome diversity in a much finer scale, providing evidence of past admixture events 
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and barriers to gene flow, of human adaptation to new environments and to new 

ways of subsistence or cultural practices (Schraiber and Akey 2015). 

Several diversity projects have used genetic data to describe the migratory routes 

and geographic structure of AMH populations. In a landmark study, Rosenberg et al. 

(2002) showed that, at a global and continental scale, the genetic structure of human 

populations was generally weak and the largest differences were found within 

populations. Moreover, authors identified five major geographical regions: sub-

Saharan Africa, Eurasia (composed of Europe, the Middle East, Central and South 

Asia), East Asia, Oceania, and America. Subsequent analyses using genome-wide 

data allowed the refinement of the analysis of the genetic ancestry of human 

populations, gradually identifying substructure within major regions (Li et al. 2008; 

Tishkoff et al. 2009; Shriner et al. 2014). More recently, Baker et al. (2017), using 

282 populations distributed worldwide, identified 21 ancestries on present-day 

populations and that 97.3% of the individuals show a mixed ancestry. The genetic 

structure of human populations is highly correlated with cultural features (such as 

linguistics) and geography (Shriner et al. 2014; Baker et al. 2017). Indeed, a recent 

study using spatial explicit analysis on a large African and Eurasian dataset identified 

several topographic and marine features as barriers to gene flow, while numerous 

regions of high genetic similarity resembled to historical migrations and cultural 

boundaries (Peter et al. unpublished data). 

 

1.2.1. Genetic Structure in Europe 

The genetic landscape of present-day European populations and the demographic 

processes that shaped the patterns of genetic structure have always attracted great 

interest of researchers from the different fields of knowledge. Early studies on 

genetic gradients of European populations using PCA showed a southeastern-

northwestern axis of variation (Cavalli-Sforza and Edwards 1963; Menozzi et al. 

1978; Piazza et al. 1995) (Figure 1.4A), with a high correlation with geography 

(Menozzi et al. 1978). Classical results from genome-wide data confirmed isolation-

by-distance and allele surfing patterns phenomena, derived from the geographic and 

environmental conditions [i.e., Last Glacial Maximum (LGM)], as a cause of the 

observed genetic variation in Europe (Lao et al. 2008; Novembre et al. 2008; 

François et al. 2010; Arenas, François, et al. 2013) (Figure 1.4B). In recent decades, 

the growing number of aDNA studies on European populations allowed us to 

understand that present-day populations reflect past demographic events. 
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Europe has a complex demographic history since the arrival of AMH around 45,000 

ya (Mellars 2004; Benazzi et al. 2011). Interestingly, initial European settlers, 

between 45,000 and 37,000 ya, had a very limited contribution to present-day 

populations (Fu et al. 2014; Fu et al. 2015; Fu et al. 2016). Only after 37,000 ya do 

Europeans individuals, from the Upper Palaeolithic, carry genetic components 

shared with most of the present-day populations (Seguin-Orlando et al. 2014; Fu et 

al. 2016). Moreover, until 14,000 ya European populations do not carry any genetic 

signature of admixture with an external population (Fu et al. 2016). During this period 

of time, Palaeolithic individuals endured the LGM that caused a severe range 

contraction, with populations seeking refuge in southern regions (Stewart and 

Stringer 2012), and most likely causing a bottleneck, which is reflected by the low 

genomic diversity estimated in Mesolithic populations (Skoglund et al. 2014). Starting 

around 14,000 ya, local European populations admixed with migrants coming from 

the Near East (Fu et al. 2016). Curiously, the genetic landscape of Mesolithic HG 

populations indicates the presence of some geographical structure, with western 

(Sánchez-Quinto et al. 2012; Olalde et al. 2014) and central (Lazaridis et al. 2014; 

Jones et al. 2015) populations appearing distinct from Scandinavian and eastern 

populations (Haak et al. 2015). Indeed, Scandinavia Mesolithic populations show 

evidence of two postglacial migrations (one from the south and another one from the 

northeast following the Atlantic coast of Norway) resulting in a higher genetic 

diversity in Scandinavia Mesolithic individuals than in western and central Mesolithic 

populations (Günther et al. 2018). 

Figure 1.4. Maps of genetic differentiation in Europe. (A) Synthetic map of the genetic variation for the first 

principal component using 95 classical genetic markers (from Piazza et al 1995. Copyright 1995 National 

Academy of Sciences); (B) Principal component analysis based on a SNP dataset of 1,387 individuals distributed 

across Europe. In small letters are represent all individuals that composed the dataset and the large circles 

represent the median position of each country (from Novembre et al 2008).  

A B 
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During the Neolithic revolution, agriculture was introduced in Europe by migrations of 

early Anatolian farmers, reaching Scandinavia and the British Islands around 6,000 

ya. The genetic diversity of European populations was partially and heterogeneously 

replaced by an earlier farmer ancestral component. Several studies had highlighted 

the strong genetic differentiation between the HG ancestry and the Neolithic 

component (Skoglund et al. 2012; Gamba et al. 2014; Günther et al. 2015; Olalde et 

al. 2015; Mathieson et al. 2018). Indeed, while Mesolithic ancestry falls outside the 

scope of the genetic diversity of present-day European populations, being closest to 

modern northeastern populations, early Neolithic individuals are genetically similar to 

present day southern Europeans, closely resemble modern day Sardinians (Haak et 

al. 2015). 

The Neolithic was not the last massive pre-historic migration that had great impact on 

the genetic structure of European populations. During the late Neolithic and Bronze 

Age movements of Yamnaya pastoralists from the Russian steppe introduced an 

eastern component that replaced most ancestry of northern European populations 

and partially replaced the ancestry of central and western Europeans (Allentoft et al. 

2015; Haak et al. 2015; Mathieson et al. 2018). This migration of herders from 

Eurasian steppe is thought to be responsible for the expansion of the Neolithic 

Corded Ware culture into central Europe and the spread of Indo-European 

languages (Haak et al. 2015). 

Another demographic relevant cultural expansion associated with the Bronze Age is 

the spread of the Bell Beaker culture (Czebreszuk 2004). The oldest radiocarbon 

dates of this complex were found in Atlantic Iberia from around 4,750 ya, suggesting 

an Iberian origin of the Bell Beaker culture (Cardoso 2014). However, the origin of 

this culture is still very contentious (Jeunesse 2015). A recent aDNA study that 

analysed a widespread distribution of Bell Beaker associated individuals found a dual 

model of the complex expansion (Olalde et al. 2018). While the divergence between 

the ancestral origin of Iberian and Central European Bell Beaker populations, 

suggests that the expansion of this culture between these two regions is associated 

with the spread of ideas (acculturation), in other regions (such as Britain) the spread 

was accompanied by a genomic transformation associated with migrations (Olalde et 

al. 2018). 

At the end of the Bronze Age the genetic patterns already resemble the modern-day 

European populations. However, during the last 3,000 years the European history is 

marked by several migrations. Extensive studies on British Isles’ populations using 

both ancient and modern DNA revealed demographic events occurring during the 
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Iron Age (Martiniano et al. 2016; Schiffels et al. 2016), the Roman empire (Leslie et 

al. 2015; Martiniano et al. 2016), the Anglo-Saxon (Leslie et al. 2015; Schiffels et al. 

2016) and Viking invasions (Leslie et al. 2015). The mainland European populations 

were also affected by several small and large migrations from both within and outside 

Europe, that regionally affected the genetic diversity and structure (Botigue et al. 

2013; Ralph and Coop 2013; Hellenthal et al. 2014; Busby et al. 2015; Finocchio et 

al. 2018; Veeramah et al. 2018). Nevertheless, the HG recolonization of Europe after 

the LGM, the expansion of the Neolithic by near eastern populations and the 

migration of Yamnaya pastoralist from the steppe are the three most influential 

demographic events to shape the genetic structure of modern-day European 

populations. 

 

1.2.1.1. Genetic Structure in the Iberian Peninsula 

The Iberian Peninsula has been continuously inhabited by AMH since their arrival to 

the region around 41,000 ya (Mellars 2004), having one of the most complex 

demographic histories among European populations. Indeed, during the LGM the 

region was one of three major refuges in southern Europe for human populations and 

a reservoir of biodiversity, from where AMH recolonize Europe when the ice sheets 

gradually melted down. Moreover (as detailed in Section 1.1.1.2), the Neolithic arrival 

to the Iberian Peninsula was very heterogeneous, with coastal regions having a 

larger proportion of Neolithic lineages, favouring a demic diffusion process of 

agriculture mediated by pioneer maritime migrants, while in central and northern 

regions, the acculturation process had a more relevant role. On the other hand, the 

steppe migration during the late Neolithic and early Bronze Age had little influence on 

the genetic makeup of Iberian populations (Morales et al. 2013; Szécsényi-Nagy et 

al. 2017; Olalde et al. 2018). Indeed, among European populations the Iberians 

(Günther et al. 2015) and Sardinians groups show the largest affinity with early 

Neolithic farmers (Skoglund et al. 2012; Lazaridis et al. 2014; Günther et al. 2015). 

These results indicate that after the end of the Bronze Age the genetic ancestry on 

the Iberian Peninsula did not suffer another major turnover, in line with the rest of 

Europe, despite, in recent millennia, several population groups occupied the region, 

such as, Phoenicians, Greeks, Romans, German tribes, and more recently, the 

region had a centuries-long period of Muslim rule (Carr 2000). 

The genetic structure of the Iberian Peninsula reflects its complex demographic 

history and admixture backgrounds, being one of the regions of Europe with the 

highest genetic diversity (Wang et al. 2012). Previous results on uniparental markers 
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and genome-wide data only presented a fragmented picture of the genetic structure 

in Iberia because analysis were performed on small fractions of the genome (mtDNA 

and Y chromosome) (Adams et al. 2008; Alvarez et al. 2010; Pardiñas et al. 2012; 

Pardiñas et al. 2014; Santos et al. 2014) or on a small number of populations (Gayan 

et al. 2010; Rodríguez-Ezpeleta et al. 2010). Nevertheless, results show low levels of 

genetic differentiation throughout the Iberian Peninsula (Gayan et al. 2010; Santos et 

al. 2014). Despite the global homogeneity, evidence on uniparental markers showed 

slightly larger levels of genetic differentiation along the Mediterranean-Atlantic cline 

than between north-south populations (Santos et al. 2014) and evidence of genetic 

structure were usually only reported at a local level (Alvarez et al. 2010; Pardiñas et 

al. 2012; Pardiñas et al. 2014). Marks of genetic differentiation were also found along 

the political border between Portugal and Spain, between northeasternmost regions 

of Portugal and the region of Zamora in Spain (Alvarez et al. 2010; Pinto et al. 2015).  

The Basque Country population is an interesting case within the Iberian Peninsula. 

Basques speak a non-Indo-European language that does not belong to any other 

language family in the world and they have been considered as a genetic isolated 

among their neighbour populations (Adams et al. 2008; Rodríguez-Ezpeleta et al. 

2010; Behar et al. 2012) despite some contradictory results (Garagnani et al. 2009; 

Laayouni et al. 2010). 

Until recently, the fine-scale structure of Iberian Peninsula remained unexplored. 

Bycroft et al (unpublished data) using a haplotype-based approach performed an 

extensive analysis on the genetic structure of Iberia. Authors found an east-west 

preferential direction for genetic differentiation and north-south direction of gene flow, 

confirming previous assumptions produced by uniparental markers (Santos et al. 

2014). These patterns of genetic structure were associated with the population 

movements during the Reconquista, the period between 711 CE and 1492 CE, in 

which catholic kingdoms took control of the Peninsula after the Muslim invasion (Carr 

2000). Also, in northern regions, the genetic clusters resembled the linguistic 

boundaries associated with the Catholic kingdoms existing at the critical period of the 

Reconquista. Moreover, authors indicate that despite their genetic particularities 

(Adams et al. 2008; Rodríguez-Ezpeleta et al. 2010; Behar et al. 2012), Basques 

show evidence of admixture with their neighbour populations at least in the last 1,000 

years, which is in agreement with previously described results for the Y chromosome 

(Hurles et al. 1999). 

Another interesting feature relevant for the study of the genetic structure of modern-

day Iberian populations is the influence of sub-Saharan Africa or North Africa 
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migrations into the region. Results show that only a small proportion of the Iberian 

gene pool can be traced back to sub-Saharan populations (Moorjani et al. 2011), 

while the North African ancestry demonstrated incoherent results in comparison to 

the demographic history. Migrations between both regions, especially across the 

Strait of Gibraltar have been described at least since the arrival of the Neolithic to the 

western Mediterranean (Zilhão 2014), but there has been suggestions that migration 

occurred even in pre-Neolithic times (Currat et al. 2010). Results on uniparental 

markers (Regueiro et al. 2015; Hernández and Calderón 2017) and genome-wide 

data (Botigue et al. 2013; Arauna et al. 2017) showed evidence of gene flow between 

the two regions, but also confirmed the Gibraltar Strait as a genetic barrier. 

Interestingly, the presence of the North African specific mtDNA haplogroup U6 only 

on northwest of the Iberian Peninsula (Gonzalez et al. 2003), as well as, larger 

proportions of typical North African Y chromosome lineages in northern regions than 

in southern areas (Adams et al. 2008) are in line with genome-wide fine scale results, 

showing highest amounts of North Africa ancestry in western regions of Iberia 

(Portugal and Galicia), which possibly invalidates the hypothesis of the Muslim 

occupation as the only explanation for the presence of North Africa ancestry in the 

Iberian Peninsula. Speculatively, this pattern could be the result of late migrations 

within Iberia (Bycroft et al. unpublished data) or even enforced migrations of Muslim 

populations to northern and western regions post-Reconquista (Carr 2000).  

 

1.2.2. Genetic Structure in Africa 

AMH have existed in Africa longer than in any other place in the world, continuously 

inhabiting the region for the last 200,000 years, while maintaining large effective 

population sizes and therefore high levels of genetic diversity (Jakobsson et al. 2008; 

Schlebusch et al. 2012). Indeed, the ancestral components found outside Africa are 

only a subset of the diversity within it (Tishkoff et al. 2009). Africa contains more than 

2,000 ethnolinguistic groups that largely belong to four independent families: Niger-

Congo, Khoisan, Afro-Asiatic and Nilo-Saharan. The majority of modern-day sub-

Saharan populations speak one of the more than 500 Bantu related languages, 

included in the Niger-Congo major family (Tishkoff et al. 2009). The Bantu Expansion 

is associated with the spread of agriculture, from an independent Neolithic origin in 

western Africa around 4,000 ya (Figure 1.1), which introduced farming to eastern 

Africa 2,000 ya and reaching southern regions of Africa around 1,800 ya (de Filippo 

et al. 2012; Li et al. 2014; Patin et al. 2017). Modern-day populations from southern 

regions of Africa are highly homogeneous (Tishkoff et al. 2009) suggesting that this 
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massive migration resulted in the replacement of indigenous HG populations, 

favouring a demic diffusion model (Schlebusch et al. 2012; Li et al. 2014). During the 

Neolithic expansion the Bantu derived ancestry spread through an area of around 

500,000 km2, being the largest ancestral component present in modern-day African 

genomes (Tishkoff et al. 2009; Russell et al. 2014). Therefore, our current knowledge 

concerning the genetic structure of sub-Saharan populations before the Bantu 

Expansion is scarce. A recent aDNA study (Skoglund et al. 2017) showed evidence 

of a geographical pattern in HG populations stretching from Ethiopia to South Africa, 

before the expansion of agriculture, and an ancient genetic structure in western HG 

populations. Moreover, authors described the profound demographic effect of the 

spread of farming in eastern and southern African populations, emphasizing the 

heterogeneity of the interactions with local HG groups (Skoglund et al. 2017). Only 

few populations from central, eastern and southern regions retain large proportion of 

HG ancestry. Indeed, HG populations from central Africa rainforest (previously 

known as Pygmies) derived most of their ancestry from Palaeolithic groups being 

that admixture with farmer populations occurred only in the last millennium (Verdu et 

al. 2009; Patin et al. 2014). In the same line, Khoisan populations from southern 

Africa demonstrate evidence of admixture with west African (Bantu speaking) groups 

in the last two millennia, which has been linked to the Neolithic expansion in the 

region (Pickrell et al. 2012), while Hadza HG populations from eastern Africa, 

besides the admixture event associated with the Bantu expansion, derived a small 

portion of their ancestry from populations related to Khoisan groups, suggesting 

ancient migrations between these two regions (Pickrell et al. 2012). Nowadays, sub-

Saharan populations exhibit a genetic structure that broadly reflect ethnolinguistic 

similarities and geography (Busby et al. 2016) 

 

1.2.2.1. Genetic Structure in North Africa 

North Africa has a distinctive geographic position, separated from the rest of Africa 

by the Sahara Desert and from Europe by the Mediterranean Sea; the region is only 

connected to the Arabian Peninsula by a small stretch of land in the Sinai Desert. 

