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a b s t r a c t

The Middle to Upper Palaeolithic transition was a process of cultural and biological replacement,
considered a turning point in human evolutionary history. Various hypotheses have been used to explain
the disappearance of Neanderthals from Eurasia. However, very few studies have explicitly examined the
causative role of demography on Neanderthal and anatomically modern humans (AMH) interaction. Here
we use an integrative method based on computational modelling and the analysis of archaeological data
to construct an agent based model that explores the influence of demographic variables (birth and death
rates) and mobility (home range size) on the bio-cultural interaction between AMH and Neanderthals
during the transition from the Middle to Upper Palaeolithic on the Iberian Peninsula (50 ka to 30 ka BP).
Our simulation results are consistent with the current radiocarbon framework for the disappearance of
Neanderthals in this region. This suggest that the extinction of Neanderthals could be explained by inter-
specific differences in demographic behaviour and mobility patterns compared with AMH.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The Middle to Upper Palaeolithic transition, ranging from 50 ka
to 30 ka BP, was a process of cultural and biological replacement
considered a turning point in human evolutionary history. As
anatomically modern humans (AMH) expanded from the Levant
into Europe, they encountered, and biologically interacted with, the
pre-existing Neanderthal populations, causing their disappearance
from the palaeo-anthropological record.

Various hypotheses have been used to explain the disappear-
ance of Neanderthals from Eurasia. Some scholars have suggested
that the extinction of Neanderthals was related to the arrival of
AMH, -given their more complex cognitive abilities; their inven-
tiveness and capacity for innovation (Klein, 2008; Mellars, 2005);
complex symbolic and linguistic behaviour (Conard, 2003; Zubrow,
1989); exploitation of a broader range of resources (Stiner and
Munro, 2002); planning capacity, including larger-scale social
networks (Nash et al., 2013); sexual division of labour (Kuhn and
Stiner, 2006) and larger population sizes-(Bocquet-Appel et al.,
logia Human i Evoluci�o Social
ain.
ucart-Mora), slozano@iphes.
pez de Pablo).
2005; Mellars and French, 2011). In contrast Zilh~ao (2006) and
D'Errico and Stringer (2011), among others, hold that innovations
indicative of the modern condition were not exclusive to AMH, but
they appeared and disappeared several times in Africa and Eurasia
between 200 and 40 ka, at which point they became fully consol-
idated (McBrearty and Brooks, 2000). The Neanderthal archaeo-
logical record has also provided evidence for the consumption and
exploitation of small prey, lagomorphs, avifauna and marine
resources(Blasco et al., 2015; Finlayson et al., 2012; Fiore et al.,
2014; Hardy et al., 2013; Zilh~ao, 2007) in addition to other mod-
ern features (Villa and Roebroeks, 2014). Other researchers suggest
that there is a connection between population growth and the
emergence and fixation of modern behaviour (Premo and Kuhn,
2010; French, 2016). On the other hand, Collard et al. (2016) sug-
gest that such a relation has not yet been proven, therefore, it
should be treated as one (not the only/unique/main) of the many
explanatory factors for the emergence of modernity.

Since the publication of the first draft sequence of the Nean-
derthal genome (Green et al., 2010) the debate on the demise of
Neanderthals must be framed in terms of some degree of inter-
breeding. Significant efforts have been invested in determining the
relationship between Neanderthals and AMH, their phylogenetic
status, and the traces this would have left in present-day pop-
ulations (Dannemann et al., 2016; Deschamps et al., 2016; Fu et al.,
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2014; Kuhlwilm et al., 2016; Prüfer et al., 2014; Reich et al., 2010).
Along with these studies, some models have estimated the amount
of interbreeding between the Neanderthals and AMH that would
have led to the 1e4% of Neanderthal introgression seen in present-
day non-African populations (Currat and Excoffier, 2011; Neves and
Serva, 2012).

