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Simulations of Human Dispersal s
and Genetic Diversity
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Abstract Humans are a highly mobile species that has colonized the entire globe in
a few tens of thousands of years after it went out of Africa. There are still many
unknowns about the routes followed by our ancestors during this expansion process,
which has been influenced by various environmental, biological, and cultural factors,
but these migrations have contributed to shape the genetic diversity of our species. A
powerful approach to study the consequences of human dispersal on our genome is
the modelling of complex evolutionary scenarios via computer simulation. In this
chapter, we present three types of approaches used to simulate human dispersal in a
geographic landscape. We focus on a spatially explicit method, simulating the
demographic and migratory dynamic of populations forward in time and their
resulting genetic diversity backward in time using the coalescent. We describe this
approach and illustrate its interest with two important results: the process of gene
surfing during population expansion and the genetic consequences of hybridization
during species expansions. We show that a relatively simple scenario of global
expansion of Homo sapiens from Africa, with rare hybridization events with archaic
humans, such as Neanderthals or Denisovans, over a large geographic area reason-
ably explains the introgression pattern of archaic DNA in the genome of our species.

Keywords Human evolution - Computer simulations - Competition -
Hybridization - Admixture - Range expansion - Neanderthal

M. Currat (04) - C. S. Quilodran

Anthropology, Genetics and Peopling History Lab (AGP), Department of Genetics and
Evolution — Anthropology Unit, University of Geneva, Geneva, Switzerland

e-mail: mathias.currat@unige.ch

L. Excoffier (<)
Computational and Molecular Population Genetics Lab, Institute of Ecology and Evolution,
University of Berne, Berne, Switzerland

Swiss Institute of Bioinformatics, Lausanne, Switzerland
e-mail: laurent.excoffier@iee.unibe.ch

© Springer Japan KK, part of Springer Nature 2021 231
N. Saitou (ed.), Evolution of the Human Genome I, Evolutionary Studies,
https://doi.org/10.1007/978-4-431-56904-6_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-4-431-56904-6_12&domain=pdf
mailto:mathias.currat@unige.ch
mailto:laurent.excoffier@iee.unibe.ch
https://doi.org/10.1007/978-4-431-56904-6_12#DOI

232 M. Currat et al.
12.1 Introduction

Homo sapiens is a highly mobile species. From its likely place of origin in Africa, it
colonized the entire planet in less than 50,000 years. This early colonization phase
was constrained by geographic and environmental boundaries (coastlines, moun-
tains, forests), but also by the presence of other archaic Homo species (Neanderthals,
Denisovans, H. erectus), who were present in most of the old world (Veeramah and
Hammer 2014). Given the fossil record, Africa and the Near-East have been
occupied by anatomically modern humans (AMH) before Asia, Europe, and the
Americas (e.g. Henn et al. 2012). The most supported scenario for the origin of our
own species is often termed “Recent African Origin” (RAO) and proposes an
emergence of AMH in East Africa between 200 and 100 kya (Tattersall 2009),
followed by a rapid spread toward the rest of the world starting around 60 kya (Henn
et al. 2012), which led to a full replacement of all archaic human forms. The initial
version of RAO has been challenged by the sequencing of the Neandertal and
Denisovan genomes (Green et al. 2010; Reich et al. 2010; Prufer et al. 2014) and
by statistical analyses of existing genomic data sets (Wall et al. 2013). These studies
support the existence of a relatively low genetic contribution of archaic forms in
current non-African humans, which probably arose through hybridization after the
exit out of Africa. These new analyses changed the old RAO paradigm to a scenario
one could call “RAO with hybridization” (Stringer 2014). However, very little is
known on the exact extant of the interactions between AMH and Neanderthals
(NE) and even less with other archaic populations.

Despite this general RAO scenario, many unknowns still exist on the migration
routes followed by our ancestors. The exact dates of colonization of many regions of
the world are also uncertain simply because old fossils are rare or absent in many
regions, even though such an absence is not a proof that these regions have not been
colonized by early humans. Consequently, several alternative hypotheses have been
proposed to explain the colonization of different regions of the world (Veeramah and
Hammer 2014). For instance, at least three main possible routes of migration have
been proposed to explain the diffusion of AMH from Africa to East Asia and
Oceania: a coastal “southern route” along the coast of the Pacific Ocean (Macaulay
et al. 2005), a second more continental route in the south of Himalaya (Rasmussen
et al. 2011), and another migration route North of the Himalaya (Di and Sanchez-
Mazas 2011).