This geographic situation led to a unique demographic history in the region, with 

North African populations clustering closely with Eurasians and limited ancestral 

components deriving from sub-Saharan populations (Rosenberg et al. 2002; Henn et 

al. 2012; Arauna et al. 2017). Since the arrival of AMH to the region around 135,000 

ya, North African populations endured several climatic changes, involving dry periods 

during interglacial eras and humid conditions during glacial eras (Castaneda et al. 
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2009; Drake et al. 2013), causing the Sahara Desert to expand and contract, 

affecting human settlements in the region (Drake and Breeze 2016). 

Modern-day North African populations constitute a very heterogeneous group with 

ancestry derived from at least three sources with origin in regions outside North 

Africa: a back-to-Africa migration from Eurasia at least 12,000 ya, a Near East gene-

flow (1,400 ya) and migrations from sub-Saharan Africa (1,200 ya) (Henn et al. 2012; 

Fadhlaoui-Zid et al. 2013; Arauna et al. 2017; Font-Porterias et al. 2018). Indeed, an 

autochthonous Maghrebi ancestral component is found in an increasing frequency 

from western to eastern regions of North Africa (Henn et al. 2012), even reaching the 

Canary Islands (Rodríguez-Varela et al. 2017), that is associated with an ancient 

back-to-Africa gene-flow. Interestingly, early Neolithic individuals (around 7,000 ya) 

from Morocco had a large proportion of this endemic Maghrebi ancestry, displaying a 

strong genetic affinity with Late Stone age individuals from the same region and 

attesting the population continuity in the region (Fregel et al. 2018). By contrast, 

genome-wide studies reveal a Near East ancestry gradient decreasing from the east 

to the west of North Africa, responsible for the genetic affinities with Middle Eastern 

and west Eurasian populations (Henn et al. 2012). Moreover, a similar pattern is 

observed across northeastern African populations, where the genetic similarity with 

Near Eastern groups decreases with increasing geographic distance towards the 

south across Sudan and South Sudan (Hollfelder et al. 2017). Dates estimated for 

these admixture events largely coincide with the timing of the Muslim expansion 

(Arauna et al. 2017; Hollfelder et al. 2017). On the other hand, the sub-Saharan 

ancestry in North Africa is very limited and occurred only in recent times. 

southwestern North Africa populations present the largest proportions of sub-

Saharan ancestry but varying greatly across individuals, suggesting recent and/or 

ongoing gene-flow (Henn et al. 2012). 

  

1.3. Spatially explicit approaches applied to human evolution 

The evolutionary history of AMH is marked by several events that affected the 

demography of human settlements, modifying the genetic diversity and reshaping the 

genetic structure of populations. Evidence of these events is present in the genomes 

of modern-day populations and, together with archaeological and historical data, 

allow a better understanding of human evolution. The advent of new sequencing 

technologies (Metzker 2010) led to a substantial increase of genetic data available 

for analysis, which gave rise to new methodological challenges. Indeed, in recent 

years, the development of innovative methods and theories to interpret these 
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massive amounts of data have been an exciting field of population genetics, allowing 

to build more complicated and realistic models of the human evolutionary history 

(Schraiber and Akey 2015). Nevertheless, most of these recently developed 

methodologies largely underused geographic data (Schraiber and Akey 2015; 

Novembre and Peter 2016). Furthermore, describing the patterns of spatial structure 

and genetic differentiation is crucial to shed light into the demographic features of 

modern populations and how they relate to the geographic landscape. Several 

promising approaches have been developed to visualize patterns of genetic 

differentiation, which represent the records of the evolutionary history. Two recently 

introduced approaches based on Bayesian Whishart framework, EEMS (Petkova et 

al. 2015) and SpaceMix (Bradburd et al. 2016), are able to work with thousands of 

genetic markers and thousands of individuals, describing patterns of genetic 

differentiation between populations as a function of the geographic distance. EEMS 

uses pairwise genetic dissimilarities between individuals to estimate effective 

migration rate surfaces under a stepping-stone migration model and assuming that 

populations are in equilibrium. Therefore, inferred surfaces show patterns of genetic 

differentiation, identifying corridors and barriers to gene flow. On the other hand, 

SpaceMix uses a covariance matrix to produce a geogenetic map, in which 

geographic distances between populations are proportional to genetic distances. For 

instance, larger geogenetic distance between populations implies the presence of a 

barrier to gene flow. Another approach based on the Wishart distribution describes 

the genetic differentiation between populations by modelling a landscape feature and 

testing its effect on gene flow (Hanks and Hooten 2013), while other methodologies 

modulate Fst between populations: to detect deviations from an isolation-by-distance 

model, identifying barriers to gene flow (Duforet-Frebourg and Blum 2014) or to study 

anisotropic patterns of genetic differentiation (Jay et al. 2013). 

 

Another strategy that is gaining popularity to study the evolutionary history of humans 

through the structure and genetic diversity of modern-day populations is the 

application of spatially explicit computer simulations. Computer simulations allow us 

to understand which evolutionary parameters influence the processes of particular 

systems. The development of more realistic scenarios and sophisticated 

computational frameworks led to the application of computer simulations in a wide 

number of population genetic fields (Arenas 2012; see also Benguigui and Arenas 

2014) and with diverse applications such as hypothesis testing (Pierron et al. 2011; 

Arenas et al. 2012; Alves et al. 2016; Silva et al. 2017), comparison of different 
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analytical approaches (Arenas et al. 2008; Westesson and Holmes 2009), investigate 

interactions among evolutionary processes (Arenas et al. 2012; Arenas, François, et 

al. 2013), and estimate demographic and evolutionary parameters (Beaumont 2010). 

Concerning the human evolutionary history, spatially explicit computer simulations 

have contributed decisively for our current understanding of the patterns of genetic 

diversity through the statistical testing of competing evolutionary models, as well as 

the estimation of evolutionary parameters specified by those models. 

There are two main approaches commonly used in population and evolutionary 

genetics to simulate the human demographic history, the forward in time simulation 

of the evolutionary history of a whole population (forward-time) and the coalescent 

(backward-time) simulation of a sample of a population. In the forward-time 

approach, simulations evolve a population history from the past to the present (Peck 

2004; Carvajal-Rodriguez 2008; Carvajal-Rodriguez 2010). This approach considers 

all the ancestral information of the population, taking into account diverse processes 

such as interactions between individuals (Peng et al. 2007; Sellman et al. 2018), 

population admixture (Rasteiro et al. 2012; Amorim et al. 2017), selection (Ray and 

Excoffier 2010; Currat et al. 2016; Lewandowska et al. 2017) and complex scenarios 

of migration (Arenas, François, et al. 2013; Mona et al. 2014; Alves et al. 2016). 

Consequently, the computational cost of forward-time simulations is usually high in 

comparison with coalescent simulations, although there have been improvements 

(Padhukasahasram et al. 2008). On the other hand, the coalescent (Kingman 1982) 

simulates the genealogical history of a sample from the present to the past 

(backwards in time) until its most recent common ancestor (MRCA) (see reviews, 

Nordborg 2008; Wakeley 2008). The coalescent allows the simulation of a limited 

number of demographic models, such as changes in population sizes (Slatkin 2001), 

population structure and migration (Hudson 1998; Arenas and Posada 2007; 

Kelleher et al. 2016), recombination (Hudson 1983; Arenas 2013) and selection 

(Kaplan et al. 1988; Arenas and Posada 2010). Since coalescent simulations are 

only based on the evolutionary history of a sample, the population history is not 

simulated and consequently these simulations are usually computationally faster 

than forward-time simulations. Because of that efficiency, coalescent simulations 

have been used to study the evolutionary history of humans with approaches based 

on a huge number of computer simulations (Fagundes et al. 2007; Laval et al. 2010; 

Arenas and Posada 2014; Kanitz et al. 2018). 

Sometimes, forward-time and backward-time simulations can be complementary 

approaches, allowing fast simulations of complex evolutionary scenarios (Ewing and 
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Hermisson 2010; Nicolas Ray et al. 2010). Examples of this combination are several 

methods to simulate genetic data accounting for spatially explicit processes. In 

spatially explicit computer simulations, the first step is the simulation of the whole 

population (forward-time simulation) considering the demographic history of the 

population through temporal and spatial (geographic) models. For evolutionary 

studies, two-dimensional (2D) spatial features can be considered to generate models 

more realistic than those based on a lower number of dimensions (Duning 1995; 

Epperson et al. 2010), because 2D models can explicitly consider environmental 

changes, geographic features and range expansions, range contractions, habitat 

fragmentations and range shifts (Ray and Excoffier 2009; Arenas et al. 2012; Arenas, 

François, et al. 2013; Alves et al. 2016). Indeed, spatially explicit computer 

simulations allow implement complex processes of migration (i.e., anisotropic 

migration and long-distance dispersal migration) and admixture between populations 

(see for a review, Benguigui and Arenas 2014). Demographic simulations are 

performed under a 2D landscape that can be obtained from a Geographic 

Information System (GIS) framework and where the habitat is divided into a grid of 

demes (Bivand 2000). Next, a population expansion starts from a chosen deme 

under demographic 

parameters such as an 

effective population size at the 

onset of the expansion, a 

population growth rate, 

carrying capacity (number of 

individuals that each deme can 

sustain) and a predefined 

number of generations to be 

simulated (Currat et al. 2004). 

Population movements occur 

between demes based on a 

given migration rate and 

usually following the 2D 

stepping-stone migration 

model (Kimura and Weiss 

1964) (Figure 1.5A) 

After the forward in time 

simulation of the history of the 

Figure 1.5. Forward in time simulations coupled with coalescent 

simulations. (A) Representation of the progress of the forward in 

time simulation through the space following a 2D stepping stone 

migration model. (B) Representation of the coalescent simulation 

to reconstruct the evolutionary history of a sample collected in the 

present (from Benguigui and Arenas 2014). 
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whole population, the backward in time (coalescent) simulation can be performed to 

obtain the evolutionary history of an user-specified sample (accounting for the 

demographic history previously simulated with the forward-time approach (Currat et 

al. 2004)) (Figure 1.5B). Finally, genetic data are simulated by assigning a random 

sequence to the root of the coalescent history (MRCA) and then evolving that 

sequence forward-time following the simulated coalescent history (Yang 2006; 

Arenas 2012).  

 

1.3.1. Modelling the evolution of modern humans 

By modelling evolutionary scenarios, we can obtain theoretical patterns of genetic 

diversity that can be evaluated with observed data. Using this modelling we can 

confront different evolutionary scenarios against the real data, and select which 

scenario is more likely to explain the observed patterns of genetic diversity. However, 

the presence of multiple factors acting alone or together make complex the final 

structure and genetic diversity of populations, and this is an important challenge to 

reconstruct the evolutionary history of AMH. 

In the previous section, it was shown that spatially explicit computer simulations 

allow to generate theoretical patterns of genetic diversity under various evolutionary 

scenarios, which combine demographic and genetic parameters, and environmental 

and geographic information (Benguigui and Arenas 2014). While these models do 

not attempt to replicate precisely the past evolutionary history, they can incorporate 

factors that could have the largest influence shaping modern-day diversity patterns. 

There has been an increasingly use of spatially explicit computer simulators applied 

to evolutionary genetics. Several simulators are freely available (Benguigui and 

Arenas 2014). Generally, spatially explicit simulators can be divided into individual-

based or deme-based models. Individual-based models are more versatile and can 

be more realistic than deme-based models, because, in theory, they can 

accommodate any possible evolutionary scenario, since the demographic and 

evolutionary history of each individual is simulated. By contrast, deme-based models 

consider groups of individuals (demes) as a unit, but allowing migration of individuals 

between them. The main advantage of deme-based models is their low 

computational costs (with respect to individual-based models). 

 

In recent years, spatially explicit computer simulations have been applied in studies 

of human evolutionary history to compare alternative scenarios (e.g. range 

expansions, climate changes or admixture) and estimate evolutionary parameters 
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(e.g. migration rates or interbreeding rates). Concerning the origin of AMH and the 

posterior world colonization, results from spatially explicit simulations favored a 

unique East African origin (Ray et al. 2005; Liu et al. 2006) and demonstrated that 

human settlements were largely affected by climatic changes during the expansion of 

AMH (Eriksson et al. 2012). Moreover, recently, Alves et al. (2016) found that the 

dispersion of AMH throughout Eurasia followed a model of long-distance dispersal 

(LDD) (especially towards previously occupied regions) and that this dispersion 

process had a larger influence on the genetic structure of Eurasian populations than 

the severe range contraction during the LGM.  

Studies on the admixture between Neanderthal and arriving AMH showed that the 

proportion of interbreeding was smaller than 2%, which was attributed to a strong 

barrier to gene flow between both species (Currat and Excoffier 2004; 2011). 

Interestingly, a recent study by Kolodny and Feldman (2017) demonstrated that the 

replacement of Neanderthal (and posterior extinction) was mainly determined by 

continuous migration of AMH individuals from Africa into Eurasia, despite potential 

influence of selection and environmental factors in the population dynamics between 

both species. 

Classical PCA applied to identify genetic gradients in Europe (Cavalli-Sforza and 

Edwards 1963; Menozzi et al. 1978; Piazza et al. 1995) showed a genetic gradient 

along the southeast - northwest (SE-NW) axis, that was interpreted as the result of 

demic diffusion of the Neolithic throughout Europe. Using spatially explicit 

simulations, Currat and Excoffier (2005) found that both Palaeolithic and Neolithic 

expansions were the cause of the genetic gradients observed in European 

populations, due to allele surfing in the front of the wave of expansion (Klopfstein et 

al. 2006; Hallatschek et al. 2007). However, François et al (2010), repeating these 

simulations with more detailed evolutionary models, demonstrated that these 

expansions do not necessarily lead to a PC gradient along the expansion wave. 

Indeed, those authors found a PC1 diversity gradient perpendicular to the direction of 

the dispersion axis, which was associated to allele surfing (Excoffier and Ray 2008). 

More recently, Arenas et al (2013) performed an extensive analysis on PC gradients 

by simulating several scenarios of admixture between Palaeolithic and Neolithic 

populations and range contractions towards southern Europe or towards the Iberian 

Peninsula during the LGM. Results showed that the PC1 gradient is perpendicular 

(NE-SW) to the expansion axis (SE-NW) when the expansion is recent (e.g. 

Neolithic) and that could be explained by allele surfing. By contrast, the PC1 gradient 

followed the direction of the expansion (SE-NW) when the expansion is old (e.g. 



FCUP 
Human Migrations and Population Dynamics in the western Mediterranean: from the Neolithic 

to the present 

47 

 
Palaeolithic) and that could be explained by isolation by distance. Scenarios of 

Palaeolithic populations after the LGM led to gradients perpendicular to the re-

expansion axis, which was interpreted as allele surfing. Overall, authors 

demonstrated that a SE-NW gradient (gradient derived from real data) is obtained if 

the Neolithic had little impact on the gene pool of modern-day Europeans and/or 

there was a range contraction caused by the LGM that crucially affected the genetic 

patterns of Europe. Interestingly, a recent study by Silva et al (2017) developed a 

new spatially explicit method and investigated population continuity since the arrival 

of the Neolithic using a dataset composed of both ancient and modern individuals 

from Germany and France. Results showed a matrilineal continuity in French 

populations but not in the German populations, in line with the heterogenic Neolithic 

transition and the later Neolithic expansion of steppe groups from the east observed 

in previous studies (Lazaridis et al. 2014; Haak et al. 2015; Szécsényi-Nagy et al. 

2017). Additionally, Rasteiro et al (2012) studied the role of sex-biased migration 

during the Neolithic transition by applying an individual-based spatially explicit 

simulator. Authors simulated several scenarios of the Neolithic expansion with 

different degrees of admixture with Palaeolithic populations and different models of 

post-marital residence. Results showed that the genetic diversity patterns in Europe 

fitted better a patrilocality model of arriving farmers than matrilocality or bilocality.  

Improvements to current spatially explicit simulators should still be made to include 

more complex spatially explicit scenarios, such as the variation of demographic 

parameters through time (i.e., variable growth rate), complex migration rates (e.g. 

anisotropic migration, sex-biased dispersal and LDD) or complex admixture events 

(e.g. Neolithic transition), that can shape the patterns of genetic diversity (Ray and 

Excoffier 2010; Arenas et al. 2012; Rasteiro et al. 2012; Arenas, François, et al. 

2013; Mona et al. 2014; Alves et al. 2016; Amorim et al. 2017; Branco et al. 2018). 