Despite the transition being, in its essence, a process of inter-
action between genetically and culturally different populations,
very few studies have explicitly examined the causative role of
population dynamics on the evolution of the Neandertals’ popu-
lation. Traditionally, researchers looking at the demography of
either Neanderthals or AMH populations chose two different ap-
proaches: they either constructed mathematical models, or infer-
red demographic dynamics through an analysis of the
archaeological record.

Mathematical models show that small differences in mortality
rates could have had dramatic consequences. According to Zubrow
(1989) stable population model, a 2% increase in mortality among
Neanderthals over AMH could have resulted in their extinction
within 30 generations. More recently, Sørensen (2011) mathemat-
ically simulated fertility and mortality rates to model the evolution
of Neanderthal populations under conditions of changing climate
and prey availability. His model suggests that a 1% reduction in
mortality through childbirth and hunting accidents among AMH
would have allowed their population to grow despite adverse cli-
matic conditions, while the Neanderthals population declined.
More recently, different mathematical models have addressed the
interaction between AMH and Neanderthals considering palae-
oanthropological data. Currat and Excoffier (2011), based on the
evidence presented by Green et al. (2010), concluded that, to obtain
an introgression rate of between 1 and 4% Neanderthal DNA into
present-day populations, the interbreeding success rate (the
probability of a successful hybridisation) must have been below 2%.
In contrast, Neves and Serva (2012) suggest that a low rate of
interbreeding between the two species could have been a conse-
quence of their cultural differences (i.e., culture-based restrictions
on interspecific reproduction). These mathematical models address
the evolution of demographic variables in a scenario of interaction
between the two populations; however, their results have not been
validated against the empirical record.

The second approach to the study of demographic dynamics is
based on the analysis of the archaeological record. Mellars and
French (2011) proposed three proxies (stone tool density, mean-
weight density and occupation areas) to reconstruct relative pop-
ulation sizes and density in the south-western France from the Late
Middle Palaeolithic to the Aurignacian. They suggested that during
Early Upper Palaeolithic, the AMH population was an order of
magnitude larger than that of the Neanderthals in the preceding
period. Other authors including Bocquet-Appel and Degioanni
(2013) have proposed an estimated population size of
5000e70000 Neanderthals, based on demographic data from
ethnographic sources using a conservation biology formula.
Bocquet-Appel et al. (2005) calculated an AMH metapopulation
size (per 100 km2) for four periods of the European Upper Palae-
olithic (Aurignacian, Gravetian, Last Glacial Maximum and Late
Glacial). For each of the periods, they back-projected reference
population estimates obtained from ethnographic data, with inter-
period growth rates based on the number of archaeological sites.
They then obtained absolute estimates of metapopulation size by
multiplying demographic density with perceived territory size
generated by modelling the geographical distribution of sites in
south-western France. The resulting AMH population size is
795e12,980 AMH contrasting with the suggested estimate of
80e1300 Neanderthals for the precedent period (Bocquet-Appel
and Degioanni, 2013).
Despite the significant contribution of the above-mentioned
literature to the inference of demographic dynamics, the methods
used present limitations when it comes to identifying the rela-
tionship between biology and cultural evolution. The study of the
bio-cultural interactions of distinct populations is restricted by the
biased nature (involving the limited number of remains, differential
deposition, conservation, and recovery processes) of the archaeo-
logical record.

Regardless of the method and the geographical framework
whenwe study the transition from theMiddle to Upper Palaeolithic
three main questions arise: (1) For how long did Neanderthals and
AMH co-exist? (2) What was the result of this co-existence in
biological/genetic terms? (3) To what extent did climatic and
geographical variables influence the size and distribution of the
population involved? In order to obtain a better understanding of
this process, and therefore, be able to answer these questions, we
must seek a multi-factor explanation.

In this paper, we address the first and second questions by
focusing on the Transition from theMiddle to Upper Palaeolithic on
the Iberian Peninsula. We use computational experiments to
observe the effects of demographic and mobility patterns on the
interaction between Neanderthals and AMH in the region. This
allows us to systematically explore the significance of historical
contingency (Premo, 2006) and produce testable expectations that
can be validated against the archaeological record.