The dispersal of AMH out of Africa has been probably triggered by a combina-
tion of various factors such as new abilities or opportunities (due to technological
advances or cultural changes), climatic variation, and demographic pressure (Powell
et al. 2009; Eriksson et al. 2012; Lahr and Foley 1998). In any case, this initial global
dispersal has been followed by many additional migrations, at various times and
geographic scales. Climate variation played an important role in promoting those
migrations through several mechanisms: first, the sea level was about 120 m below
the current level during cold periods, which created many land bridges between
continents and previously isolated islands (e.g. British Isles, New Guinea, Beringia);
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second, glaciers and ice caps extended over much larger areas during cold periods
(Ray and Adams 2001) making them uninhabitable; third, vegetation cover has also
significantly changed with temperature variations, displacing towards refugia
(Hewitt 2000) most animals and plants that were food sources for humans (Banks
et al. 2008). In addition, at the beginning of the Holocene, most human populations
have passed through a major economic and cultural transition in different parts of the
world, switching from a hunter-gatherer to a food production lifestyle (Bellwood
2001). This change corresponds to the appearance of plant and animal domestica-
tion, pottery, and of sedentary lifestyle and probably involved demographic
increases and large-scale migrations (Zvelebil 2001). Finally, sedentarized human
populations continued to exchange migrants until present time and additional waves
of migration took place around the world during the historical period, but probably at
a smaller scale (Sokal 1991).

Ongoing short range migrations have left traces in the genome of contemporary
humans (Ray et al. 2005), which shows a strong concordance between geography
and genetics in most parts of the world (e.g. Novembre et al. 2008). For these
reasons, it seems necessary to consider the spatial constraints on the dispersal of
modern humans when they colonized the planet. However, it is still very difficult to
consider these population dynamics when analysing genomic data, as envisioned
models quickly become very complex and are difficult to parameterize and test.
Fortunately, modelling and computer simulations of complex evolutionary scenarios
can be used to produce realistic models of human migration over time and space and
to assess their impact on current genetic and genomic diversity. Thanks to a regular
increase in computer power and to the development of efficient algorithms and
realistic models, simulation approaches have become essential to study human
evolution. In this review, we shall describe the main modelling approaches used to
study the effect of human dispersal on genetic diversity at the global or continental
scale, with a focus on spatially explicit simulations. We shall also present and
comment their major contributions to our understanding of human evolution and
discuss future developments.

12.2 Modelling and Simulating Human Dispersal

The modelling and simulation of evolutionary scenarios using computer programs
consists of a combination of mathematical models defined by a series of parameters.
Typically, three different approaches have been used to simulate human dispersal in
a geographic landscape: Forward diffusion models, forward individual-based simu-
lations, and forward demographic coupled with backward genetic simulations.
Diffusion approaches are based on a set of spatially explicit differential equations
specifying density and diffusion (migration) parameters in a continuous space. They
are extensions of Fisher’s approach to model the wave of advance of advantageous
genes in one dimension (Fisher 1937). Fisher’s models have since been extended to
model the colonization of different continents in two dimensions (e.g. Steele et al.
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1998; Fort and Pujol 2008; Martino et al. 2007; Fort et al. 2004) or to the spread of
cultures or technologies in already settled habitats (Ackland et al. 2007; Fort and
Mendez 1999). These diffusion models have also been refined to take into account
the heterogeneity of the habitat (see Steele 2009 for a review). Note that these
models can mainly predict colonization times or the spread of beneficial variants
in an already colonized habitat, and they have been coupled to the generation of
genetic data only recently (Barton et al. 2013a, b).

Individual-based or agent-based simulations are the most flexible way to simulate
genetic data, as they allow one to simulate very specific behaviour, such as
sex-specific reproductive success or migration, age-specific mortality, or migration
rates. They are usually performed in discrete demes positioned on a one-dimensional
(e.g. Eswaran 2002; Eswaran et al. 2005; Ramachandran et al. 2005; Fix 1997) or
two-dimensional lattice (Itan et al. 2009; Rasteiro et al. 2012; Deshpande et al. 2009;
Rendine et al. 1986; Barbujani et al. 1995) corresponding to stepping-stone models,
but they can be extended to 2D hexagonal demes (e.g. Eriksson et al. 2012) enabling
a more realistic spatial diffusion process (Lavrentovich et al. 2013). Individual-based
simulations also allow one to simulate loci under arbitrarily complex selection
models (Itan et al. 2009; Currat et al. 2010; Fix 1996; Peischl et al. 2013) fully or
partially linked with neutral loci (e.g. Chadeau-Hyam et al. 2008). However, this
complexity has a cost in terms of computing power and time, implying that a small
number of individuals and populations can be modelled, even though the rescaling of
mutation, migration rates, and selection coefficients can allow one to model large
populations with a smaller number of individuals (e.g. Chadeau-Hyam et al. 2008).
Another drawback of forward approaches is that one needs to define starting
conditions or to wait that some demo-genetic equilibrium has been reached before
starting recording the simulations. Nevertheless, these models have been applied to
very interesting problems in human evolution, ranging from the spread of Neolithic
farmers into Europe and their interaction with local hunter-gatherers (Rasteiro et al.
2012; Rendine et al. 1986; Barbujani et al. 1995; Rasteiro and Chikhi 2013), the
expansion out of Africa, either with (Eswaran 2002; Eswaran et al. 2005) or without
(Ramachandran et al. 2005; Deshpande et al. 2009) hybridization, or to the estima-
tion of the geographical origin of beneficial mutation in European populations (Itan
et al. 2009).