Moreover, the implementation of more realistic substitution models of evolution, 

especially to integrate the analysis of codons (Arenas and Posada 2010; 2012), 

proteins (Arenas, Dos Santos, et al. 2013; Arenas et al. 2015; Echave et al. 2016), 

genome-wide sequences (Arbiza et al. 2011; Liberles et al. 2013; Arenas and 

Posada 2014) and sequences of ancient individuals (Metzker 2010; Pedersen et al. 

2014; Ebenesersdóttir et al. 2018; Valdiosera et al. 2018; Veeramah et al. 2018), will 

be important to produce more robust inferences about the human evolutionary 

history. In recent years, the development of analytical approaches like Approximate 

Bayesian Computation (ABC) (Beaumont 2010) allowed the application of computer 

simulations to perform model selection and parameters estimation. 
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1.4. Approximate Bayesian Computation (ABC) applied to 

human evolution 

ABC is a computational methodology rooted in Bayesian statistics, and a likelihood-

free approach, that has been applied in population genetics in the last 20 years. 

Traditionally, the likelihood function was fundamental for statistical inference in 

model-based approaches since it specifies the probability of the observed data given 

a set of values for the parameters and under a model of the underlying process. 

However, for complex models a Bayesian analysis may not be performed because 

the likelihood function cannot be designed (or its computation is intractable). The 

ABC methodology somehow allows bypassing the computation of the likelihood 

function providing a very useful alternative.  

ABC is intuitively easy to understand. Generally, independent simulations based on 

prior information are performed to generate thousands (or millions) of simulated data. 

Then simulations are evaluated with respect of the genetic patterns observed in the 

real data, usually quantified with summary statistics (SS), through complex statistical 

approaches to obtain posterior distributions (estimates). ABC can be used for both 

model selection and parameters estimation. 

 

1.4.1. Strategies, goals and pitfalls of Approximate Bayesian Computation 

This section presents a brief description of the procedure used in ABC, including the 

steps of choice of SS, rejection and regression approaches, model selection and 

parameters estimation. Indeed, for reviews on ABC see (Beaumont 2010; Bertorelle 

et al. 2010; Csilléry et al. 2010; Sunnåker et al. 2013). 

 

1.4.1.1. Choice of Summary Statistics 

The ABC approach is usually based on the comparison of SS calculated from 

simulated data with SS calculated from observed (real) data. However, the choice of 

informative SS is still a rather arbitrary and complex area of ABC, since there is no a 

general rule about the number and features of required SS, despite the importance of 

this step to make inferences about evolutionary processes (Beaumont et al. 2002; 

Marjoram et al. 2003). The reason for this is that different datasets can be explained 

by different SS and, moreover, different SS can be used to perform different analysis 

based on the same dataset. Counterintuitively, this is an advantage of ABC, allowing 

a free selection of SS that can be informative for a particular dataset and for the 

desired estimates. As a general rule, for a consistent ABC analysis, the selected SS 
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should contain most of the relevant information of the observed and simulated data 

for the desired estimations and the number of SS should be as small as possible to 

avoid unnecessary computation. Ideally, the posterior distribution of a parameter 

given the selected SS should be identical to the posterior distribution given by the 

dataset itself (this is, without SS). Performing inferences based on SS implies 

wasting some (hopefully little) useful information but considering the full data is 

computationally intractable. 

 

1.4.1.2. Estimation of posterior distributions 

In ABC, the posterior distribution of a parameter simulated according to a prior 

distribution can be estimated from the distance between SS of the simulated and 

observed data. Although many methods have already been developed to infer 

posterior distributions in ABC, the traditional rejection and regression methods 

remain as the most frequently used methods in studies based on ABC.   

 

The ABC rejection approach 

The rejection approach considers a small set of simulated data (retained data, 

simulated data with SS closer to the SS derived from the real data) to perform the 

estimation. Hence, all the simulated data (with SS far from the SS of the real data) 

are not considered for the estimation (rejected data). The proportion of retained data 

is given as an input. Because of the criterion of retained/rejected simulated data, this 

approach was called as a rejection approach. 

 

The ABC regression approach 

Beaumont et al (2002) inserted the regression step in the rejection algorithm. The 

regression step was inserted in the ABC as an attempt to mitigate the bias 

introduced by a non-zero threshold, reducing the variance of the posterior estimates. 

The slope of the regression line between a parameter and the vector of SS is 

estimated using only retained simulations and assigning more weight to those 

simulations that generate SS closer to the observed data (Figure 1.6). The 

regression step is used to correct sampled parameters in the direction of the 

observed data SS, reducing the difference between simulated and observed SS and, 

therefore, requiring fewer simulations. Nevertheless, some problems can arise with 

regression methods, especially if a model is misspecified, since adjusted SS could 

fall outside the prior distribution, causing an extrapolation rather than an interpolation 

of the posterior distribution (Beaumont et al. 2002). 
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Recently, Blum and François (2010) suggested an improvement to the regression-

based methods by introducing a nonlinear regression based on a feed-forward neural 

networks model. Indeed, Leuenberger and Wegmann (2010) reformulated the 

regression method with a general linear model (GLM). This method assumes that SS 

are endogenous response variables created within the model, while the regression 

method (Beaumont et al. 2002) considers SS as explanatory variables of the model. 

GLM never produces posterior distributions outside the prior, but assumes a normal 

distribution for the prior and it is computationally more expensive than the regression 

approach (Bertorelle et al. 2010). 

 

1.4.1.3. Applying ABC for selection among alternative scenarios 

An important application of the ABC approach is the selection among alternative 

scenarios, which encloses the comparison of different evolutionary scenarios and the 

process of inference of the goodness-of-fit between the different scenarios and the 

observed data. Generally, the different evolutionary scenarios are run for the same 

number of simulations, so that the amount of sampling from the prior probability for 

Figure 1.6. Representation of the linear regression adjustment in the ABC framework. Initially, a parameter value 

is sampled from the prior distribution, to simulate a dataset under a given model. From the simulated dataset, a 

SS is estimated and then compared with the SS for the observed data, using an error threshold. A simulation is 

accepted if it falls within the define threshold (vertical orange lines in the main plot). Then, parameters values 

from the accepted simulations are adjusted using a linear regression model (green line) and the posterior 

distribution is estimated using these adjusted parameter values (histogram on the right side) (from Csilléry et al 

2010) 
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each scenario is equal, and then an ABC algorithm is used to infer the scenario with 

the highest posterior probability with the real data. 

Pritchard et al. (1999) describe the use of ABC to estimate posterior probabilities for 

distinguishing between alternative evolutionary scenarios. Performing the ABC 

rejection algorithm, the probability of a given scenario is proportional to the frequency 

of simulations that fall within a threshold region (Pritchard et al. 1999). However, here 

it is also possible to introduce a regression approach to improve the rejection 

approach (Fagundes et al. 2007; Beaumont 2008). This approach is used to obtain 

the relation between categorical variables under a multinomial logistic regression, 

estimating the posterior probability of a scenario as a function of the accepted SS 

(Fagundes et al. 2007; Beaumont 2008; Cornuet et al. 2008). 

 

1.4.1.4. Applying ABC for parameters estimation 

Parameter estimation is usually the last step of an ABC analysis and it is performed 

for the simulated scenario with the highest posterior probability. As mentioned 

previously, the parameter values of the accepted (retained) simulations are used to 

estimate the posterior distribution of the parameter values corresponding to the real 

data. This estimation can be performed and evaluated by several methods. 

Similarly to model selection, the simplest method to infer the posterior distribution of 

a parameter is the rejection method, since retained simulations constitute a sample 

of the posterior distribution of the observed parameter (Pritchard et al. 1999). 

However, if too many simulations are retained due to a highly permissive threshold, 

the estimated posterior will be similar to the prior distribution, which is 

disadvantageous for parameter estimation. On the other hand, if the threshold is very 

restrictive (i.e. approximates to 0), the direct approach rebuilds accurately the 

posterior distribution of the parameter, but a very large number of simulations are 

needed, which is computationally expensive. As mentioned in Section 1.4.1.2, 

Beaumont et al (2002) introduced a regression based approach, in which parameter 

estimation could be improved without increasing the number of simulations using a 

local linear regression model. Improving the accuracy of parameter estimation is a 

field of ABC that has received major attention from geneticists and mathematicians in 

recent years, and so new methods are continuously proposed (e.g. Leuenberger and 

Wegmann 2010; Blum and François 2010; Blum et al. 2013). 
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1.4.2. Examples of approximate Bayesian computation applied to analyse 

human evolution 

ABC has been widely applied to the study of the human evolutionary history. The 

ability to accurately choose between several evolutionary scenarios and to estimate 

parameter values using ABC methods is evolving rapidly as new techniques are 

developed (Arenas 2015; Sisson et al. unpublished data). Below I briefly describe 

some relevant examples of application of ABC to decipher the human evolutionary 

history. 

In a landmark study, Fagundes et al (2007) applied an ABC approach using 

extensive computer simulations to evaluate the likelihood of different scenarios for 

the origin of AMH. Authors showed that a scenario of single sub-Saharan origin with 

gradual expansion and posterior replacement of archaic humans had a better fitting 

with the observed data than a multiregional or assimilation scenario. Moreover, the 

origin of AMH was estimated to be around 141,000 ya, the out-of-Africa around 

51,000 ya and the colonization of America around 10,500 ya. Posterior studies 

addressed the expansion patterns of AMH across the globe.  

Eriksson et al (2012) constructed an scenario with climate conditions over the last 

120,000 years, to evaluate the effect of climate on the modern patterns of genetic 

diversity. Results showed a clear correlation between climate and population 

demography of modern hunter-gatherer populations worldwide, and the estimated 

arrival times of AMH to different continents were consistent with the archaeological 

findings.  

More recently, Alves et al (2016) analysing the expansion of AMH across Eurasia, 

demonstrated that the real data supported better scenarios with LDD events that 

models without it. Interestingly, results also showed an absence of LDD events 

ahead of the front wave expansion (this is, to places not yet colonized) during the 

settlement of Eurasia but demonstrated that these events were crucial for modulating 

the genetic structure of modern Eurasian populations.  

In 2010, Ray et al (2010) performed an ABC analysis to evaluate alternative models 

of settlement of the American Continent, showing that a single wave and two wave 

scenarios were not supported and that recurrent gene flow after the initial settlement 

between Asia and America fitted better the observed data. Moreover, authors 

estimated that the initial colonization occurred 13,000 ya and involved a small 

number of individuals. 

The Neolithic transition in Europe was also extensively studied using the ABC 

approach. Initial results supported a demic diffusion model for the expansion of the 
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Neolithic when analysing early Central European farmers (Haak et al. 2010). This 

genetic discontinuity between Mesolithic and Neolithic groups was further supported 

by posterior results for the Iberian Peninsula (Gamba et al. 2012; Sánchez-Quinto et 

al. 2012) and the Sardinia (Modi et al. 2017). In an interesting study by Tassi et al 

(2017) concerning the late Neolithic Indo-European culture (Globular Amphorae 

culture - GAC) from Central Europe, in which several different scenarios of migration 

from the Pontic steppe were tested, results showed that individuals from GAC did not 

have special affinity with steppe related individuals in contrast with individuals from 

the Corded Ware culture. To date Vallée et al (2016) performed the only study 

concerning the Neolithic expansion outside Europe. Authors constructed a very 

complex model to simulate the Neolithic expansion and the mobility between islands 

in southeast Asia. Results showed that the dispersion of Asian ancestry individuals 

throughout the island system was correlated with higher migration rates and birth 

rates than Papuan related individuals were correlated with the expansion of mainland 

Asian ancestry, and that mainland Asian ancestry was already present in western 

Island Southeast Asia before the Neolithic expansion. 

 

The ABC framework has been also applied to estimate divergence times and the 

origin of the structure of modern population groups. In 2010, Ghirotto et al (2010) 

reconstructed the demographic history of Sardinia by comparing aDNA and modern 

human DNA from two regions (Ogliastra and Gallura) under a series of demographic 

scenarios with an ABC approach. They demonstrated a genetic continuity since the 

Bronze Age in the Ogliastra region but not in the Gallura. Indeed, for this latter 

region, evidence showed a larger effective and growth rate than Ogliastra region, 

which was partially attributed to gene flow from the mainland Italy. In 2012, 

Veeramah et al (2012) applied ABC to characterize the origin of modern sub-

Saharan populations by building several models of divergence of the ancestors of 

modern populations. Results showed that the Khoisan population diverge first from 

the ancestor of Pygmies groups around 110,000 ya, while the Pygmy divergence 

occurred around 50,000 ya. 

 

Altogether, these studies show the potential of the ABC framework to shed light into 

complex human evolutionary questions. The advent of next generation sequencing 

technologies is producing large amounts of genome-wide data that can be highly 

informative about the evolutionary history (Excoffier et al. 2013) and would make 

possible to build more realistic analyses of human populations. Indeed, ABC is a 
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simplistic but highly efficient approach to answer complex human evolutionary 

questions and constitutes an exciting field of population genetics in years to come. 

 

1.5. Objectives 

The Mediterranean Basin is a region with a complex demographic history and an 

intricate population dynamics during and after the uprising of the Neolithic. While the 

transition to farming is well described for European populations, archaeological and 

genetic data for North Africa is still scarce, resulting in an incomplete and 

incongruent story for the Neolithic transition in the region. Additionally, despite some 

results have shown some degree of contact between populations from the Iberian 

Peninsula and North Africa across the Strait of Gibraltar, the population dynamics 

between both regions is still poorly understood. Consequences of migrations 

between regions are imprinted in the genetic landscape of populations, especially in 

the Iberian Peninsula, which had most of its area under Islamic administration less 

than a 1,000 ya. In order to shed light on the causes and genetic consequences of 

the evolutionary history of modern humans of the Mediterranean Basin the present 

Thesis work aims to: 

 

 Evaluate the Neolithic expansion over North Africa with respect to the 

Neolithic expansion over Europe, especially in terms of speed of expansion, 

migration rate and carrying capacity.  

 Characterize the amount, direction and implication of migration across the 

Strait of Gibraltar since the Neolithic expansion at both shores of the 

Mediterranean Sea. 

 Investigate the genetic structure of current humans of the Iberian Peninsula at 

fine-scale and interpret it concerning geography and historical events. 

 

Chapter 2 presents the analysis of Neolithic migration between the Iberian Peninsula 

and North Africa through the Strait of Gibraltar and the evaluation of the Neolithic 

transition in North Africa (for which very little was known) with respect to the Neolithic 

transition in Europe. This study was performed applying an ABC method.  

Chapter 3 presents a fine-scale analysis of the patterns of genetic differentiation 

throughout the Iberian Peninsula landscape. Additionally, this chapter includes the 

analysis of possible sex biases by comparing patterns estimated from autosomes 

data with patterns estimated from X chromosome data. This study applied a 
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georeferenced dataset and recently developed methods oriented to analyse spatial 

patterns of genetic differentiation. 
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2.1. Introduction 

The Neolithic transition in Europe and North Africa started in the Near East around 

10,000 years ago (ya) and generated a revolution in the living-style with the emergence 

of farmers after previous hunter-gatherer Palaeolithic populations (Zeder and Hesse 

2000; Skoglund et al. 2012; Broushaki et al. 2016; Gallego-Llorente et al. 2016; 

Lazaridis et al. 2016; Meiklejohn et al. 2017). Two contrasting hypotheses were 

postulated for the expansion of Agriculture, the demic diffusion model (Ammerman and 

Cavalli-Sforza 1984; Sokal et al. 1991) and the cultural diffusion model (Fort 2012). 

The first one supports a migratory flux of Neolithic populations across Europe, which 

partially replaced the indigenous hunter-gatherer populations and implies gene flow 

between hunter-gatherers and farmers. The second model predicts the cultural 

adoption of the Neolithic lifestyle by neighbour populations with limited gene flow from 

Near Eastern populations (Sampietro et al. 2007; Fort 2012; Fu et al. 2012). Agriculture 

spread rapidly along the Southeast of Europe (Zeder 2008), leading to a pronounced 

cultural revolution, and left profound genetic marks in European populations (Currat 

and Excoffier 2005; Bramanti et al. 2009). In contrast to Europe, the tempo and mode 

of the Neolithic expansion throughout the North of Africa is still obscure, mostly 

because of a lack of archaeological and biological data (Barich 2014). Most evidence 

of the presence of domesticated species in North Africa dates around 8,000 ya and 

older (Linseele et al. 2014; Madella et al. 2014), suggesting an early Neolithic presence 

in the region, which is in agreement with the Mediterranean expansion route (Zeder 

2008; Isern et al. 2017). Beforehand, one could predict that the transition to a farmer 

lifestyle in North Africa could have been slower than in Europe due to the arid 

conditions of the Sahara desert. It is also noteworthy that the region suffered frequent 

and drastic climatic changes during the Palaeolithic, with wet and arid periods (Adkins 

et al. 2006; McGee et al. 2013), which could have caused major demographic and 

cultural shifts (Clarke et al. 2016). However, North Africa experienced a long African 

Humid Period (AHP) between 12,000 and 5,000 ya (Adkins et al. 2006; Dunne et al. 