2. The Iberian Peninsula

The Iberian Peninsula plays and important role in the study of
the transition from the Middle to Upper Palaeolithic (Baena et al.,
2005a, 2005b; Maroto et al., 2012; Schmidt et al., 2012; Wood
et al., 2014, Wood et al., 2013a; Zilh~ao and Trinkaus, 2002) as the
southern region has often been claimed to be the refugium of the
last Neanderthals, while the northern areawas contemporaneously
occupied by AMH.

The differential distribution of final Mousterian and early
Aurignacian complexes recorded in the Iberian archaeological re-
cord was first explained through the Ebro Frontier Model (Zilh~ao,
2006, 2009; Zilh~ao and Trinkaus, 2002; Zilh~ao, 2009) This model
accounts for a real and lasting spatial segregation between the two
techno-complexes, and, given the association of these with
different hominid species, it also suggests the co-existence of AMH
and Neanderthals. According to the model, in the period between
42 ka BP and 35 ka Cal BP (Zilh~ao, 2009), both Aurignacian and
Mousterian techno-complexes were present in the Iberian Penin-
sula. The transition in the north of the Ebro Valley is a two-step
process. First to emerge was the Chatelperronian, an Upper Palae-
olithic techno-complex with Middle Palaeolithic roots, and asso-
ciated with Neanderthals. At approximately 42 ka Cal BP this was
replaced by the Proto-Aurignacian industries associated with AMH.
In contrast, south of the Ebro Valley, Middle Palaeolithic industries
survived until 35 ka Cal BP, at which point they were replaced by
Evolved-Aurignacian.

The model proposes that the interruption of the westward
advance of AMHmust somehow be related to the fact that the Ebro
basin represented a bio-geographical border between the Medi-
terranean and Euro-Siberian domains. For this reason, competition
between the two species did not start until the climatic deterio-
ration of the late MIS 3 began to favour the southward expansion of
AMH. The advance followed the same process of cultural interac-
tion and biological admixture (Zilh~ao, 2006) as operated during the
advance of AMH into western Eurasia, and led to the assimilation of
the last Neanderthal populations (Zilh~ao, 2013).

Until the early 2000's this was the onlymodel that accounted for
the entire Iberian archaeological record. At that time, a revision of
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the archaeological record highlighted certain inconsistences in the
model's formulation relating to the archaeological and chronolog-
ical record (for a revision see:Vaquero (2006)).

Consequently, alternative interpretations of the Iberian
archaeological record were proposed. Some researchers state that
the extinction of the Neanderthals and the arrival of AMH were
independent processes, suggesting that the disappearance of the
former was caused by cold and arid conditions at approximately 28
ka BP (Finlayson et al., 2004; Finlayson, 2004; Jim�enez-Espejo et al.,
2007). This proposal was a response to the model by D’Errico and
S�anchez Go~ni (2004), who suggested that Neanderthals become
extinct because of competition with AMH. Mallol et al. (2012) also
reviewed the lithostratigraphic context of the main archaeological
sequences and theorizes that the extinction of Neanderthals and
the arrival of AMH were independent processes. Other authors
(Baena et al., 2005a, 2005b., Carbonell, et al., 2000.), suggested the
regional contemporaneity of Neanderthals in both Northern and
Southern Iberia (Baena et al., 2005a, 2005b.) or a mixture of all
these scenarios at peninsular scale that would include all the above
scenarios (Guy Straus, 2005). Zilh~ao (2009) responded to the crit-
icism with a list of empirical expectations that, if substantiated,
would lead either to the revision or abandonment of themodel, and
discussed whether those findings had or had not been made,
concluding that the model had not been refuted.