Despite their great flexibility, forward individual-based simulations can some-
times be very slow and require a lot of memory, since they simulate all the
individuals of many populations. A way to solve these problems is to use forward
simulations to simulate the demography of the populations and then coalescent
approaches to simulate their genetic diversity. These approaches have typically
been implemented in the SPLATCHE program (see Currat et al. 2004; Ray et al.
2010, and details below) or in simpler 1 D serial founder effect models (DeGiorgio
etal. 2011), and a similar approach has been used to simulate genetic data linked to a
site under selection (Ewing and Hermisson 2010).

One usage of these modelling approaches is to generate genetic data for various
alternative hypotheses (therefore various combinations of values assigned to the
parameters), in order to evaluate which is the scenario most (or less) compatible with
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the observed genetic data and thus to perform model choice. They can also be used to
describe and study evolutionary processes and to estimate demographic or genetic
parameters. In the latter case, simulations can be coupled with Bayesian inference
procedures such as the approximate Bayesian computation (ABC, Beaumont et al.
2002; Wegmann et al. 2010) to estimate demographic parameters under various
evolutionary scenarios.

12.3 Realistic Simulation with Spatially Explicit
Simulations

Here we focus on spatially explicit simulation of human dispersal and their genetic
diversity. By spatially explicit, we mean that the simulation of populations or
individuals considers their geographic position. The stepping-stone model (Kimura
1953), which consists of an array of cells in one or two dimensions is the most
commonly used spatially explicit model. Here, the location of each population is
defined by its coordinates and because migrants are only exchanged between
neighbouring populations, the effective amount of gene flow between two
populations is inversely related to their distance on the grid. This leads to genetic
isolation by distance (IBD) (Wright 1943), a process that played an important role in
human evolution (Morton 1977, 1982), and which largely explains the correspon-
dence between geography and genetic variation in extent human populations
(e.g. Novembre et al. 2008). Note that very detailed geographic (e.g. continental
contours) and environmental (e.g. mountains, deserts) information can be used in
spatially explicit simulations, which is facilitated using geographic information
system (GIS). Note that spatially explicit simulations can also be done by specifying
an arbitrary migration matrix between all pairs of populations in a model, as
implemented in programs like SIMCOAL and FASTSIMCOAL (Excoffier et al.
2000; Excoffier and Foll 2011; Laval and Excoffier 2004) or in MS (Hudson 2002).
However, in this case the migration matrix can become huge and difficult to set up
for models with complex geographic features, and therefore we will thus not discuss
these programs below. In Table 12.1, we give a list of other spatially explicit
simulation models and programs that have been used or could potentially be used
in the context of human dispersal. Since their exact implementation varies from one
model to the other, we redirect the readers to the original papers to get details about
their underlying methodology. However, we illustrate below the implementation of
the main key elements of a spatially explicit simulation framework through the
program SPLATCHE that we have developed.
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Table 12.1 List of spatially explicit computer programs and studies (*) where human dispersal and
genetic diversity can or have been modelled, respectively. If the program is available online, the
URL is given, as well as the operating system (W/M/L for Windows/Mac OSX/Linux) on which the

program runs

Program name (if available)
and short model
description.

Related references

Available
version

Dimension

oS
(language)

EASYPOP: Individual-
based computer program
for population genetics
simulations. https://www.
unil.ch/dee/en/home/
menuinst/open-positions-
and-public-resources/soft
wares--dataset/softwares/
easypop.html

(Balloux 2001)

Ver. 2.0.1
2006

2D

W/M (C)

SPLATCHE: Simulation of
demography and resulting
molecular diversity for a
wide range of evolutionary
scenarios, taking into
account environmental het-
erogeneity. Coalescent.
http://www.splatche.com

(Currat et al. 2004; Ray
et al. 2010)

Ver. 2.01
2012

2D

M/L (C+

NEMO: A stochastic, indi-
vidual based, genetically
explicit, and stochastic
simulation program
designed to study the evo-
lution of life history/phe-
notypic traits and
population genetics. http://
nemo?2.sourceforge.net/

(Guillaume and
Rougemont 2006)

Ver. 2.2.0
2011

2D

W/M/L (C
++)

QUANTINEMO: An
individual-based program
for the analysis of quantita-
tive traits with explicit
genetic architecture poten-
tially under selection in a
structured population.
http://www?2.unil.ch/
popgen/softwares/
quantinemo/

(Neuenschwander et al.
2008)

Ver. 1.0.4
2011

2D

W/M/L (C
++)

CDPOP: Individual-based
spatially explicit simulator
of gene flow in complex
landscapes. https://github.
com/
ComputationalEcologyLab/
CDPOP

(Landguth and Cushman
2010)

Ver 1.2
2014

2D

W/M/L
(Python)

GINKGO: Agent-based
forward-time simulation to
produce gene genealogies

(Sukumaran and Holder
2011)

Ver. 3.9.0
2010

2D

W/M/L (C
++)

(continued)
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Program name (if available)
and short model
description.