2012; McGee et al. 2013), coincident with the Neolithic expansion period. 

Importantly, the Mediterranean Sea was a geographical barrier to migration between 

Neolithic populations of North Africa and Europe, generating great cultural differences 

between both regions, exemplified by the expansion of Indo-European languages in 

Europe (Haak et al. 2015) and the expansion of Afro-Asiatic languages in North Africa 

(Ruhlen 1991). However, the geographical proximity at the westernmost region of both 

continents (Strait of Gibraltar) could have provided a migration corridor between the 

two shores (Bosch et al. 2001; González-Pérez et al. 2003; Rhouda et al. 2009; 
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Botigué et al. 2013), although still little is known about the specific direction and 

amount of migration through this Strait during the Neolithic. 

 

Here we aim to evaluate and compare the Neolithic expansion on both shores of the 

Mediterranean Sea accounting for the role of the Strait of Gibraltar as a potential 

migration corridor between them. Using an approximate Bayesian computation (ABC) 

method based on extensive spatially explicit computer simulations, we investigated the 

population genetics and evolution of the Neolithic expansion in Europe and North 

Africa. First, we selected the evolutionary scenario of migration through the Strait of 

Gibraltar that fitted best with the real data and second, under the previously selected 

evolutionary scenario, we estimated population genetics parameters for the Neolithic 

expansion at each shore of the Mediterranean Sea. For this purpose, we built an X-

chromosome dataset that combines data from several SNP dataset panels and 

includes samples from Europe, North Africa, Middle East and Sub-Saharan Africa. The 

use of the X-chromosome SNPs allowed us to perform an ABC analysis in a 

computational cost-benefit manner, and avoids errors of haplotype reconstruction since 

phasing is directly inferred in male individuals. 

 

2.2. Material and Methods 

2.2.1. Data and Genotyping 

A dataset composed by 20 populations with 846 individuals (580 males and 266 

females) was built with published data (Figure 2.1 and Table S2.1; Supplementary 

Material). The dataset included 11 European populations, Finland (FIN), Northern and 

Western Europeans currently in Utah (CEU), Great-Britain (GBR), Tuscany (TSI), East 

Spain (ESP) and Central Spain (CSP) populations retrieved from 1,000 Genomes 

Phase 3 (The 1000 Genomes Project Consortium 2012); Basque (BAS), Andalusia 

(AND) and Galicia (GAL) populations retrieved from Henn et al. (2012) and 1,000 

Genomes Phase 3; and Porto (POR) and Lisbon (LIS) populations retrieved from 

Lopes et al. (2013). It also included 7 North African populations retrieved from Henn et 

al. (2012) and a Sub-Saharan [Yoruba (YRI)] populations from 1,000 Genomes Phase 

3. Finally, a Syrian population retrieved from Arauna et al. (2017). 

A quality control filter was applied to the X chromosome data using PLINK 1.07 (Purcell 

et al. 2007) and SNPs with missing rate higher than 10%, SNPs that failed the Hardy-

Weinberg equilibrium under a threshold of 0.05 and SNPs with Minor Allele Frequency 

(MAF) lower than 0.05 were excluded to avoid biases. In addition, individuals with a 

missing rate higher than 10% and those with an identity by state, for the autosomes, 
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larger than 85%, were also excluded. Moreover, SNPs within both pseudoautosomal 

regions (PAR1 and PAR2) and those that were heterozygous in the X specific region in 

male individuals were also excluded. A total of 16,939 SNPs were maintained to 

proceed with the phasing step. 

 

2.2.2. Phasing 

As a sanity check, the dataset was phased using the SHAPEIT2 software (Delaneau et 

al. 2013), the HapMap PhaseII b37 (The International Hapmap Consortium 2003) with 

the genetic map and the 1000 genomes dataset as the reference panel (The 1000 

Genomes Project Consortium 2012). The dataset was phased after an alignment with 

the reference panel and the removal of SNPs that did not align. Next, all genotypes 

were phased simultaneously with a total of 100 iterations, half of them for burn-in and 

pruning stages. A total of 16,917 SNPs were kept for subsequent analyses. For the 

ABC analysis, only male samples were considered, since X chromosome haplotypes 

can be directly (without biases) identified. 

Figure 2.1. Location and sample size (580 male individuals) of the 20 populations that composed the 

studied dataset. Populations were divided in 8 geographic groups abbreviated as EUR (European 

populations), BAS (Basque Country population), IBE (Iberian populations), WNA (western North Africa 

populations), CNA (central North Africa populations), ENA (eastern North Africa populations), SYR 

(Syrian population) and YRI (Yoruba population). 
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2.2.3. Spatially explicit computer simulations 

Palaeolithic and Neolithic expansions were simulated with the evolutionary framework 

SPLATCHE2 (Ray et al. 2010). SPLATCHE2 is a well-established spatially explicit 

computer simulator that has been widely used to investigate human evolution 

(Benguigui and Arenas 2014). This program is based on three major steps. The first 

one consists of a forward-in-time simulation of the whole population under 

demographic parameters such as population size at the onset of the simulation, 

population growth rate and number of generations. This demographic simulation is 

performed over a two-dimensional (2D) landscape (grid of demes) that considers a 

carrying capacity per deme (number of individuals that can be sustained by the 

resources of the deme) and where individuals can move between demes according to 

a migration rate and under a 2D stepping-stone migration model (Kimura and Weiss 

1964). The landscape used for this study was obtained by a geographic information 

system (GIS) and includes 4,814 demes with deme size 150  150 km following Alves 

et al. (2016) (Figure 2.1). A land bridge was added to connect Great Britain with 

mainland Europe, allowing the colonization of these islands. The second step is a 

backward-in-time (coalescent) simulation that generates the evolutionary history of a 

user-specified sample accounting for the history of the whole population stored in the 

previous step (further details in Currat et al. 2004). In the third step, the program 

simulates the genetic data of the sample. To perform this task, a randomly selected 

sequence is assigned to the root node of the previously simulated coalescent history 

and is evolved going forward-in-time over such coalescent history, according to a 

substitution model of evolution, to generate genetic sequences for the sampled nodes 

(Yang 2006; Arenas 2012). Altogether, the simulated genetic data is influenced by the 

user-specific population genetics parameters (i.e., large population size can lead to 

high genetic diversity) (Ray et al. 2010). 

We performed computer simulations following settings described in recent studies 

(François et al. 2010; Arenas et al. 2013; Alves et al. 2016). The Palaeolithic expansion 

was assumed to start from the Ethiopian region (Pritchard et al. 2000) at TSTART 

generations ago with an ancestral population size of NANC haploid individuals. At each 

generation, individuals migrated to the adjacent demes at a migration rate MPALEO and 

the population density for each deme was determined by the population growth rate 

GPALEO and the carrying capacity KPALEO (Currat et al. 2004). A range contraction was 

simulated to mimic the last glacial maximum (LGM) period in Africa and Eurasia 

described by Alves et al. (2016). Briefly, this range contraction consisted of 30 
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consecutive events that progressively reduced the habitable regions (i.e., at the North 

of Europe or increasing deserts size; Figure S2.1, Supplementary Material) of human 

settlements (Arenas et al. 2012). The range contraction started at 25,000 ya and took 

3,000 years to reach its maximum. Next, individuals were only living at the refugia 

(South of Europe, North Africa and South of Africa; see Figure S2.1) during 4,000 

years and finally re-expanded at 18,000 ya (Alves et al. 2016). 

In addition, we simulated a Neolithic expansion that started from the Middle East 

(Zeder 2008) at TNEO generations ago and with an ancestral size at the onset of the 

expansion of NANCNEO haploid individuals and a population growth rate GNEO. Here, the 

map was divided into three different geographic regions: Europe, North Africa and 

peripheral regions (i.e., Arabian Peninsula and Sub-Saharan Africa) (Figure 2.2A). 

Each of these regions had a specific migration rate (MNEOEUR, MNEONA and MNEOPER) and 

carrying capacity (KNEOEUR, KNEONA and KNEOPER), actually these are the only parameters 

implemented in SPLATCHE2 with spatio-temporal variation. The contribution of the 

Palaeolithic to the final genetic pool was considered with the parameter interbreeding 

Figure 2.2. Landscape features for the spatially explicit computer simulations of the Neolithic expansion. (A) 2D 

map of the three different regions considered for the Neolithic expansion: Europe, North Africa and peripheral 

regions. Uninhabited regions (i.e., deserts) are shown in light brown. The origin of the simulated Neolithic 

expansion is shown in blue. (B) Alternative evolutionary scenarios of migration through the Strait of Gibraltar: (a) 

reciprocal migration between both regions (fullMIG), (b) lack of migration between both regions (noMIG), (c) 

migration allowed only from the Iberia Peninsula to North Africa (nsMIG), (d) migration allowed only from North 

Africa to the Iberia Peninsula (snMIG). 
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rate Irate (Barbujani et al. 1995; Currat and Excoffier 2004; Currat and Excoffier 2005; 

Currat et al. 2008; François et al. 2010; Currat and Excoffier 2011; Arenas et al. 2013), 

which is assumed to be spatio-temporal invariable in the simulator. 

All the parameters were drawn from Uniform prior distributions (Table S2.2; 

Supplementary Material) based on previous studies (Arenas et al. 2013; Alves et al. 

2016) and were estimated with approximate Bayesian computation (ABC; details 

below).  

Next, based on the previously simulated demographic history, we simulated genetic 

data for the sample of 580 male individuals of the 20 populations. Each individual 

included an X chromosome sequence of 16,917 SNPs divided in 14 independent 

blocks (Table S2.3; Supplementary Material). These blocks were determined by the 

presence of particular regions without recombination based on published data (Tillmar 

et al. 2008) and based on estimated recombination hotspots for the CEU, POR and 

YRI populations (chosen arbitrarily) with the program LDhat 2.2 (McVean et al. 2004). 

LDhat was run following the recommendations provided in the software documentation. 

We applied a sliding window of 2,000 SNPs with an overlap of 500 SNPs and 

performed 6 independent runs (2 per population) with 10 million iterations each (Figure 

S2.2A; Supplementary Material). We specified 2,000 iterations per sampling and a 

block penalty of 20 for changes in recombination rate  (=4Ner). Following the 

documentation, 10% of iterations were discarded as burn-in. Convergence between the 

independent runs was assessed considering a recombination rate threshold of 20, 

however most SNPs presented a difference lower than 1 indicating a very high 

convergence (Figure S2.2BCD). To perform the computer simulations, the MAF value 

was set to be not lower than 0.05 for every block, in line with the SNP filter applied to 

the real dataset, as described above.  

 

2.2.4. Alternative Scenarios 

In order to properly study the Neolithic expansion over Europe and over North Africa, 

we explored genetic signatures of migration through the Strait of Gibraltar during the 

Neolithic, assuming absence or little migration between these regions before that 

period (e.g., Timmermann and Friedrich 2016). Although some studies suggested 

Palaeolithic migration through this Strait (Currat et al. 2010), other studies described or 

assumed lack of this migration (Ferembach 1985; Bocquet-Appel and Demars 2000; 

Liu et al. 2006; Timmermann and Friedrich 2016). We believe that if Palaeolithic 

migration through the Strait took place, the corresponding genetic signatures could be 

insignificant due to the small number of migrants and evolutionary processes like 
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genetic drift. Next, Neolithic migration through the Strait of Gibraltar could affect 

Neolithic populations at both shores of the Mediterranean Sea by exchanging genetic 

material between them. Therefore, first, we investigated the fitting of alternative 

evolutionary scenarios to the real data with ABC (details below). One of these 

scenarios considered migration in both directions between Iberian Peninsula and North 

Africa (fullMIG, Figure 2.2Ba), with migration from North to South and from South to 

North through the Strait of Gibraltar with rates MnsSG and MsnSG, respectively. The other 

scenario considered lack of migration (noMIG, Figure 2.2Bb). 

Next, since fullMIG better fitted with the real data (see Results), we designed two 

additional scenarios to compare both directions of migration through the Strait of 

Gibraltar. Both scenarios allowed migration but under only one direction (anisotropic 

migration): a scenario of migration from the Iberian Peninsula to North Africa (nsMIG, 

Figure 2.2Bc) at MnsSG rate and, other scenario of migration from North Africa to the 

Iberian Peninsula (snMIG, Figure 2.2Bd) with rate MsnSG. 

Finally, we investigated model selection under some additional combinations of 

evolutionary scenarios: (i) the four scenarios together (fullMIG vs noMIG vs nsMIG vs 

snMIG) and (ii) the scenario of bidirectional migration against each scenario of 

unidirectional migration (fullMIG vs nsMIG and, fullMIG vs snMIG). However here note 

that fullMIG includes a different prior distribution for the migration rate towards each 

direction, whose sampling can sometimes lead to situations (large anisotropic 

migration) near to nsMIG or snMIG and this must be considered in the analysis of 

these scenarios. 

 

2.2.5. Approximate Bayesian Computation for Selection of Evolutionary 

Scenarios and Parameter Estimation 

The real data was analysed with ABC (Beaumont et al. 2002; Beaumont 2010), a 

statistical approach to obtain posterior probabilities in the selection among alternative 

scenarios and the estimation of parameters. Next, we describe the different steps of 

our ABC method. 

 

Computer Simulations. For each evolutionary scenario (of the 4 above described), we 

performed a total of 100,000 spatially explicit computer simulations according to the 

prior distributions described in Table S2.2 (Supplementary Material). 

 

Summary Statistics. Summary statistics (SS) from real and simulated datasets were 

obtained with ARLEQUIN ver.3.5 (Excoffier and Lischer 2010). To perform this task, 
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the 20 populations were classified into eight geographical groups (described in Figure 

2.1) that allowed the estimation of diverse group-based SS. This grouping is important 

because the ABC performance reduces quickly as the number of statistics grows 

(Beaumont 2010). The computed SS included: number of alleles (k), heterozygosity 

(H), number of segregating sites (s) and, FST between groups and populations. Next, 

we selected a small set (36) of the most informative SS for the estimations (Table S2.4; 

Supplementary Material). This was done by testing the contribution of the different SS 

to the estimations from 100 simulated datasets (hereafter test datasets) that are 

independent of the 100,000 simulated datasets used to generate the ABC method. We 

did not apply partial least square (PLS) components to reduce the number of SS 

(Wegmann et al. 2009) because our selected SS led to accurate estimations and 

because PLS components can generate SS without biological meaning and thus being 

difficult to interpret, and also can generate biases when comparing components that 

were separately computed (Aeschbacher et al. 2012). 

 

Selection of Evolutionary Scenarios. As noted above, we generated 100,000 simulated 

datasets for each of the 4 migration scenarios. In addition, we simulated 100 test 

datasets for each scenario to evaluate the accuracy of the method. We applied 4 ABC 

methods to perform the selection of the best-fitting evolutionary scenario to the real 

data: the rejection method developed by Pritchard et al. (1999); and the methods 

rejection, multinomial logistic regression and neural network, implemented in the abc 

package of R (Csilléry et al. 2012). Following the authors recommendation we retained 

1% of simulations that were closer to the observed data (Csilléry et al. 2012). Before 

analysing the real data, the accuracy of the ABC methods was assessed with the test 

datasets (considering them as true data) and by cross-validation based on 100 

permutations and a tolerance of 1% (following the recommendations described in the 

package abc (Csilléry et al. 2012)). Although traditionally the goodness of fit analysis is 

only applied to the preferred scenario, we performed goodness of fit analyses (based 

on principal component analysis (PCA) and histogram of null distributions from the 

selected SS (Csilléry et al. 2012)) to the four investigated evolutionary scenarios. 

 

Parameters Estimation. We performed the parameters estimation under the 

evolutionary scenario (fullMIG), which is the scenario that fitted best with the real data. 

We applied the rejection method implemented in the abc package (which generated 

the most accurate inferences for the studied dataset) by retaining 1,000 simulated 

datasets of the closest simulations. The robustness of the parameter estimation was 
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assessed with the 100 test datasets simulated under the fullMIG scenario, considering 

them as true data. Then we computed the distance between the true value and the 

estimated value (median, mean and mode) from each of the 100 test datasets. 

 

2.3. Results 

We first describe the selection between alternative evolutionary scenarios of migration 

through the Gibraltar strait. After that, we present the parameter estimation under the 

best fitting evolutionary scenario, with a focus on those parameters that are specific for 

the Neolithic expansion over each shore of the Mediterranean Sea. 