The re-evaluation of the radiocarbon framework plays a key role
in current debates on the timing of the Neanderthal extinction, the
expansion of AMH and for how long they interacted with each
other (if ever). However, the introduction of new dating proced-
ures, the consequent revision of the chrono-stratigraphic frame-
work, and the attempt to reconcile old and new dates, leaves us
with quite a blurry picture. For instance, in Cova Gran (Lleida,
Catalunya), a recent revision allowed researchers to discard a sce-
nario of rapid succession between the Late Mousterian and Early
Aurignacian at the site (Martínez-Moreno et al., 2010; Mora et al.,
2016). They dated the latest Middle Palaeolithic findings with a
minimum age around 42 ka Cal BP. Also, Wood et al. (2014) sug-
gested a date of 42 ka for the appearance of Aurignacian in
Northern Iberia e a date broadly consistent with the Western Eu-
ropean record e from the datation of Labeko Koba (Arrasate, País
Vasco), La Vi~na (Oviedo, Asturias) and l’Arbreda(Girona, Catalunya).
Finally, the revisions of the radio-chronological framework of
southern Iberia, carried out by Higham et al. (2014) andWood et al.
(2013b) concluded that the co-existence of Neanderthals and AMH
would have not lasted as long as previously thought.

As pointed out in the previous section, the understanding of the
transition process of during Middle to Upper Palaeolithic requires a
multi-factor approach that considers both cultural and biological
variables. In this work, we use agent-based modelling to study the
interaction between AMH and Neanderthals on the Iberian Penin-
sula, taking into account a set of specific demographic and behav-
ioural variables (initial population size, birth and death rates,
mobility patterns and barriers preventing hybridation) to discuss
the range of possible scenarios that may have led to the extinction
of the Neanderthals.

3. Methods

In this paper, we adapted a previous agent-based model con-
structed by Barton and Riel-Salvatore (2012) in Net Logo (Wilensky
and Stroup,1999) to perform a series of computational experiments
on the bio-cultural interaction between AMH and Neanderthals
during the Middle to Upper Palaeolithic transition on the Iberian
Peninsula. The original model is designed to explore the dynamics
of biobehavioural interactions between two populations, and their
genetic and demographical consequences. The model is
implemented to analyse the effect of interspecific differences in
initial population sizes, interaction distances, mating restrictions,
and fitness. It also tests the spatial distribution of the original two
population and the hybrids resulting from the interaction. The
model dynamics consists of three steps that are executed at each
simulation generation. During simulations three basic dynamics
unfold during each of the simulation generations. First, all agents
move within a home range of a given radius with no directionality.
Then, they reproduce and die with a probability equal to their birth
or death rate (respectively), which are both defined in the range
[1,1000]. To our knowledge, this is the only example of an agent-
based model applied to the study of such a transition in a
regional context.

3.1. Model overview

A number of modifications were introduced relating to the
analysis scale and computational code, in order to adapt the orig-
inal model (Barton and Riel Salvatore, 2012) to our study case. First,
we used the Iberian Peninsula as the geographic scenariowhere the
interaction took place. Second, demographic and mobility param-
eters were calibrated using ethnographic data. Third, we intro-
duced a local mechanism to avoid overpopulation, preventing
agents from reproducing when their home range was crowded.
Fourth, a new range of genotypic groups was created to obtain a
more detailed picture of the population's genetic composition at
the end of each run. The following description corresponds to the
adapted model. For more details of the adaptation please see the
code in the Supplementary materials.

3.1.1. Spatial and chronological framework
The simulated world represents the Iberian Peninsula and

southern France to latitude of 43� 360N. We included the South of
France in the model as the region from which the Aurignacian and
AMH presumably penetrated the Iberian Peninsula. Our simulation
scenario has been constructed using a SRTM digital elevationmodel
of the Iberian Peninsula converted to a binary raster with a cell
resolution of 10 � 10 km2 where land grids are black and sea grids
are white. Agents only move within those grids identified as land.