Related references

Available
version

Dimension

oS
(language)

for multiple populations in
a spatially explicit and
environmentally heteroge-
neous framework. http://
phylo.bio.ku.edu/ginkgo/
index.html

MARLIN: Program to cre-
ate, run, analyse, and visu-
alize spatially explicit
population genetic simula-
tions. http://www.
bentleydrummer.nl/soft
ware/software/Marlin.html

(Meirmans 2011)

Ver. 1.0
2009

2D

M (O)

DIM SUM: Stand-alone
Java program for the simu-
lation of population
demography and individual
migration, recording
ancestor-descendant rela-
tionships. http://code.goo
gle.com/p/bio-dimsum

(Brown et al. 2011)

Ver. 0.91
2010

2D

W/M/L
(Java)

SIMADAPT: Spatially
explicit, individual-based,
landscape-genetic simula-
tion model to represent
evolutionary processes and
population dynamics in
changing landscapes. http://
www.openabm.org/model/
3137/version/8/view

(Rebaudo et al. 2013)

Ver.
82013

2D

W/M/L
(NetLogo)

PHYLOGEOSIM: Simula-
tion of DNA sequences
under a model of coales-
cence on a 2-dimensional
grid of populations. http://
ebe.ulb.ac.be/ebe/
PhyloGeoSim.html

(Dellicour et al. 2014)

Ver. 1.0
(in prep)

2D

W/M/L
(Java)

* Simulation of the demic
diffusion model of human
expansion. Based on the
model of the wave of
advance of advantageous
genes (Fisher 1937)

(Ramachandran et al.
2005; Rendine et al. 1986;
Edmonds et al. 2004;
Sgaramella-Zonta and
Cavalli-Sforza 1973)

2D

* Simulation of microevo-
lution in European
populations, incorporating

(Barbujani et al. 1995)

2D

(continued)
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Table 12.1 (continued)
Program name (if available)
and short model Available oS
description. Related references version Dimension | (language)

genetic drift and gene flow
(isolation by distance)

* Analytical dynamic colo-
nization population genet-
ics model in a
one-dimensional habitat,
based on model published
in Austerlitz et al. (1997)

(Liu et al. 2006)

1D

* Serial founder effect
model. Expansion in
one-dimensional array of
populations, each with the
same carrying capacity.

(Deshpande et al. 2009)

1D

* Flexible computer simu-
lation model to explore the
spread of lactase persis-
tence, dairying, other sub-
sistence practices, and
unlinked genetic markers in
Europe and western Asia’s
geographic space

(Itan et al. 2009)

2D

* SELECTOR: Forward
simulation program to
study diploid individuals
within a spatially explicit
framework. Simulation of
allele frequencies at neutral
or selected loci

(Currat et al. 2010)

2D

* CISGeM: Climate
informed spatial genetic
models. Spatially explicit
stepping-stone model
divided into hexagonal cells

(Eriksson et al. 2012;
Eriksson and Manica
2012)

2D

12.4 SPLATCHE: An Example of Spatially Explicit
Simulation Program

The program SPLATCHE is able to translate environmental information into genetic
diversity (Currat et al. 2004; Ray et al. 2010). The simulations are done in two
phases: during the first forward part, the demography and dispersal of a species can
be simulated from one or several origins, considering environmental information. In
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a second phase, the molecular genetic diversity of one or several samples drawn
from the population simulated during the first phase can be generated.

12.4.1 Spatial Structure

A digital map in ASCII raster format is used for the spatial specifications of the
simulations. It represents the geographical contour of the region of interest with a
geographic projection adapted to the representation of surfaces (Ray 2003). Addi-
tional information, such as vegetation cover, terrain, seacoast, or rivers, may also be
incorporated in the program using the same file format. The map is divided into
geographic cells that are characterized by their coordinates and possibly by envi-
ronmental characteristics. The dimension of the cell (usually identical for all cells)
can be of arbitrary size and represents a real geographic distribution. For studying
human dispersal, cells of 50 x 50 km? (e.g. Currat and Excoffier 2005) or
100 x 100 km? are usually used (e.g. Currat and Excoffier 2011) depending on
the desired resolution and on the computational constraints (more cells imply more
computing time). Sizes of this magnitude seem to be adequate to represent sub-
populations of hunter-gatherers (Anderson and Gillam 2000; Gronenborg 1999;
Cavalli-Sforza and Hewlett 1982; Hewlett et al. 1982).