 

2.3.1. Migration through the Strait of Gibraltar occurred in Both Directions 

The selection of the evolutionary scenario (fullMIG vs noMIG) presented very high 

posterior probabilities to identify the correct scenario. We found that all the applied 

ABC methods were able to identify the correct scenario with probabilities that ranged 

from 0.78 (rejection method implemented in the abc package) to 0.98 (multinomial 

logistic regression and neural network methods) (Table S2.5; Supplementary Material). 

Next, real data clearly fitted better with the fullMIG scenario (posterior probabilities 

around 0.99 under all the ABC methods excepting the rejection method of abc package 

(0.85) (Figure S2.3A). Goodness of fit analyses also indicated this finding (Figure S2.4; 

Supplementary Material). Altogether the results suggest reciprocal migration through 

the Strait of Gibraltar. 

 

Given that the real data fitted better with the presence of migration, we next 

investigated the direction of the migration through the Strait of Gibraltar. The validation 

of the selection of the evolutionary scenario (nsMIG vs snMIG) also presented very 

high posterior probabilities to identify the correct scenario. We found that all the ABC 

methods performed acceptably to recognize the correct scenario with probabilities that 

ranged from 0.85 (rejection method implemented in the abc package) to 1.00 

(Pritchard’s rejection method) (Table S2.6; Supplementary Material). 

Next, the fitting of real data with both evolutionary scenarios, nsMIG and snMIG, 

suggested migration in both directions, although with a higher probability for the nsMIG 

scenario (Figure S2.3B). The results varied among ABC methods but led to the same 

overall conclusion. 

 

Next, we describe the results (evaluation of model selection and analysis of real data) 

from the two additional comparisons of evolutionary scenarios, (i) the four evolutionary 
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scenarios together (fullMIG vs noMIG vs nsMIG vs snMIG) and (ii) the evolutionary 

scenario of bidirectional migration against each evolutionary scenario of unidirectional 

migration (fullMIG vs nsMIG and, fullMIG vs snMIG).  

Concerning the evaluation of the model selection, when the four scenarios are 

evaluated together (Table S2.7; Supplementary Material), the scenario noMIG was 

recognized with the highest probability (reaching 0.85) when applying the multinomial 

logistic regression and the neural network methods, while the three other scenarios 

presented lower probabilities (which is expected since fullMIG can sometimes be near 

to nsMIG or snMIG, see Materials and methods) but showed the highest probability 

with the correct scenario. Concerning comparisons between the scenario of 

bidirectional migration with each scenario of unidirectional migration, we found that all 

the ABC methods performed acceptably to recognize the correct scenario with 

probabilities between 0.65 and 0.85 (Tables S2.8 and S2.9; Supplementary Material). 

Again despite of fullMIG can sometimes be near to nsMIG or snMIG (Materials and 

methods). 

Concerning the fitting with real data, the highest probability corresponded to the fullMIG 

scenario, as expected followed by the scenarios with unidirectional migration since 

these scenarios are very near to the fullMIG scenario (Figure 2.3, see also Figure 

S2.4). We found similar results when comparing the scenario of bidirectional migration 

with each scenario of unidirectional migration (Figures S2.5 and S2.6; Supplementary 

Material). 

 

2.3.2. Similar Neolithic Expansion at Both Shores of the Mediterranean Sea 

The estimation of the population genetics parameters was validated with the tests 

datasets of the best-fitting evolutionary scenario (fullMIG). These estimations 

presented a performance with overall small estimation errors that fell within the 50% 

HPDI with respect to the true value (Table S2.10; supplementary material), although for 

some parameters related with very ancestral populations (i.e., ancestral Palaeolithic 

population size) the precision was low, as expected and also found in other studies 

(Wegmann and Excoffier 2010; Alves et al. 2016) The estimated population genetics 

parameters for the real data are shown in Table 2.1 and in Figure S2.7 (Supplementary 

Material). Again, some parameters (especially those related with Palaeolithic 

populations and ancestral population sizes) presented wide posterior distributions, 

which is expected due to loss of very ancestral genetic signatures (Fagundes et al. 

2007; Wegmann and Excoffier 2010; Alves et al. 2016) However we preferred to 

account for this variation instead of fixing parameters’ values since previous studies 
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disagree on specific parameters values (i.e., Benguigui and Arenas 2014). Regarding 

the Palaeolithic population, our estimated date for the onset of the expansion of 

Anatomically Modern Humans (AMH) in Africa is similar (≈100 kya) to that obtained by 

Alves et al. (2016), Voight et al. (2005) and Fagundes et al. (2007), and like in those 

studies we also obtained a wide posterior distribution. The estimated ancestral size 

(≈15,000) was slightly larger but still in agreement with previous analyses based on 

other genetic markers and also with wide posterior distributions (Fagundes et al. 2007; 

Alves et al. 2016). The estimation of the onset of the out-of-Africa expansion (≈70 kya 

but with a wide posterior distribution) is very similar to that obtained by Alves et al. 

(2016) and within the intervals obtained by Fagundes et al. (2007). The carrying 

capacity estimated for the Palaeolithic population (≈1,500) was slightly larger than in 

Figure 2.3. Fitting of the four alternative evolutionary scenarios of migration through the Gibraltar Strait (fullMIG, 

noMIG, nsMIG and snMIG) to the real data. Posterior probabilities of evolutionary scenarios were estimated with 

four different ABC methods (the rejection method by Pritchard and the rejection, multinomial logistic regression 

and neural network methods implemented in the abc package (Csilléry et al. 2012)). 
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other studies (Hamilton et al. 2007; Deshpande et al. 2009) but falls within the 

estimations by Alves et al. (2016). The population growth rate per generation (≈0.70) 

fell within the range estimated in other studies for hunter-gatherer populations 

(between 0.2 and 0.9) (Alves et al. 2016). The migration rate for Palaeolithic 

populations (≈0.23) also fell within the range estimated by Alves et al. (2016). The 

estimated interbreeding rate was ≈0.011, which corresponds to approximately 71% of 

admixture between Palaeolithic and Neolithic populations (obtained with a polynomial 

regression based on Arenas et al. (2013)) and falls within the range described in other 

studies (Bramanti et al. 2009; Lazaridis et al. 2014; Haak et al. 2015; Lazaridis et al. 

2016). 

Regarding the Neolithic population, the estimated time for the onset of the Neolithic 

expansion (around 10 kya) was in agreement with previous findings (Goring-Morris and 

Belfer-Cohen 2011). As expected, the estimated Neolithic ancestral size (around 

23,000) and carrying capacity (≈6,200) were higher than for the Palaeolithic population 

(Table 2.1). However, the population growth rate and migration rate for Neolithic and 

Palaeolithic populations were similar. We did not find significant differences (at the 

95% HPDI) between the migration rate from the Iberian Peninsula to the North of Africa 

and the migration rate in the opposite direction. Indeed and as expected, the migration 

rate through the Strait (≈0.15) was much lower than the migration rate in other regions, 

which is indicative of the barrier to gene flow generated by the Strait. Importantly, the 

Neolithic migration rate through Europe and through the North of Africa presented 

similar levels (≈0.23). Indeed, the Neolithic carrying capacity for European and North 

African populations also exhibited similar levels (Table 2.1). 

 

2.4. Discussion 

The change from the hunter-gatherer lifestyle to the more sedentary farmers of the 

Neolithic was a major transition in human history (Bocquet-Appel 2011). The Near 

Eastern Neolithic revolution expanded to several regions, including Europe and North 

of Africa. However, little is known about the Neolithic expansion in North of Africa and 

its comparison with the expansion in Europe. Here, we evaluate the Neolithic 

progression in Europe, a region where the expansion from Anatolia was fast and 

agriculture was adopted in ≈3,000 years (Bocquet-Appel et al. 2012), and in North 

Africa, a region still poorly studied. To address this aim we analysed the entire X 

chromosome (16,917 SNPs) from 580 male individuals that belong to 20 populations 

from Europe, Africa and Near East.  
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a 
Time is shown in years, assuming a 25 year generation time. 

 

Migration through the Strait of Gibraltar during the Neolithic is abundantly verified by 

archaeological and genetic data (Hervella et al. 2016), even in studies based on 

Process 
Population genetics 

parameter 
Median Mean Mode 95% HPDI 

Time Initial Expansion of 
modern humans (TSTART)

a 100,313 100,182 88,041 81,048–119,050 

Out of Africa (TOOA)
a 

66,313 65,864 75,516 50,899–79,300 

Initial Neolithic Expansion 
(TNEO)

a 10,425 10,279 11,321 8,174–11,900 

Population size 
and 

demographics 

Ancestral size Palaeolithic 
(NANC) 

13,966 13,428 16,687 5,726–19,625 

Ancestral size Neolithic 
(NANCNEO) 

26,917 27,354 21,314 6,272–49,117 

Population growth rate 
Palaeolithic (GPALEO) 

0.671 0.662 0.730 0.414–0.890 

Population growth rate 
Neolithic (GNEO) 

0.671 0.665 0.836 0.416–0.888 

Migration Migration rate Palaeolithic 
(MPALEO) 

0.205 0.191 0.233 0.075–0.248 

Migration rate Neolithic 
in Europe (MNEOEUR) 

0.210 0.199 0.232 0.092–0.248 

Migration rate Neolithic 
in North Africa (MNEONA) 

0.192 0.183 0.231 0.074–0.248 

Migration rate Neolithic in 
Rest of the World 

(MNEOPER) 
0.167 0.163 0.223 0.056–0.247 

Migration rate at Strait of 
Gibraltar - North to South 

route (MnsSG) 
0.149 0.151 0.138 0.056–0.245 

Migration rate at Strait of 
Gibraltar - South to North 

route (MsnSG) 
0.153 0.152 0.122 0.055–0.245 

Carrying 
capacity 

Carrying capacity 
Palaeolithic (KPALEO) 

1,477 1,414 1,845 571–1,970 

Carrying capacity 
Neolithic in Europe 

(KNEOEUR) 
5,173 4,996 6,315 2,285–6,928 

Carrying capacity 
Neolithic in North Africa 

(KNEONA) 
5,034 4,841 6,155 2,280–6,920 

Carrying capacity 
Neolithic in Rest of the 

World (KNEOPER) 
4,681 4,655 6,384 2,224–6,863 

Admixture Interbreeding rate (Irate) 0.015 0.017 0.011 0.004–0.042 

Table 2.1. Population genetics parameters estimated with ABC. For each parameter, we present the median, 

mean and mode of the estimated posterior distribution. Parameters in bold correspond to comparisons between 

European and North African Neolithic populations. In italic we indicate the most accurate measure (median, 

mean or mode) according to Table S10. 95% HPDI indicates the 95% highest posterior probability. 



92 FCUP 
Human Migrations and Population Dynamics in the Western Mediterranean: from the Neolithic 
to the present 

 

 

uniparental markers (Bosch et al. 2001; Gonzalez et al. 2003; González-Pérez et al. 

2003; Cruciani et al. 2004; Ennafaa et al. 2009; Rhouda et al. 2009) and genome-wide 

data (Botigué et al. 2013; Arauna et al. 2017). Although we also detected migration 

through this strait, we found that the Strait of Gibraltar was a barrier to gene flow since 

the estimated migration rate through this strait was lower than the estimated migration 

rates in Europe or in the North of Africa (Table 2.1). Our results support a reciprocal 

gene flow through the Strait of Gibraltar, which suggests European influence on the 

genetic diversity of North African populations (and vice versa), increasing their 

heterogeneity. Concerning North Africa, this is in agreement with the recent study by 

Arauna et al. (2017), which showed that North African populations present, in general, 

high levels of genetic heterogeneity and low geographical structure. Note that North 

Africa has a peculiar geographic landscape that contributed for its complex genetic 

diversity, limited by the Sahara desert and the Mediterranean Sea and connected to 

the Middle East through the Sinai and Arabian Peninsulas. Both the Sahara desert and 

the Mediterranean Sea operated as permeable barriers, not completely blocking the 

contact between North Africa and the rest of the African continent and Europe (Henn et 

al. 2012; Botigué et al. 2013; Arauna et al. 2017). Those migrations, together with the 

particular above described migration through the Strait of Gibraltar, played an 

important role on current genetic diversity of North African populations (Henn et al. 

2012; Arauna et al. 2017). By contrast, Southern Europe might have presented a lower 

number of different migration routes, leading to a higher population structure 

(Hofmanová et al. 2016; Baker et al. 2017). 

 

The parameter estimation showed that Neolithic migration and carrying capacity in 

Europe and North Africa were very similar, even presenting comparable speeds of 

expansion on both regions. This finding fits well with the existence of: i) maritime 

migrations that could potentiate a regular contact between both shores (Fernández et 

al. 2014; Paschou et al. 2014) and ii) favourable climatic conditions in both Southern 

Europe and North Africa that facilitated the adoption of the farmer lifestyle (Dunne et al. 

2012; Manning and Timpson 2014; Olalde et al. 2015). Archaeological data shows that 

the introduction of the Neolithic in the Iberian Peninsula involved a pioneer expansion 

of the first farmers by sea (Zilhão 2001) and that this rapid expansion most likely 

occurred through long-distance dispersal (LDD) events along the coast (Isern et al. 

2017). Furthermore, the archaeological evidence in North Africa and the Iberian 

Peninsula suggests a simultaneous arrival of the Neolithic by seafarers based on 

similar pottery and manufacturer techniques in both regions (Cortés Sánchez et al. 
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2012; Linstadter et al. 2012). Also, these results suggest a regular contact between 

western Mediterranean populations, which could be favoured by their geographical 

proximity (through the Strait of Gibraltar) and are in agreement with our selected 

evolutionary scenario of reciprocal migration between both shores. 

Regarding the speed of the Neolithic range expansion, we performed a set of computer 

simulations based on the estimated posterior distributions (within the 95% HPDI) to 

estimate the dates of Neolithic arrival to the Iberian Peninsula and to perform 

comparisons with other studies (Isern et al. 2017). We found that the timing based on 

empirical data (Cortés Sánchez et al. 2012; Linstadter et al. 2012; Bernabeu Aubán et 

al. 2015; Isern et al. 2017) fell within our estimated time intervals, which indeed may 

provide an additional validation of our models. Next, our models generated a similar 

time of arrival of Agriculture at the Iberian Peninsula and Western North Africa, which is 

in agreement with radiocarbon dates of Neolithic plants found in both regions (Morales 

et al. 2013; Isern et al. 2017). 

The transition from hunter-gatherer to farmer lifestyle is still shrouded in controversy 

with two main hypotheses proposed for the way it took place: cultural or demic 

diffusion. Archaeological and classical genetic analyses of the European Neolithic 

expansion suggested a more influential role of the demic diffusion at the continental 

level (Cavalli-Sforza et al. 1993; Cavalli-Sforza et al. 1995), while the cultural diffusion 

had a secondary role, despite possible regional variations (Fort 2012; Rasteiro and 

Chikhi 2013; Fort et al. 2015). Recent whole-genome data (Lazaridis et al. 2014; 

Lazaridis et al. 2016) reinforces the idea of the Neolithic demic diffusion from the Near 

East and differential admixture with hunter-gatherers in Europe. The spread of the 

Neolithic in Europe was estimated to be around 1.0 km per year (Pinhasi et al. 2005), 

which is in agreement with predictions for the demic diffusion model. Our results 

suggest a similar scenario for the Neolithic expansion in North Africa considering that 

this region presented a similar migration rate to the corresponding one in Europe 

(Table 2.1). However, despite our estimates of a similar general velocity of the 

Neolithic front-wave in Europe and in North Africa, the Neolithic transition of Northern 

African populations could have been more heterogeneous. Archaeological evidence 

denotes a longer period of coexistence of hunter-gatherers and farmers in North Africa 

than in the Iberian Peninsula, which could be attributed to harsher environmental 

conditions for crops and cattle production and could lead to a slower Neolithization 

process by cultural assimilation (Linstadter et al. 2012). Indeed, genetic data shows 

some discontinuity between both shores of the Mediterranean (Botigué et al. 2013) 

despite the regular contact between the two regions, at least since the emergence of 



94 FCUP 
Human Migrations and Population Dynamics in the Western Mediterranean: from the Neolithic 
to the present 

 

 

the Neolithic, as indicated by our results and archaeological studies (Linstadter et al. 

2012; Mulazzani et al. 2016). Our results follow those based on archaeological data (in 

terms of timing), which might suggest that the Neolithic cultural component was more 

important for the contact between both shores than a genetic exchange. 

 

Interestingly, we did not find significant differences between migration rates of 

Palaeolithic and Neolithic populations despite the larger carrying capacities and 

ancestral sizes presented in the Neolithic. These results, which are in agreement with 

previous studies (e.g., Pinhasi et al. 2005), could be caused by a space-competition 

between Mesolithic and Neolithic populations leading to a slowdown of the front wave 

transition of the Neolithic (Fort and Méndez 1999; Isern and Fort 2010; Isern et al. 