We established an interaction time between agents of 12.500
years representing 500 generations. Such chronological framework
is consistent with the oldest Aurignacian context securely dated in
Iberia from Labeko Koba's (41.9e40.6 ka Cal BP) and l’Arbreda
(41.6e38.2 ka Cal BP) (Wood et al., 2014) and the Gravetian (c. 30 ka
Cal BP). Within this time range Cueva Ant�on (34e36 ka Cal BP) was
take as the reference for the latest Middle Palaeolithic context
(Zilh~ao et al., 2016). Each time step in the model represented a
generation of 25 years, meaning that the absolute number of gen-
erations in ourmodel was 500, translating to the cited 12.500 years.

3.1.2. Agent specification
Our model was populated by agents representing social units of

25 individuals, the average number of individuals in
ethnographically-documented hunter-gatherer units (Kelly, 2007).
Each agent was characterised by a simple genome of 10 pairs of
alleles. There was no directionality in the movement of agents (i.e.,
they did not migrate towards a particular destination), although
they were constrained within a home range of a given radius that
could be varied to recreate different mobility strategies.

Initially, the agents were assigned to two genetically distinct
groups: Neanderthals (NN) and AMH (MM). All the alleles in the
agents from the former group were Neanderthals (i.e. NiNi) and
were initially confined to the territory south of the Ebro Valley. In
contrast, all of the alleles of the agents of the second group were
modern (i.e. MiMi) and these were initially distributed to the north
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of the Ebro Valley. This distribution pattern is based on the Ebro
Frontier model as proposed by Zilh~ao (2009), although it should be
noted that the distribution of agents within these two areas does
not represent the location of actual archaeological sites.

The starting size of the two groups was calculated taking into
account the extent of their initial distribution area together with
population density estimates from ethnographic data. Specifically,
based on Bocquet-Appel et al. (2005), we applied a density of 0.72
and 0.5 inhabitants per km2 for AMH and Neanderthals, respec-
tively. Our decision on the lower density of Neanderthals’ was
based on diverse papers looking at demographic proxies (Bocquet-
Appel et al., 2005; Mellars and French, 2011; Bocquet-Appel and
Degioanni, 2013), as well as, and archaeo-genetics (Mellars and
French, 2013; Fabre et al., 2009; Lalueza-Fox et al., 2012). As a
result, the initial scenario was populated by 103 AMH and 114
Neanderthal agents.

When agents mated and produced offspring (see Reproduction
routine in section 3.1.4) the new agent was assigned to a genotypic
group. These groups (Fig. 1) were denominated 1 to 8, representing
the number of modern alleles present in agents’ genome. Genotypic
groups 1 and 8 correspond to pure Neanderthals and AMH groups,
respectively, and genotypic groups 2 to 7 represent hybrids with
different ratios of modern alleles.

3.1.3. Assignment of parameters values using ethnographic studies
We used ethnographic data as a reference to obtain the

parameter values for our experiments. The uniformitarian nature of
demographic processes justifies their use for Anatomically Modern
Humans, despite being a fragmentary and biased data source
(French, 2016; Kelly, 2007; Howell, 1979). Concerning, Neander-
thals and hybrids (i.e. non modern hominins) we adjusted the data
according to the parameters suggested by the paleo-
anthropological record, following the procedure detailed below.

In our model, the agents' home range is confined into a virtual
area of 5 � 5 cells (2500 km2). Such an estimate is based on
ethnographically documented hunter-gatherers inhabiting sub-
tropical areas with foraging systems mainly focused on terrestrial
resources, particularly medium size ungulates (O’Connell et al.,
1988). Because latitude and environment have significant effects
on hunter-gatherers’ mobility patterns (Binford, 2001; Grove,
2009), we decided to avoid ethnographic examples from artic and
sub-artic areas heavily dependent on migratory game such as
reinder since such a species of game is minimally represented on
most of the Iberian Peninsula during the LateMiddle Palaeolithic. In
turn, we also decided to exclude home range references of hunter-
gatherer's groups heavily dependent on aquatic and littoral re-
sources in Boreal and Subtropical environments which tend to
exhibit smaller home range sizes and higher population densities
than foragers whose economic systems depend on terrestrial
game(Kelly, 2007).