The environmental characteristics of each cell (vegetation, altitude, coastal area,
river, etc.) may be directly used to compute two demographic variables: the carrying
capacity K and the friction rate F (Fig. 12.1). It is possible to take into account the
uncertainty of these parameters by performing multiple simulations with different
parameter values and by doing sensitivity analyses (Ray et al. 2008). Each cell
contains one deme, which represents a sub-unit of the whole populations (or species)
under study, or alternatively, two demes representing two interacting species or
populations (see Box 12.1 and Fig. 12.2 for details).

Time A single simulation consists of recording the density of all demes and the
number of migrants exchanged between demes during a fixed number of generations
(parameter 7).

Dispersal and Migration A migration probability (parameter m) for individual
genes to move between (neighbouring) demes. This probability is constant in
SPLATCHE but can be different during the dispersion phase and at demographic
equilibrium in other programs (e.g. Eriksson et al. 2012; Deshpande et al. 2009).
This basic migration scheme may be altered in different ways:

* By using friction values (parameter F'), which represent the difficulty of crossing
a cell depending on its specific environmental characteristics. Higher F values
assigned to a given cell generally imply less migrants entering it (Ray et al. 2008).
This parameter can be used, for instance, to favour movements along coastlines or
rivers, or to the opposite, to use rivers, hills, deserts, or mountains as barriers to
gene flow.
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Environmental

information
(ASClI raster format)

High
Carrying
capacity K

(density)

Low

Friction F
(migration)
Coast

Fig. 12.1 Schematic representation of the incorporation of environmental information in
SPLATCHE. The influence of various environmental factors, such as vegetation, hydrography,
topography, and coastlines, is translated into two demographic parameters: carrying capacity
K which affects population densities; Friction F* which affects migration

* By allowing for long-distance dispersals (Ray and Excoffier 2010), occurring at a
given rate (parameter A) and at various distance (parameter d).

* By directing migration specifically into a given direction (Arenas et al. 2012),
e.g. towards the South during glaciation or to the North during a post-glacial
colonization.

Demographic Dynamics Deme density is usually logistically regulated, reflecting
intra-deme competition for resources. The increase in density is controlled by the
growth rate (parameter r) and the maximum number of individuals that may be
sustained by the cell (the carrying capacity, parameter K). This last parameter may
reflect the influence of the environment (e.g. different vegetation types leading to
different K) or the type of culture or economy (e.g. food production versus hunter-
gathering techniques). Heterogeneous environments can also be considered in the
dispersion model (Wegmann et al. 2006).
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] Cell
O AMH deme
O NEdeme

.« Admixture
= AMH migr.
= NE migration

Fig. 12.2 Schematic representation of a spatially explicit modelling of two interacting populations.
The whole area under study is divided into geographic cells, which each contain two demes
representing two interacting populations (for example, AMH and NE). Demes of the same popu-
lation belonging to neighbouring cells can exchange migrants, while admixture (gene flow) can
occur between demes within the same cell

Generation of Genetic Data SPLATCHE is using a coalescent approach (Hudson
1990; Kingman 1982) to reconstruct backward in time the genealogy of a series of
sampled genes. For neutral loci, the virtual genetic diversity obtained at the end of a
simulation is constrained by the demography of the simulated population and
possibly by a mutation and recombination model that depends on the type of
simulated genetic data (e.g. allele frequencies or molecular data).

The combination of the various elements described above allows one to construct
and simulate realistic scenarios of human dispersal and testing those using genetic
data. For instance, the genetic consequences of a range expansion (demographic
increase linked to a geographical spread), bottleneck, population contraction to
refuge area(s), interactions between populations (competition and admixture), or a
combination of those processes, can be investigated using this general approach.
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12.5 Main Results and Discussion

The simulation of human dispersal offers a powerful tool to study the evolution of
our species, and it complements other methodological approaches. Most of the early
models for the simulation of human dispersal have been developed in the context of
the peopling history of Europe (Rendine et al. 1986; Barbujani et al. 1995; Currat
and Excoffier 2005; Arenas et al. 2013), but we focus here only on simulations of
human dispersal at the global scale. The first realistic attempts (Ray et al. 2005; Liu
et al. 2006) to simulate worldwide dispersal showed an excellent fit between the
predictions of the models and real data, confirming that models explicitly incorpo-
rating demography and geography were powerful to make inferences on human
peopling history. This has been confirmed by a study incorporating Pleistocene
climatic variation (Eriksson et al. 2012), which showed that climatic change had a
significant impact on human dispersal and the establishment of current genetic
diversity.