2012). 

 

Although the X chromosome is usually ignored in population genetics studies, it 

encloses some useful features (in comparison to genetic markers on the autosomes, Y 

chromosome and mtDNA) that we took advantage while performing this study. The X 

chromosome has a lower recombination rate than the autosomes due to its particular 

inheritance pattern, with recombination in the X chromosome non-pseudoautosomal 

region only occurring in females, resulting in the presence of long chromosomal 

segments that share a common history. Furthermore, haplotypes can be directly 

inferred in male individuals. In contrast to the Y chromosome and mtDNA, genetic drift 

has a lower effect on X chromosome markers while having a larger number of loci with 

potential different histories (Schaffner 2004). Additionally, male haplotypes of a given 

generation are the result of meiotic recombination in females in the previous generation 

and half of the X chromosomes in females in the following generation, meaning that for 

studies involving a large number of generations, problems concerning sex-bias are 

mostly avoided indicating that results would not be substantially different using 

autosomal markers. Indeed, Goldberg and Rosenberg (2015) demonstrated that, under 

a model of constant migration rate with no sex-bias, the admixture fractions for both 

autosomes and X chromosome are very similar when considering a large number of 

generations. Interestingly, a recent study based on three X chromosome regions with 

little or no recombination where European populations were analysed (Delser et al. 

2017), showed evidence of pre-Neolithic expansions at 15-18 kya and diversity in one 

of the studied regions supported the existence of a Neolithic expansion around 10 kya. 

This is in line with our model for a post LGM recolonization of Europe and a Near East 

Neolithic expansion, respectively. In conclusion, our study and other recent studies 
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(Goldberg and Rosenberg 2015; Delser et al. 2017) showed that the X chromosome 

per se can provide a large amount of useful information for population genetics 

analyses aimed to dissect the complex genetic history of modern humans, not merely 

as a complement for other genetic markers. 
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Figure S2.2. Recombination rate throughout the X chromosome. (A) Cumulative plots of the recombination rate (ρ=4Ner) 

estimates for the X chromosome based on 6 independent runs performed with LDhat 2.2 (McVean et al. 2004). To check for 

consistency the recombination rate was estimated for 3 different populations [Northern and Western Europeans currently in 

Utah (CEU), Porto (POR) and Yoruba (YRI)] using a block penalty of 20 (2 independent runs for each population; in red, blue 

and black, respectively). The line break in the plot, between 58,000 kb and 62,000 kb, corresponds to the centromeric region of 

the X chromosome. (B) Histogram of the absolute differences per position of ρ between two independent runs for CEU 

population. (C) Histogram of the absolute differences per position of ρ between two independent runs for POR population. (D) 

Histogram of the absolute differences per position of ρ between two independent runs for YRI population. Note that these ρ 

differences are usually below 1, suggesting a high convergence between the independent runs. 
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Figure S2.3. Fitting of the alternative evolutionary scenarios of migration through the Gibraltar Strait to the real data. (A) Fitting 

of fullMIG and noMIG evolutionary scenarios to the real data. (B) Fitting of nsMIG and snMIG evolutionary scenarios to the real 

data. Posterior probabilities of evolutionary scenarios were estimated with four different ABC methods (the rejection method by 

Pritchard and the rejection, multinomial logistic regression and neural network methods implemented in the abc package 

(Csilléry et al. 2012)). 
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Figure S2.4. Goodness of fit for the four evolutionary scenarios with real data. Although the goodness of fit is usually applied to 

only the best fitting scenario before turning to parameter inference and in order to check that the preferred scenario provides a 

good fitting to the real data (Csilléry et al. 2012), here we analysed all the investigated scenarios to provide an additional 

evaluation of the fitting with the real data, but it is expected that less fitting scenarios can generate poorer goodness of fit. A: 

Evaluation based on the first two components of a principal component analysis where all the selected SS for the ABC analysis 

are considered under a p-value of 5x10-4. The cross represents the real data. B: Evaluation based on histograms of simulated 

A 

fullMIG noMIG 

nsMIG snMIG 
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SS. The blue vertical line indicates the real SS. The preferred model (fullMIG) falls within the 90% of the distribution. These 

analyses followed the settings and recommendations indicated in the documentation of the package abc (Csilléry et al. 2012). 
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Figure S2.5. Fitting of the alternative evolutionary scenarios of migration through the Gibraltar Strait, fullMIG and nsMIG, to the 

real data. Posterior probabilities of evolutionary scenarios were estimated with four different ABC methods (the rejection method 

by Pritchard and the rejection, multinomial logistic regression and neural network methods implemented in the abc package 

(Csilléry et al. 2012)). 
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Figure S2.6. Fitting of the alternative evolutionary scenarios of migration through the Gibraltar Strait, fullMIG and snMIG, to the 

real data. Posterior probabilities of evolutionary scenarios were estimated with four different ABC methods (the rejection method 

by Pritchard and the rejection, multinomial logistic regression and neural network methods implemented in the abc package 

(Csilléry et al. 2012)). 



FCUP 
Human Migrations and Population Dynamics in the western Mediterranean: from the Neolithic 

to the present 

111 

 

 

 

 

 

 

 

 

 



112 FCUP 
Human Migrations and Population Dynamics in the Western Mediterranean: from the Neolithic 
to the present 

 

 

Table S2.1 Details of the real dataset analysed in the present study. 

 

 
Population 

Total number 
of samples 

Sample size Reference 

Europe    

Finland 79 31 
1000 Genomes Project 
Consortium et al. 2012 

Great-Britain 76 36 
1000 Genomes Project 
Consortium et al. 2012 

Northern and Western 
Europeans from Utah 

87 46 
1000 Genomes Project 
Consortium et al. 2012 

Tuscany, Italy 96 50 
1000 Genomes Project 
Consortium et al. 2012 

Basque Country, 
Spain 

25 23 
Henn et al. 2012 and 

1000 Genomes Project 
Consortium et al. 2012 

East Spain 14 6 
1000 Genomes Project 
Consortium et al. 2012 

Central Spain 15 9 
1000 Genomes Project 
Consortium et al. 2012 

Galicia, Spain 22 19 
Botigué et al. 2013 and 
1000 Genomes Project 
Consortium et al. 2012 

Porto, Portugal 124 124 Lopes et al. 2013 

Lisbon, Portugal 45 45 Lopes et al. 2013 

Andalusia, Spain 20 18 
Botigué et al. 2013 and 
1000 Genomes Project 
Consortium et al. 2012 

North Africa    

Western Sahara 18 18 Henn et al. 2012 

Morocco South 16 8 Henn et al. 2012 

Morocco North 18 18 Henn et al. 2012 

Algeria 19 9 Henn et al. 2012 

Tunisia 18 18 Henn et al. 2012 

Libya 17 16 Henn et al. 2012 

Egypt 18 18 Henn et al. 2012 

Sub-Saharan Africa    

Yoruba, Nigeria 100 52 
1000 Genomes Project 
Consortium et al. 2012 

Near East    

Syria 19 16 Arauna et al. 2017 
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Table S2.2. Prior distributions for the population genetics parameters included in all the studied evolutionary scenarios. 

 

 

  

Parameter Distribution 
Presence/Absence in the 

scenarios 

Initial Expansion of modern 
humans (TSTART) 

Uniform 

(80,000120,000) 
All scenarios 

Out of Africa (TOOA) Uniform (50,00080,000) All scenarios 

Initial Neolithic Expansion 
(TNEO) 

Uniform (8,00012,000) All scenarios 

Ancestral size Palaeolithic 
(NANC) 

Uniform (5,00020,000) All scenarios 

Ancestral size Neolithic 
(NANCNEO) 

Uniform (5,00050,000) All scenarios 

Population growth rate 
Palaeolithic (GPALEO) 

Uniform (0.30.9) All scenarios 

Population growth rate 
Neolithic (GNEO) 

Uniform (0.30.9) All scenarios 

Migration rate Palaeolithic 
(MPALEO) 

Uniform (0.050.25) All scenarios 

Migration rate Neolithic in 
Europe (MNEOEUR) 

Uniform (0.050.25) All scenarios 

Migration rate Neolithic in 
North Africa (MNEONA) 

Uniform (0.050.25) All scenarios 

Migration rate Neolithic in Rest 
of the World (MNEOPER) 

Uniform (0.050.25) All scenarios 

Migration rate at Strait of 
Gibraltar - North to South route 

(MnsSG) 
Uniform (0.050.25) All scenarios, except snMIG 

Migration rate at Strait of 
Gibraltar - South to North route 

(MsnSG) 
Uniform (0.050.25) All scenarios, except nsMIG 

Carrying capacity Palaeolithic 
(KPALEO) 

Uniform (5002,000) All scenarios 

Carrying capacity Neolithic in 
Europe (KNEOEUR) 

Uniform (2,0007,000) All scenarios 

Carrying capacity Neolithic in 
North Africa (KNEONA) 

Uniform (2,0007,000) All scenarios 

Carrying capacity Neolithic in 
Rest of the World (KNEOPER) 

Uniform (2,0007,000) All scenarios 

Interbreeding rate (Irate) Uniform (0.000.05) All scenarios 
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Table S2.3. Considered blocks of linked loci in the X chromosome. The SNP data of the X chromosome was divided in 14 

independent blocks based on recombination rates estimated with LDhat 2.2 (Auton and McVean 2007) and published results on 

STR recombination rates (Tillmar et al. 2008). A new block was considered for each region delimited by a recombination 

hotspot. A total of 4 blocks were based on Tillmar et al. 2008, which unravel these regions in the X chromosome with very little 

or without recombination. 

 

Block number Begin (kb) End (kb) Definition 

1 2,714 9,198 
SNP recombination 

rate 

2 9,198 9,335 Tillmar et al. 2008 

3 9,335 22,243 
SNP recombination 

rate 

4 22,243 32,009 
SNP recombination 

rate 

5 32,009 58,317 
SNP recombination 

rate 

6 62,058 64,579 
SNP recombination 

rate 

7 64,579 66,918 Tillmar et al. 2008 

8 66,918 86,301 
SNP recombination 

rate 

9 86,301 108,922 
SNP recombination 

rate 

10 108,922 133,258 
SNP recombination 

rate 

11 133,258 133,499 Tillmar et al. 2008 

12 133,499 149,313 
SNP recombination 

rate 

13 149,313 149,472 Tillmar et al. 2008 

14 149,472 154,925 
SNP recombination 

rate 
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Table S2.4. Chosen Summary Statistics (SS) for the ABC analyses and their values in the real dataset. The dataset of 20 

populations was divided in 8 geographic groups  (Figure 2.1) to reduce the number of SS estimated with Arlequin ver3.5 

(Excoffier and Lischer 2010). Note that for any ABC analysis, the chosen SS are the same for simulated and real data 

(Beaumont et al. 2002). This set of SS was selected to provide the highest amount of information to perform selection between 

alternative evolutionary scenarios and parameters estimation. Their selection was based on their fitting with test datasets.  

 

Summary 

Statistic 
Description Value in the 

real dataset 

FST_BASEUR Average number of pairwise differences between 

population from Basque Country and European 

populations 

0.01169 

FST_IBEEUR Average number of pairwise differences between 

populations from Iberia Peninsula and European 

populations 

0.00497 

FST_IBEBAS Average number of pairwise differences between 

populations from Iberia Peninsula and Basque 

Country population 

0.01030 

FST_WNAEUR Average number of pairwise differences between 

populations from Western North Africa and 

European population 

0.04298 

FST_WNABAS Average number of pairwise differences between 

populations from Western North Africa and Basque 

Country population 

0.04238 

FST_WNAIBE Average number of pairwise differences between 

populations from Western North Africa and Iberia 

Peninsula populations 

0.03817 

FST_CNAEUR Average number of pairwise differences between 

populations from Central North Africa and 

European populations 

0.02016 

FST_CNABAS Average number of pairwise differences between 

populations from Central North Africa and Basque 

Country population 

0.02460 

FST_CNAIBE Average number of pairwise differences between 

populations from Central North Africa and Iberia 

Peninsula populations 

0.01682 
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FST_CNAWNA Average number of pairwise differences between 

populations from Central North Africa and Western 

North Africa populations 

0.01445 

FST_ENAEUR Average number of pairwise differences between 

populations from East North Africa and European 

populations 

0.01804 

FST_ENABAS Average number of pairwise differences between 

populations from East North Africa and Basque 

Country population 

0.02503 

FST_ENAIBE Average number of pairwise differences between 

populations from East North Africa and Iberia 

Peninsula populations 

0.01678 

FST_ENAWNA Average number of pairwise differences between 

populations from East North Africa and Western 

North Africa populations 

0.00823 

FST_ENACNA Average number of pairwise differences between 

populations from East North Africa and Central 

North Africa populations 

0.00463 

FST_SYREUR Average number of pairwise differences between 

population from Syria and European populations 

0.01384 

FST_SYRBAS Average number of pairwise differences between 

population from Syria and Basque Country 

population 

0.02327 

FST_SYRIBE Average number of pairwise differences between 

population from Syria and Iberia Peninsula 

populations 

0.01523 

FST_SYRWNA Average number of pairwise differences between 

population from Syria and Western North Africa 

populations 

0.02537 

FST_SYRCNA Average number of pairwise differences between 

population from Syria and Central North Africa 

populations 

0.01253 

FST_SYRENA Average number of pairwise differences between 

population from Syria and East North Africa 

0.00521 
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populations 

FST_YRIEUR Average number of pairwise differences between 

population from Yoruba and European populations 

0.13169 

FST_YRIBAS Average number of pairwise differences between 

population from Yoruba and Basque Country 

populations 

0.13369 

FST_YRIIBE Average number of pairwise differences between 

population from Yoruba and Iberia Peninsula 

populations 

0.13059 

FST_YRIWNA Average number of pairwise differences between 

population from Yoruba and Western North Africa 

populations 

0.08242 

FST_YRICNA Average number of pairwise differences between 

population from Yoruba and Central North Africa 

populations 

0.10672 

FST_YRIENA Average number of pairwise differences between 

population from Yoruba and East North Africa 

populations 

0.09754 

FST_YRISYR Average number of pairwise differences between 

population from Yoruba and Syrian population 

0.11840 

FST_ANDBAS Average number of pairwise differences between 

Andalusian population and Basque Country 

population 

0.00744 

FST_SAHAND Average number of pairwise differences between 

Western Saharan population and Andalusian 

population 

0.03002 

FST_MORNGAL Average number of pairwise differences between 

North Moroccan population and Galician population 

0.01188 

FST_MORNAND Average number of pairwise differences between 

North Moroccan population and Andalusian 

population 

0.00973 

FST_ALGMORN Average number of pairwise differences between 

Algerian population and North Moroccan 

population 

0.00906 
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FST_TUNLIS Average number of pairwise differences between 

Tunisian population and Lisbon population 

0.03857 

FST_YRILIS Average number of pairwise differences between 

Yoruba population and Lisbon population 

0.12640 
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Table S10. Distribution of distance between true and estimated parameter values. The table shows boxplots with the 

distance between the true and estimated (median, mean and mode) parameter value. This was done with the 100 

test datasets (fullMIG) and for all the studied parameters (TSTART, TOOA, TNEO, NANC, NANCNEO, GPALEO, GNEO, MPALEO, 

MNEOEUR, MNEONA, MNEOPER, MnsSG, MsnSG, KPALEO, KNEOEUR, KNEONA, KNEOPER, Irate). As a reference, the dashed line 

indicates that the simulated (true) and estimated values are equal (error = 0). 

 

  

Parameter Error Estimation 
 Median Mean Mode 

Initial 
Expansion of 

modern 
humans 
(TSTART) 

 

Out of Africa 
(TOOA) 

 

Initial 
Neolithic 

Expansion 
(TNEO) 
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Table S10 cont. 
 

Parameter Error Estimation 
 Median Mean Mode 

Ancestral 
size 

Palaeolithic 
(NANC) 

 

Ancestral 
size Neolithic 

(NANCNEO) 

 

Population 
growth rate 
Palaeolithic 

(GPALEO) 

 

Population 
growth rate 

Neolithic 
(GNEO) 
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Table S10 cont. 
 

Parameter Error Estimation 
 Median Mean Mode 

Migration rate 
at Strait of 
Gibraltar - 

North to South 
route (MnsSG) 

 

Migration rate 
at Strait of 
Gibraltar - 

South to North 
route (MsnSG) 

 

Carrying 
capacity 

Palaeolithic 
(KPALEO) 

 

Carrying 
capacity 

Neolithic in 
Europe 

(KNEOEUR) 
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Table S10 cont. 
 