12.5.1 Genes Surfing the Waves of Expansion

An important result brought by the simulation of human dispersal was to explain the
mechanisms by which genetic diversity progressively decreases with distance from
Africa: a series of founder effects during the range expansion of human populations
(Ramachandran et al. 2005; Deshpande et al. 2009). The same mechanism has also
been proposed to explain clinical genetic patterns in Europe (Barbujani et al. 1995;
Currat and Excoffier 2005). The process of decreasing diversity along a colonization
route was extensively described and demonstrated theoretically by a series of
spatially explicit simulations performed in a 2-dimensional stepping-stone
(Deshpande et al. 2009). This effect results from a phenomenon called “allele
surfing” (Edmonds et al. 2004; Klopfstein et al. 2006), which describes how the
frequency of a neutral allele can dramatically increase during a population expansion
due to pure neutral demographic effects. Surfing is a stochastic process that only
applies to a relatively small number of alleles from the source population or to new
mutations appearing during the expansion, but it has important evolutionary conse-
quences (Excoffier and Ray 2008; Petit and Excoffier 2009). Simulations have
shown that the frequency of surfing varies depending on the demographic parame-
ters of the population (Klopfstein et al. 2006). The probability of surfing increases
with the growth rate (parameter r), while it inversely decreases with the carrying
capacity (K) and the migration rate (m). This gene surfing process has been identified
theoretically by spatially explicit simulations before being confirmed by empirical
studies, both in yeasts and bacteria (Hallatschek et al. 2007) and by a survey of the
recent human colonization of the Saguenay Lac Saint-Jean in Quebec (Moreau et al.
2011). This finding shows that neutral evolutionary processes can produce patterns
identical to those expected under the action of positive selection (i.e. an allele present
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at very high frequency in the final population). It thus challenged the view that large
differences between populations such as those observed at some loci between
Africans and non-Africans were due to ongoing selection (Currat et al. 2006).

12.5.2 Hybridization During Expansion

On their road out of Africa, AMH met various archaic human forms, such as
Neanderthals (NE), Denisovans (DE), and probably others (Prufer et al. 2014).
Very little is known about the exact nature of the interactions between AMH and
NE and virtually nothing with DE. Simulation is thus an inestimable tool to assess, in
a spatially dynamic context, the effects on genetic diversity of at least two kinds of
interactions: admixture and competition. The main interest of spatially explicit
simulation compared to previous mathematical models is that progressive admixture
in time and space can be simulated between NE and AMH, instead of instantaneous
merging of two panmictic populations (Nordborg 1998; Serre et al. 2004).

Spatially explicit simulations have shown that continuous interbreeding over
space and time between NE and AMH during the spread out of Africa of the latter
may well explain the current patterns of genetic introgression. First, it has been
shown that the absence of Neanderthal type of mitochondrial DNA in contemporary
human population is compatible with an extremely low interbreeding success rate
(parameter y in Box 12.1) between AMH and Neanderthal (Currat and Excoffier
2004). It was shown (Currat and Excoffier 2011) that less than 2% of interbreeding
success rate (y) is compatible with the observed presence of 2-3% of Neanderthal
DNA in the genome of contemporary non-Africans (Green et al. 2010; Reich et al.
2010; Wall et al. 2013). Such low levels of introgression could be due to only about
200-300 successful hybridization events between NE and AMH over their whole
cohabitation period (at least 10 Ky in Europe, even more in the Near-East) and over
all their area of overlap. New estimations using a more symmetrical hybridization
model (Excoffier et al. 2014) and considering in the estimation procedure that NE
introgression is higher in Asia than in Europe (Wall et al. 2013) have produced
similar results with an estimate y of less than 3% (Box 12.2). These results thus
demonstrate that the reported pattern of NE introgression in extent modern humans
is compatible with a strong reproductive isolation between AMH and NE. In addi-
tion, spatially explicit simulations suggest that the hybridization between AMH and
NE occurred over a large geographic zone covering Western and Central Asia and
probably reaching southern Siberia. The analysis was not able to precisely delineate
the Neanderthal occupation zone, but it suggested that it should be as big in Asia as
in Europe at the time of the spread of AMH (Currat and Excoffier 2011).
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12.5.3 Limitations and Future Developments

One sensitive point of any modelling approach is the choice of the parameter values,
which may be difficult for some parameters. For instance, demographic parameters
for prehistoric populations (densities, growth, and migration rates) are often difficult
to evaluate and the mutation rate for the studied loci might not be known precisely
(Gibbons 2012). To somehow circumvent this problem, a thorough examination of
the literature is necessary to establish possible intervals of parameter values. For
instance, density estimates may come from ethnographic comparisons
(e.g. Pennington 2001) or long-term estimation (Biraben 1979), while growth and
migration rates may be derived using estimates of colonization times in different
continental areas (Ray et al. 2005; Currat and Excoffier 2005, 2011, 2004). The
simulation approach then allows an extensive exploration of the parameter space and
the validation of plausible values.