Parameter Error Estimation 
 Median Mean Mode 

Migration rate 
Palaeolithic 

(MPALEO) 

 

Migration rate 
Neolithic in 

Europe 
(MNEOEUR) 

 

Migration rate 
Neolithic in 
North Africa 

(MNEONA) 

 

Migration rate 
Neolithic in 
Rest of the 

World 
(MNEOPER) 
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Table S10 cont. 
 

 
 
 
 
 
  

Parameter Error Estimation 
 Median Mean Mode 

Carrying 
capacity 

Neolithic in 
North Africa 

(KNEONA) 

 

Carrying 
capacity 

Neolithic in 
Rest of the 

World 
(KNEOPER) 

 

Interbreeding 
rate (Irate) 
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3.1. Introduction 

The advent of high-throughput genotyping technologies led to a revolution in our 

understanding of human history and population structure (The 1000 Genomes 

Project Consortium 2012; Fu et al. 2013). Results on genome-wide autosomal 

studies showed that among European populations, genetic differentiation was, in 

general, highly correlated with geography (Lao et al. 2008; Novembre et al. 2008). 

However, genetic differentiation has also been associated with political-cultural 

boundaries and geographic barriers that limit the gene flow between populations and 

promote genetic structuration (Barbujani and Sokal 1990; Adams et al. 2008; Lao et 

al. 2008). 

In recent years, the development of innovative methodologies that integrate 

geographic information with genetic data has given rise to robust analyses of the 

variation of the population structure across a landscape (Arenas et al. 2013; Hanks 

and Hooten 2013; Duforet-Frebourg and Blum 2014; Bradburd et al. 2016; Petkova 

et al. 2016). Essentially, these methods allow to study patterns of spatially explicit 

genetic differentiation by modulating genetic distances between samples or 

populations as a function of the geographic distance (Bradburd et al. 2016; Petkova 

et al. 2016). Previous studies showed that, at a global scale, several major 

geographic features often lead to strong genetic differentiation (Peter et al. 

unpublished data), while at a regional/local scale, besides geographic characteristics, 

cultural barriers often additionally play a role modulating the genetic structure of 

populations (Messina et al. 2016; Uren et al. 2016; Jeong et al. 2017; Peter et al. 

unpublished data). 

 

The Iberian Peninsula nowadays comprises two major countries, Portugal and Spain, 

and it is separated from the rest of Europe by a range of mountains (the Pyrenees) 

and from Africa by a small stretch of water (the Strait of Gibraltar). The history of the 

Iberian Peninsula is characterized by multiple migrations and settlements of different 

population groups. The region was a refuge for populations fleeing from glaciers 

advance during the Last Glacial Maximum (LGM) (Torroni et al. 2001; Achilli et al. 

2004) and was probably a reservoir for the repopulation of Europe after the end of 

the LGM (Pereira et al. 2005). Only in the last two millennia, Iberia was occupied by 

Phoenicians, Greeks, Romans, German tribes and, more recently, most of the 

Peninsula was under Islamic administration, which lasted from the beginning of the 

8th till the end of the 15th century when Catholic kingdoms concluded the control of 

the territory in what has been called the Reconquista (Carr 2000; Prag and Quinn 
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2011). Modern Iberian populations reflect this complex admixture of cultures and 

genetic backgrounds (Adams et al. 2008; Botigue et al. 2013), being one of the 

regions with the highest genetic diversity in Europe (Wang et al. 2012). On the other 

hand, results based on autosomal markers showed a general homogeneity of Iberian 

populations (Gayán et al. 2010) despite some local differentiation observed for 

mitochondrial DNA and Y-Chromosome (Brion et al. 2004; López-Oarra et al. 2009; 

Alvarez et al. 2010; Pardiñas et al. 2012). 

Here we extended those works investigating the genetic structure, genetic gradients 

and migratory dynamics of humans in the Iberian Peninsula at a fine-scale level. We 

applied spatially explicit models to analyse a comprehensive genome-wide SNP 

dataset of 1,204 individuals belonging to 26 different populations of the area. 

 

3.2. Materials and Methods 

3.2.1. Data and Genotyping 

We compiled genome-wide SNP data of individuals belonging to 26 populations from 

publicly available data to generate two datasets: A global dataset, to provide an 

exploratory analysis on patterns of genetic variation and ancestral components in the 

Iberian Peninsula at the continental level, that included all the compiled populations 

(Table 3.1): 17 Iberian populations (2 Portuguese populations retrieved from Lopes 

et al. (2013) and 15 Spanish populations retrieved from Botigue et al. (2013), Henn 

et al. (2012) and Fernandez-Rozadilla et al. (2013)), 4 European populations (French 

Basques from the Human Genome Diversity Panel (Li et al. 2008), northern 

Europeans (CEU), Tuscans (TSI) and Finns (FIN) obtained from the 1000 Genomes 

Project (The 1000 Genomes Project Consortium 2012)). Out of Europe it included 4 

north African populations (Algeria, Morocco North, Morocco South and Tunisia) 

retrieved from Henn et al. (2012) and 1 Sub-Saharan (Yoruba) from the 1000 

Genomes Project (The 1000 Genomes Project Consortium 2012). The second 

dataset (hereafter, Iberian dataset), to provide a fine-scale analysis of the genetic 

structure and heterogeneity in the Iberian Peninsula, was composed of the 17 Iberian 

populations previously indicated (Figure 3.1). 

Next, a quality control filter was applied using PLINK 1.9 (Purcell et al. 2007). We 

excluded SNPs with missing genotype rate >10%, that failed Hardy-Weinberg 

equilibrium under a threshold of 0.05 and SNPs with a minor allele frequency lower 

than 0.05. In addition, we excluded individuals with a missing rate >10% and that 

shared an identity-by-state >85%. After the quality control filter, the global dataset 
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and Iberian dataset presented a total of 1,204 and 746 individuals, respectively 

(Table 3.1). 

 

Table 3.1. Location, sample size and reference of the dataset analysed in the present study. 

Population Sample size Reference 

Iberia Peninsula   

Basque Country, 
Spain 

57 Henn et al. 2012; Fernandez-Rozadilla et al. 2013 

La Rioja 10 Fernandez-Rozadilla et al. 2013 

Navarra 12 Fernandez-Rozadilla et al. 2013 

Catalonia 93 Fernandez-Rozadilla et al. 2013 

Aragon 24 Fernandez-Rozadilla et al. 2013 

Valencian Community 16 Fernandez-Rozadilla et al. 2013 

Murcia 13 Fernandez-Rozadilla et al. 2013 

Andalusia 68 
Botigue et al. 2013; Fernandez-Rozadilla et al. 

2013 

Extremadura 14 Fernandez-Rozadilla et al. 2013 

Castilla - La Mancha 34 Fernandez-Rozadilla et al. 2013 

Madrid 2 Fernandez-Rozadilla et al. 2013 

Castilla y Leon 36 Fernandez-Rozadilla et al. 2013 

Cantabria 10 Fernandez-Rozadilla et al. 2013 

Asturias 11 Fernandez-Rozadilla et al. 2013 

Galicia 177 
Botigue et al. 2013; Fernandez-Rozadilla et al. 

2013 

Porto 124 Lopes et al. 2013 

Lisbon 45 Lopes et al. 2013 

Europe   

Finland 79 1000 Genomes Project Consortium et al. 2012 

Northern and Western 
Europeans from Utah 

87 1000 Genomes Project Consortium et al. 2012 

Tuscany, Italy 96 1000 Genomes Project Consortium et al. 2012 

Basque Country, 
France 

24 Li et al. 2008 

North Africa   

Morocco South 16 Henn et al. 2012 

Morocco North 18 Henn et al. 2012 

Algeria 19 Henn et al. 2012 

Tunisia 18 Henn et al. 2012 

Sub-Saharan Africa   

Yoruba, Nigeria 101 1000 Genomes Project Consortium et al. 2012 
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3.2.2. Analysis of population structure of the Iberian Peninsula 

In order to explore the presence of population stratification in the global and in the 

Iberian datasets, we performed a Principal Component Analysis (PCA) with the 

smartPCA algorithm implemented in the EIGENSOFT 5.0.1 package (Patterson et al. 

2006). Additionally, we applied ADMIXTURE v1.3.0 (Alexander et al. 2009) under 

unsupervised mode. Results were presented in plots using Distruct1.1 (Rosenberg 

2004). In order to mitigate the effect of SNPs in high linkage disequilibrium (LD), we 

applied an additional filter to remove SNPs with excess of LD, using PLINK (Purcell 

et al. 2007). We utilized a sliding window of 50 SNPs, a shift step of 5 and a LD 

threshold of 0.1, hence keeping only the most informative SNPs. Finally, a total of 

34,748 and 50,103 SNPs for the global and the Iberian datasets, respectively, were 

considered.  

 

3.2.3. Analysis of spatial structure in the Iberian Peninsula 

For the spatially explicit investigation, we applied the same pruning step (equal 

window size and shift step) to the Iberian dataset, but relaxing the LD threshold to 

0.5 to reduce the amount of redundant data while maximizing the number of SNPs 

available for the analysis. We kept a total of 174,001 and 4,792 SNPs for autosomes 

and X chromosome, respectively, for posterior analysis. 

In order to investigate patterns of isolation by distance in the Iberian Peninsula we 

applied the Bayesian framework SpaceMix (Bradburd et al. 2016) to the Iberian 

dataset for the autosomes. This analysis provides genetic relationships between 

populations as a “geogenetic map” in which geographical distances between 

populations are proportional to genetic distances. Following the software 

documentation, we ran 10 independent short chains of 106 iterations each, followed 

by a long chain of 107 iterations based on the estimates of the last iteration of the 

short chains with the best posterior probability. A sample was taken every 104 

iterations, keeping a total of 1,000 draws to estimate the posterior distribution of each 

parameter. Initial population locations were randomly taken from a uniform 

distribution of -180 to 180 and -90 to 90 for longitude and latitude, respectively.  

In order to further identify patterns of spatial structure and genetic heterogeneity 

within the Iberian Peninsula, we applied the software EEMS (Petkova et al. 2016) to 

the Iberian dataset, for both autosomes and X chromosome. We estimated migration 

rate surfaces to visualize corridors and barriers to gene flow. Basically, EEMS 

considers the stepping-stone migration model to infer migration rates through a 
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Bayesian inference (Petkova et al. 2016). The method applies a dense triangular grid 

that fills the entire landscape and assigns each individual to the geographic 

neighbour deme of each population to finally provide a map quantifying genetic 

dissimilarities (migration rate). We also estimated a matrix of genetic dissimilarities 

between all 746 individuals with the bed2cliffs method implemented in the EEMS 

package. For all the analyses we specified a total of 1,000 demes and we performed 

5 independent runs with 1.1x107 iterations, a thinning interval of 1,000 iterations and 

107 iterations for burn-in (ensuring converged iterations among different runs). 

Indeed, also following the software documentation, we adjusted migration and 

diversity parameters to specify acceptance rates around 20-30%.  

 

3.3. Results 

We first present the results for the population stratification and global ancestry 

inference for the global dataset and the Iberian dataset. Then, we present the 

patterns of genetic differentiation and spatial genetic gradients in the Iberian 

Peninsula along with the fine-scale spatially explicit analysis. 

 

3.3.1. High genetic similarity and mainly European ancestry in the Iberian 

Peninsula 

PCA results derived from the global dataset showed a clear genetic separation 

between Europeans, North Africans and Sub-Saharan African populations for the first 

PC (PC1), while PC2 distinguished between northern, central and southern 

Europeans (Figure S3.1A). In both PCs, Iberian populations cluster together. 

Interestingly, PC3 shows a cluster composed mainly by Iberian Basques and French 

Basques, both disconnected from the rest of the Iberian Peninsula (Figure S3.1A). 

On the other hand, PCA results derived from the Iberian dataset presented some 

genetic differentiation within the Iberian Peninsula (Figure 3.1). PC1 separated 

Portugal and Galicia samples from other Iberians, whereas PC2 separated most 

Spanish samples from Portuguese and some Basque samples (Figure 3.1). PC3, 

PC4, and PC5 showed the inner diversity of Iberian populations while highlighting the 

global homogeneity (Fig S3.1B). 

Unsupervised clustering analysis on the global dataset showed that most ancestry in 

Iberians was caused by European contributions, followed by contributions from Africa 

(Figure S3.2A). When considering K=4, (the model with the lowest cross-validation 

error) (Figure S3.2B), most Iberian individuals present three main ancestral 

components. Two components could be associated with European ancestry, while 
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the third one correlated with North 

African ancestry. It is noteworthy 

that for Basque individuals the North 

African ancestral component present 

in the rest of Iberian samples is 

shown at a vestigial level (Figure 

S3.2A).  

 

3.3.1. Subtle genetic structure in 

the Iberian Peninsula based on 

the spatially explicit analysis 

We modulated the geographic 

structure of the Iberian Peninsula 

with the Bayesian framework 

included in SpaceMix (see 

Methods). The results presented a 

geogenetic map with 5 population 

groups based on the 95% 

confidence surfaces (Figure 3.2). 

The largest genetic divergence 

observed was between Portuguese 

and Basque Country populations. 

Results highlighted some genetic 

isolation of Galician populations with respect to all the other populations of the 

Iberian Peninsula, as well as a genetic differentiation between populations of the 

Basque region (Basque Country, La Rioja and Navarra). The rest of Spanish regions 

(Northern, Central and Mediterranean populations) presented genetically close 

proximity, suggesting high genetic similarity. The stability of the posterior probability 

trace and the correlation between inferred and observed genetic covariance 

indicated that the applied model could accurately describe the observed data (Figure 

S3.3ABC). 

 

Concerning patterns of genetic differentiation within the Iberian Peninsula (obtained 

with EEMS), results for autosomes presented a dual structure in the Iberian 

Peninsula, with several areas of high genetic differentiation splitting the northern 

regions and a much more homogeneous southern Iberia (Figure 3.3). Galicia   

Figure 3.1. Geographic location of the 17 Iberian 

populations of the studied dataset and population structure 

in the Iberian Peninsula. First two principal components of 

the Iberian dataset. Iberian samples and French Basques 

are colour-coded whereas the rest of samples are shown in 

grey. 
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(northwesternmost region of Iberia) presented some isolation from the rest of the 

Peninsula through barriers with Asturias (northeast) and, in a lower extent, with the 

north of Portugal (south) (Figure S3.4). Indeed, populations from the Basque region 

appeared almost genetically isolated from the rest of the Peninsula. Another detected 

strong barrier is placed between north and northeast regions (between Aragon and 

Catalonia) (Figure S3.4). Concerning the opposite pattern (high genetic similarity), 

we detected two regions with a high effective migration rate. One of them is a 

corridor along the entire Mediterranean coast, from the northeast to the south of the 

Iberian Peninsula. The other region presenting high effective migration involves the 

central and north coast of Portugal. Finally, another corridor enclosed several 

Spanish populations that connected northern regions (Asturias and Cantabria) with 

central regions of the Iberian Peninsula (Castilla y Leon, Madrid, Castilla la Mancha) 

(Figure 3.3). The correlation between estimated and observed genetic dissimilarities 

between and within demes (R2 coefficients of 0.80 and 0.95, respectively) indicated 

the ability of the EEMS model to describe the observed data (Figure S3.5AB). 

Indeed, the correlation between geographic distance and genetic distance revealed 

Figure 3.2. Inferred geogenetic locations of the Iberian populations. The figure shows the 95% 

confidence surfaces. Some names are abbreviated as Castilla (Castilla y Leon), Mancha (Castilla 

la Mancha) and ComValen (Valencian Community). Inferences performed with the framework 

SpaceMix. 
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that a model of isolation by distance cannot explain the population structure found in 

the Iberian Peninsula (Figure S3.5C). 

 

In order to detect putative sex biased population structure within the Iberian 

Peninsula, we compared EEMS results for autosomes with EEMS results from the X 

chromosome. EEMS results for the X chromosome revealed some different features 

concerning the genetic structure in comparison with autosomes (Figure S3.6). 

Northern Iberia populations showed a stronger genetic structure (lower migration 

rates) than central and southern Spanish populations (higher migration rates). In 

agreement with the data found for autosomes, the area with the highest genetic 

differentiation was the Basque region (Figure S3.7). Basque Country and 

neighbouring populations were surrounded by a strong barrier to gene flow, while a 

large region with high effective migration rate cluster populations from Eastern and 

Central regions of Iberia (Figure S3.6). Another region with high effective migration 

Figure 3.3. Effective Migration Map estimated for autosomes for the Iberian dataset. Plots were 

estimated with EEMS under a log10 scale and after mean centering. Blue regions indicate areas 

with effective migration rate higher than average, while brown colours indicate a lower effective 

migration between demes. 
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rate was identified connecting the southern regions Andalusia and Extremadura 

(Figure S3.6). As for autosomes, Portuguese populations are clustered together and 

are isolated from Spanish populations (Figure S3.6). Diagnostic plots for model fitting 

(Figure S3.8AB) showed that EEMS results present an excellent fitting with the data 

for within demes dissimilarities (R2 = 1.00) but weak when considering between 

demes dissimilarities (R2 = 0.373). Similarly to the autosomes, a significant deviation 

from an isolation by distance model (R2 coefficient of 0.01) was found when the 

observed pairwise genetic distances between populations are related with 

geographic distances (Figure S3.8C). 