Compared to deterministic mathematical models, computer simulations have the
advantage of considering stochastic processes in the analyses, which could play an
important role in the evolution of humans, as in the case of the gene surfing
phenomenon described above. A benefit of the simulation approach is that models
can be improved step by step by adding new elements and new information brought
by scientific discoveries (Currat and Silva 2013).

Another advantage of realistic simulations of human dispersal is their ability to
integrate various sources of information, such as genetics, archaeology, and envi-
ronment. This feature could be very useful in the near future as new types of data are
regularly produced. For instance, in the last decades, it has been increasingly
possible to extract DNA from fossil remains and this technical advance has been
widely used in the study of human evolution. Computer simulations should allow
one to analyse the increasing number of genomic data retrieved from ancient
specimen (Sanchez-Quinto et al. 2012; Skoglund et al. 2014, 2012), which should
be especially powerful when combined with modern DNA. Moreover, computer
simulations could be used to check if selection has favoured the introgression of
some genes of archaic origin (Caspermeyer 2014; Ding et al. 2014). Finally,
computer simulation could be used to understand the relation between Denisovan,
Southeast Asians, and Oceanians (Reich et al. 2011), but the lack of spatial infor-
mation about the exact ancestral Denisovan range makes it a challenging task.

12.6 Conclusion

Computer simulations are a powerful tool to study the effects of population dynam-
ics on the genetic diversity of populations. It has been shown that properly consid-
ering the spatial dynamics of populations can drastically change the interpretation of
empirical data. For instance, a spatial expansion does not show the same typical bell-
shaped mitochondrial mismatch distribution than a pure demographic expansion in a
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panmictic population, but rather a multimodal mismatch distribution when migration
rates between demes are small to moderate (Ray et al. 2003; Excoffier 2004).

All in all, spatially explicit simulations support a relatively simple scenario of
global human dispersal out of Africa with very rare interbreeding events with archaic
humans over a large geographic range. They revealed that observed low levels of
Neanderthal ancestry in Eurasians are compatible with a very low rate of interbreed-
ing (<3%) and that those rare and distinct admixture events occurred also after the
split of Europeans and Asian over a wide European and Asiatic range, well beyond
the Middle East. A spatially explicit model of population expansion with continuous
but limited interbreeding explains most observed patterns of human genomic diver-
sity, such as: (1) a recent single origin (Stewart and Stringer 2012), (2) decreasing
genetic diversity from Africa (Prugnolle et al. 2005); (3) limited and relatively
uniform Neanderthal introgression in Eurasia (Green et al. 2010), larger in East
Asia than in Europe (Wall et al. 2013), (4) introgression asymmetry between NE and
AMH (Green et al. 2010), (5) lack of mitochondrial introgression (Reich et al. 2010;
Serre et al. 2004), (6) introgression in area where Neanderthal never existed (Green
et al. 2010), (7) more than one hybridization event with archaic humans (Wall et al.
2013). Spatially explicit simulation of human dispersal thus provides a simple but
powerful framework for the interpretation of genomic data, with considerable room
for improvements and extensions.

Box 12.1 Simulation of Interactions Between Two Populations

The program SPLATCHE offers the possibility to study the interactions
between two populations (e.g. hunter-gatherers and Neolithic farmers) or
two species (e.g. NE and AMH) in a spatially explicit framework (Ray et al.
2010). It simulates two demes per geographic cell, each of them representing
one population (Fig. 12.2), and the simulated world can thus be seen as two
superimposed layers of demes. SPLATCHE considers two kinds of interaction
between interacting populations or species: competition and admixture
(Fig. 12.2).

Competition is simulated using a classical Lotka—Volterra model (Lotka
1932), which is an extension of the logistic regulation model. The density of
one species is directly constrained by the density of the other one, assuming
that both are in competition for local resources (e.g. habitat, food). Competi-
tion coefficients (o) are used to reflect the intensity of this kind of interactions
and can be different in the two populations, i.e. due to a competitive advantage
of one over the other. The competition coefficients o can be fixed to a specific
value, such as 1, which means that an individual of the rival population exerts
as much competitive pressure as an individual belonging to the same popula-
tion. Alternatively, a can be density dependent (Currat and Excoffier 2005),
i.e. computed as a; = N;/(N; + N;), where a; represents the effect of compe-
tition of an individual of population j on an individual of population i and N;

(continued)
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Box 12.1 (continued)

and N; are the densities of both populations in the cell. In that case, the strength
of competition between both populations evolves over time and the most
numerous one has a competitive edge over the less numerous one. Under
this model, if the carrying capacities (K) between the two populations are
sufficiently different, as it is assumed for AMH over NE (Currat and Excoffier
2011, 2004), then the one with the lower K will eventually goes extinct due to
competition.

Admixture is simulated by local gene flow between the two demes belong-
ing to the same cell and it can be regulated by an interbreeding success rate
(parameter y). If y is equal to 0, then there is no gene flow between the two
populations. If y is equal to 1, there is random mating between them. Lower
values of y imply the existence of barriers to gene flow between the two
species, which can be either pre-zygotic (e.g. cultural avoidance, disassortative
mating) or post-zygotic due to lower hybrid fitness or a combination of those
various factors.