 

3.4. Discussion 

The presence of a genetic structure in the Iberian Peninsula has been described 

based on Y chromosome and mtDNA at a regional level (Adams et al. 2008; Alvarez 

et al. 2010; Pardiñas et al. 2012; Hernández et al. 2017). Here we extended those 

studies by considering a more comprehensive dataset based on genome-wide 

genetic information, thus analysing both autosomes and, for the first time, X 

chromosome. We found that the characterization of the genetic landscape of the 

Iberian Peninsula, using spatially explicit approaches, showed subtle structure 

features. Indeed, areas of strong genetic differentiation are observed in northern 

regions of Iberia (Figures 3.3 and S3.4), while corridors of genetic similarity mainly 

appear along a latitudinal orientation (Figure 3.3). This north-south genetic 

correlation between populations has been associated with the Reconquista, the long 

period, between 711 CE and 1492 CE, in which the Catholic kingdoms took entire 

control of the Peninsula after the Muslim invasion (Bycroft et al. unpublished data). In 

line with our results for autosomes and for the X chromosome (Figures 3.3 and 

S3.6), a fine-scale analysis in Spanish samples showed patterns of strong population 

structure in northern Iberia, which was associated to cultural and linguistic 

differences between the different Catholic kingdoms existing in the critical historical 

period of the Reconquista, in opposition with its southern counterpart that was much 

more homogeneous (Bycroft et al. unpublished data). However, this gene flow 

associated with the Reconquista cannot entirely explain the structure that here we 

found for the southern Iberia, due to the lack of agreement between the regions 

conquered by the different Catholic kingdoms (Baldinger 1963) and the barriers and 

corridors to gene flow found in our spatial explicit analysis. We suggest that 

population movements posterior to the Reconquista across several Iberian regions 

might have played a major role modulating current genetic structure, with a special 
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flow following the Mediterranean coast. In addition, we suggest sex-biased 

migrations because of the absence of genetic differentiation between the regions of 

Catalonia and Aragon and the lack of structure in Central and Southern regions of 

Spain when separately analysing the X chromosome. 

Populations from the Basque region showed a genetic distinctness from the other 

Iberian populations for both autosomes (Figures 3.1, 3.2 and S3.4) and X 

chromosome (Figure S3.6). This genetic differentiation could be caused by cultural 

aspects since Basques are characterized by their unique non-Indo-European 

language and limited gene flow from external Iberian populations such as north 

Africans, as shown in our analyses and also previously reported (Martínez-Cruz et al. 

2012). Additionally, the genetic similarity found between Spanish and French 

Basques using both PCA (Figure S3.1A) and ancestry profiles (Figure S3.2A) could 

be explained by the sharing of cultural traditions between these regions. 

The northwest region of the Peninsula (Galicia) presented a genetic differentiation 

higher than the average of other Spanish populations (Figures 3.2 and 3.3). As for 

Basque populations, cultural and linguistic differences could be accounted for this 

important genetic divergence (Mackenzie 2000). Moreover, a study on marital 

behaviour showed a high proportion of inbreeding that could lead to genetic 

differentiation (Varela et al. 2003). Interestingly, Portugal and Galicia are considered 

to largely share their ancestral history (Bycroft et al. unpublished data) and we also 

found results in this direction. The geogenetic map (Figure 3.2) demonstrates that 

Galicia is the closest region to Portugal, despite the larger geogenetic distance 

estimated between Galicia and Portugal respect to the distance between Galicia and 

central regions of Spain. Additionally, the estimated Effective Migration Surface for 

autosomes (Figure 3.3) suggests a small coastal corridor of gene flow connecting 

Galicia to northern regions of Portugal. These results can be attributed to the long 

historical relationship between Galicia and northern regions of Portugal. Indeed, 

before the Islamic invasion in the 8th century, both regions belonged to the Roman 

province of Gallaecia and later on to the kingdom of the Suebi (405 CE and 585 CE), 

before the annexation by the Visigoths (Barreiro Fernández et al. 1984; Mattoso 

1994). Portugal became politically independent only in 1143 and expanded south 

very fast (Portuguese Reconquista ended by 1249). The establishment of a political 

border led to some cultural divergence but still important relationships were kept 

because of their geographic proximity, similar language and sociological factors. A 

recent study, also based on genome data but applying other approaches, showed 
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remarkable genetic similarities between both regions (Bycroft et al. unpublished 

data), in agreement with our findings. 

In conclusion, we found that the genetic variation thorough the Iberian Peninsula is 

complex and differs when comparing the North, with remarkable spatial genetic 

dissimilarity, and the south, with a more homogeneous genetic similarity. We suggest 

that geography is not the main contributor shaping the genetic landscape of the 

Iberian Peninsula. Instead, the observed major genetic dissimilarities seem mainly 

based on political and cultural barriers that influenced the relationships between 

populations and migratory patterns.  
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Figure S3.1. Population structure based on Principal Component Analysis. (A) PC1 against PC2, PC3, PC4 for the 

dataset of European and Africans samples. (B) PC1 against PC3, PC4, PC5 for the Iberian dataset. 
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Figure S3.3. Performance and fitting of the SpaceMix model with the Iberian dataset for the autosomes. The 

performance of the approach was assessed by evaluating (A) the posterior probability trace derived from the MCMC 

chain, (B) the correlation between observed and parametric co-variance matrices and (C) the decay of co-variance 

with geographic distance for observed and estimated data. 
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Figure S3.4. Corridors and barriers to gene flow estimated for autosomes for the Iberian dataset. This map highlights 

regions with a migration rate significantly high (blue) or low (brown) relative to the estimated mean.  
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Figure S3.5. Diagnostic plots for EEMS model fitting for the autosomes. (A) Pairwise comparison of estimated and 

observed genetic dissimilarities between demes. (B) Pairwise comparison of estimated and observed genetic 

dissimilarities within demes. Note that the EEMS model presents an acceptable fitting with the observed data. (C) 

Scatter plot of observed genetic distances with geographic distances between populations. The R
2
 coefficient was 

estimated for each scatterplot and shown at the top left of each plot. 
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Figure S3.6. Effective migration map obtained for X chromosome based on the Iberian dataset. Plots were estimated 

with EEMS under a log10 scale and after mean centering. Regions with white colour present the mean effective 

migration rate. Blue regions indicate areas with migration rate higher than average, while the brown colour indicate 

regions with a low migration rate between demes relative to the mean. 
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Figure S3.7. Corridors and barriers to gene flow based on the X chromosome. This map highlights regions with a 

migration rate significantly high (blue) or low (brown) relative to the estimated mean. 
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Figure S3.8. Diagnostic plots for EEMS model fitting for the X chromosome. (A) Pairwise comparison of estimated 

and observed genetic dissimilarities between demes. (B) Pairwise comparison of estimated and observed genetic 

dissimilarities within demes. Note that the EEMS model presents an acceptable fitting with the observed data. (C) 

Scatter plot of observed genetic distances with geographic distances between populations. The R
2
 coefficient was 

estimated for each scatterplot and shown at the top left of each plot. 
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During the last decade, the increasing availability of genome wide datasets for 

modern and ancient populations has allowed the reconstruction of the evolutionary 

history of modern humans at unprecedented depths. It is well established that 

several past demographic events have reshaped the genetic, cultural and political 

landscape of human populations. Numerous methods have been developed to 

investigate, at a spatio-temporal level, the processes that caused current patterns of 

genetic diversity. Nevertheless, studying such processes and their effect on the 

population structure is a challenging problem, due to the complex evolutionary 

history of modern humans. In the present Thesis, I used model-based approaches to 

study the Neolithic transition in North Africa and Europe, the migratory dynamics 

between the Iberian Peninsula and North Africa (across the Strait of Gibraltar), and 

the spatial structure and migratory dynamics of populations within the Iberian 

Peninsula. 

 

4.1. Neolithic transition in North Africa 

The Neolithic transition in North Africa is still poorly understood, mainly due to the 

lack of attention that this region received from researchers and the poor 

environmental conditions for DNA conservation that makes unlikely to retrieve data 

from ancient human remains. In Chapter 2, we designed a complex demographic 

model to evaluate the Neolithic transition throughout North Africa, by comparing it to 

the farming expansion in southern Europe, which is fairly described, using genome-

wide data for modern populations. First of all, I would like to point out a few 

limitations that our study presents. For instance, we were not able to include in our 

model aDNA data, which would allow to simulate genetic diversity of populations on 

several locations and at different times, giving a more comprehensive narrative to our 

model, since we could simulate the effects of a larger number of demographic 

processes. But, note that at the time we published our findings, aDNA results for the 

region were not yet available (Fregel et al. 2018). Second, the spatially explicit 

computer simulator (Ray et al. 2010), applied in our study, presents several aspects 

that are convenient to realistically model human evolution such as range expansions, 

spatial and temporal variable of the population growth rate and admixture between 

two populations.  

Using publicly available genome-wide data for the X chromosome, our results clearly 

showed a similar expansion at both shores of the Mediterranean Sea, describing 

very similar rates of progression and demographic parameters for both regions. 

Indeed, our model predicted that the Neolithic arrived at approximately the same time 
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to westernmost regions of the Mediterranean Sea (Iberian Peninsula and Morocco), 

which is in agreement with results for archaeological data (Linstädter 2008; 

Linstädter et al. 2012). We suggested that, as for Southern European regions, the 

spread of the Neolithic throughout North Africa most likely occurred by pioneering 

maritime migrations that started in the Near East, as previously suggested by results 

based on archaeological data (Zilhão 2014). However, while this latter assumption 

can explain the expansion throughout central and westernmost regions of North 

Africa, the adaptation to farming in eastern regions most likely had a larger cultural 

component, since autochthonous Epipaleolithic communities show evidence of 

exploitation of natural resources and resource management before the arrival of the 

Neolithic from the Near East (Di Lernia 2001; Garcea 2004; Mulazzani et al. 2016), 

which could facilitate the adaptation to farming lifestyle. Genetic results have 

demonstrated that the population history of North Africa is quite complex (Henn et al. 

2012) and recent aDNA results from (Fregel et al. 2018) revealed an autochthonous 

North African component restricted to modern populations in the region (Henn et al. 

2012) that can be traced back to Epipaleolithic populations from the Near East. 

Indeed, Fregel et al (2018) argued that the initial transition to Neolithic in Morocco 

largely involve the transmission of ideas rather than people, and only posterior 

stages of the Neolithic brought European-like ancestry to the region. This seems 

incongruent with the scenario presented in chapter 2. However, Fort (2012; 2015) 

developing models for the Neolithic transition in Europe, using archaeological data, 

showed that for a rapid spread of farming, as it is verified in the Mediterranean basin, 

both models of diffusion, cultural and demic, must have acted synergistically. 

Moreover, the scarcity of aDNA available for North Africa invalidates the formulation 

of a generalized model of transition in the region by applying this kind of data.  

In all, we still have an incomplete picture of the history of the Neolithic expansion 

throughout North Africa, but our study provided the first insight into the spread of 

farming for the entire region by the direct comparison of the patterns of expansion 

over Europe and Northern Africa. 

 

4.1.1. Migratory dynamics across the Strait of Gibraltar 

The Mediterranean basin is an interesting region to study genetic structure and 

population dynamics since it constitutes a natural geographic barrier between Europe 

and North Africa, which promotes genetic differentiation without completely blocking 

the gene flow between the two regions. The Strait of Gibraltar represents the region 

where these continents are closest, separated by a stretch of water of only 14 km, 



FCUP 
Human Migrations and Population Dynamics in the western Mediterranean: from the Neolithic 

to the present 

163 

 

 

which potentiated migratory movements between both regions. In chapter 2, we 

constructed and compare four different evolutionary scenarios (reciprocal migration 

absence of migration, migration only from the Iberian Peninsula towards North Africa 

and migration only from North Africa towards the Iberian Peninsula) to clarify the role 

of the Strait of Gibraltar as a point of contact between both continents.  

For simplification, we assumed in our model that migration through the strait 

occurred only after the arrival of the Neolithic to the region. In this concern, 

previously Currat et al (2010) performing a model comparison study, demonstrated 

that gene flow across the Strait of Gibraltar occurred at least since the latter 

Palaeolithic but their estimations of migration rate were not precise and other studies 

pointed out the lack of evidence to support for pre-Neolithic migrations between both 

continents (Ferembach 1985; Bocquet-Appel and Demars 2000; Liu et al. 2006; 

Timmermann and Friedrich 2016).  

Our results identified the Strait of Gibraltar as a corridor for gene flow between both 

regions but highlighted its role as a permeable barrier, since estimated migration 

rates for both directions were lower than migrations rates estimated for the Neolithic 

expansion. Our findings are clearly in agreement with previous results for uniparental 

(Bosch et al. 2001; Gonzalez et al. 2003; González-Pérez et al. 2003; Cruciani et al. 

2004; Ennafaa et al. 2009; Rhouda et al. 2009) and genome-wide markers (Botigue 

et al. 2013; Arauna et al. 2017), which attest the robustness of our study to describe 

the migratory dynamics across the Strait of Gibraltar. Moreover, our study did not 

favor any single direction of migration, suggesting that both regions affected the 

genetic structure of the other in similar levels.  

 

4.2. Genetic Structure of the Iberian Peninsula 

Chapter 3 describes an analysis of the genetic spatial structure on the Iberian 

Peninsula. For this purpose we applied recently developed methods that model 

patterns of genetic differentiation across a landscape using georeferenced data 

(Petkova et al. 2015; Bradburd et al. 2016). Indeed, Iberia constitutes a suitable 

region to apply this type of analysis since its prehistory is marked by a series of 

intricate demographic events. Additionally, we performed an independent analysis of 

the X chromosome to gain insight into potential sex-biased patterns of genetic 

differentiation. We further compare our findings with results from a complementary 

study that described the fine-scale patterns of population structure in the Iberian 

Peninsula, using a Spanish cohort similar to the one included in our analysis and by 

applying a haplotype-based approach, called fineSTRUCTURE (Lawson et al. 2012). 
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Our results showed a strong genetic differentiation along an east-west cline than in 

the north-south direction and two contrasting regions in terms of genetic structure. 

Northern regions follow patterns of genetic differentiation that closely resemble the 

geographic delimitation of the catholic kingdoms during the early stages of Muslim 

occupation of the region, which was also observed by Bycroft el al (unpublished 

data). On the other hand, the spatial structure in central and southern regions did not 

fit the linguistic and geopolitical boundaries of the catholic kingdoms during and post 

Reconquista, which could suggest that posterior migrations reshaped the genetic 

structure of central and southern regions of the Iberian Peninsula. Interestingly, our 

results for these latter regions are not in full agreement with the fine-scale haplotype-

based analysis performed by Bycroft el al (unpublished data), that shows a strong 

structure for the entire Iberian landscape. These two studies offer a different and 

complementary analysis on the fine-scale structure of Iberia, demonstrating that the 

patterns of genetic differentiation within the region can be explained by demographic 

events occurring during the last 1,000 years. Also, we demonstrated the possibility of 

sex-biased migrations due to the differences between the spatial patterns of genetic 

differentiation showed for autosomes and X chromosome. Altogether, our results 

suggest that isolation by distance cannot explain the patterns of genetic structure 

and that, at regional level, geographic features had not a large influence shaping 

those patterns.  

 

4.3. Conclusion 

Overall, the work presented in this thesis suggests, for the first time, a scenario 

where pioneer maritime migrants introduced the Neolithic innovation in westernmost 

regions of North Africa, in a similar process of dissemination of agriculture in 

Southern Europe. A dual model of demic and cultural diffusion offers the most 

parsimonious scenario for the expansion of the Neolithic throughout North Africa. 

Additional archaeological and genomic data will be needed to fully understand the 

process of Neolithization in the region. Additionally, we showed that the genetic 

structure of European and North Africa populations was influenced by reciprocal 

migration across the Strait of Gibraltar during the Neolithic, which could favor the 

similar population genetics patterns estimated for the Neolithic populations of both 

shores of the Mediterranean Sea. 

Here we demonstrated that demographic events were more relevant than geographic 

features to shape the genetic patterns throughout the Iberian Peninsula. Indeed, the 
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patterns of genetic differentiation seem mainly associated with political and cultural 

barriers related with the Reconquista. 

Altogether, we consider that the present work of Thesis provides a significant 

advance in the understanding of the migratory patterns and population dynamics in 

the western regions of the Mediterranean Sea. 
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