In previous studies, we implemented a model of density-dependent gene
flow between AMH and NE (Currat and Excoffier 2011, 2004). A new
admixture model has been implemented in SPLATCHE, which is fully sym-
metrical when both species are at demographic equilibrium and which is more
accurate for the description of interspecific hybridization than the previous
model (Excoffier et al. 2014). In this new model, each N; newborn individuals
in a population i have at least one parent belonging to population i. Then,
assuming random mating the probability that the second parent originated
from population j is simply computed as N/(N; + N;), where N; and N; are the
densities of both populations in the previous generation. Thus, the expected
number of gene flow events (introgressions) from population j to i at each
generation is defined as:

N,

. 4,7
S]l VNz 2(N,+Nj)

This new admixture model gives results qualitatively and quantitatively
very similar to the previous one (Excoffier et al. 2014).
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Box 12.2 Estimation of Hybridization Between Neanderthals and AMH
To investigate hybridization between Neanderthals and AMH, we explored a
series of scenarios of human dispersal out of Africa into Eurasia, with various
demographic parameters, hybridization and competition zones and varying
intensities of admixture. We redirect the readers to the original article for exact
details on those alternative scenarios (Currat and Excoffier 2011). In all
examined scenarios, Neanderthals is assumed to be at demographic equilib-
rium in its entire range at the beginning of the simulation, while AMH is
expanding demographically and spatially (Fig. 12.3). Various sizes of Nean-
derthal occupation zone where hybridization with AMH occurred were tested,
ranging from the Middle East only to a wider area extending to southern
Siberia (Fig. 12.3). During the AMH expansion, admixture can occur, and
Neanderthals disappear due to competition with AMH. At the end of a
simulation, the proportion of Neanderthal ancestry is measured in modern
human genomes in Europe and in East Asia and compared to the reported
levels of 2—-3% (Reich et al. 2010). For each of the 13 envisioned scenarios, we
performed 10,000 coalescent simulations and we computed the proportion of
those simulations that were compatible with the observation. In our new study,
a simulation was declared compatible if it resulted in 2—-3% of Neanderthal
ancestry in both Europe and East Asia and if Neanderthal introgression was
slightly larger in East Asia than in Europe (as shown in Wall et al. 2013).
Figure 12.4 and Table 12.2 show the interbreeding rates obtained with this
new series of simulations. They confirm previous results (Currat and Excoffier
2011; Excoffier et al. 2014), as very few successful hybridization events
(y < 3%) over a wide Eurasian range are sufficient to result in 2-3% of
introgression in non-Africans. Such a low hybridization rate is sufficient to
explain current Neanderthal introgression because the few Neanderthal genes
that are incorporated continuously at the wavefront of the AMH expansion
tend to be amplified by the surfing phenomenon (Currat et al. 2008). Indeed, a
few introgression events occurring in an invading deme on the wavefront can
result in many more introgressed copies, because these introgressions usually
occur when the invading deme is still growing and has not reached its carrying
capacity. Second, AMH pioneers are recruited at the front of the expansion and
consequently have a higher probability to propagate their genes (including
recently introgressed Neanderthal genes) further away in the expanding pop-
ulation. Rare but continuous interbreeding events during the expansion of
AMH over a large Neanderthal Eurasian range are thus a simple and efficient
model to explain patterns of Neanderthal ancestry in current genomes.
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Fig. 12.3 Example of the simulation of the dispersal of AMH out of Africa and the progressive
disappearance of NE that inhabited an extended area in Eurasia. Black arrow represents the origin of
AMH and pink arrows the current sampled locations. White represents empty cells, medium grey
cells are occupied by NE only, black cells are occupied by AMH only, and dark grey represents the
zone where NE and AMH coexist. Left panel shows the demographic forward phase and right panel
shows the coalescent backward phase. Pink and red dots on the right panel represent at any time the
location of lineages ancestral to the AMH sampled genes in AMH and NE demes, respectively. The
parameters used for the simulations are those of scenario A in Table 12.2
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Fig. 12.4 Distribution of the proportion of simulations (among 10,000) resulting in Neanderthal
introgression levels higher in the Chinese sample but still compatible with observations (1.9-3.1%
in both French and Chinese samples). Each likelihood curve corresponds to a different demographic
scenario described in Table 12.2. Results were obtained by assuming a deme area of
100 x 100 km?. Solid lines correspond to scenarios that are equally likely (within two AIC units
from the scenario with the highest likelihood), whereas scenarios shown with a dotted line have an
associated AIC more than two units larger and thus cannot be considered as equally well supported
by the data (details of the estimation procedure may be found in Currat and Excoffier 2011)
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