Our starting point for the demographic variables (i.e. birth and
death rate), were the Total Fertility Rates-the average number of
children that would be born to a woman over her lifetime (Howell,
1979)-compiled by Kelly (2007). The data available on mortality
rates is fragmented, and growth rate values are highly variable
Fig. 1. Genotypic groups and their corresponding
across historical hunter-gatherer populations. Consequently, given
the limitation of data sources, we had to define our value ranges by
following a three-step process:

1. As documented Total Fertility Rates range from 2 to 8 offspring,
we chose 5, the median, as the reference value for birth rate.

2. We performed preliminary experiments with a fixed birth rate
and various values for mortality rate (4, 3, 2 and 1), and recorded
final meta-population size (i.e., number of agents).

3. We calculated the corresponding growth rates and checked that
these did not exceed the values recorded for historical hunter-
gatherer. Such a growth rate was calculated as:

PRG ¼ Pðt2Þ � Pðt1Þ
120 Pðt1Þðt2 � t1Þ

Where PRG corresponds to meta-population growth rate and, P (t)
is meta-population size at time t.

From the analysis of the preliminary experimental results, we
established 5 and 2 as the reference values for the birth and death
rates, respectively.
3.1.4. Model dynamics
According to the original model by Barton and Riel-Salvatore

(2012), at each time step in the simulation, all agents perform the
following actions:

1) Move: every agent moves from its patch to another patch in a
random direction for a random distance that is less than or equal
to its home range.

2) Reproduce: an agent will only reproduce if there is at least one
empty patch within its home range. We introduced this condi-
tion to avoid overpopulation at a local scale. If there is space, the
agent reproduces with a probability equal to its birth-rate.

When an agent reproduces, it looks for a potential mate within
its home range. If there is more than one available mate, the se-
lection of one over the other is dependent upon the avoidance
option (explained below). Otherwise, if the potential mates are
identical, or avoidance has a value of 0, the mate is chosen
randomly. When two agents mate, the offspring's genome has an
equal chance of receiving alleles on chromosome 1 or 2 from either
“parent”. If another agent is not found, it clones itselfe. The new
agent will establish itself in an empty patch within a distance equal
to or greater than its “parental” home range.

Avoidance option applies equally to all agents which show
different degrees of assortative mating preferences. With 100%
avoidance, the chance that a pair will reproduce depends on the
degree of similarity between their genomes. When two different
agents reproduce, their genomes combine through independent
assortment to create the genome of their offspring.

3) Die: an agent dies with probability equal to its death rate.
range of M alleles, from the variable genome.
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3.2. Experimental setting

In our experiments, we simulated the long-term demographic
consequences of several bio-behavioural characteristics often
mentioned in the literature, relating to the substitution of Nean-
derthals by AMH. Fig. 2 shows all the scenarios covered by our
simulations. For these experiments, we established two experi-
mental rounds: the first was designed to explore the influence of
different growth rates on the meta-population's genetic composi-
tion; the second was to observe how different mobility strategies
(expressed as the size of an agent's home range) modified the re-
sults of the previous round.

In relation to interspecific mating we considered evidence
derived from palae-genetic studies. Green et al. (2010) estimated
that between 1 and 4% of the Eurasian genome is derived from
Neanderthals, suggesting a limited amount of interbreeding be-
tween the two species. Nevertheless, the authors noted some
possible scenarios where interbreeding could have been intense
while leaving little trace in present-day populations. We also know
that interbreeding between these two species would have not been
an exceptional episode of inter-specific mating since more recent
studies have shown that AMH and Neanderthals also interbred
with Denisovans, and later, with another unknown hominid
(Dannemann et al., 2016; Deschamps et al., 2016; Kuhlwilm et al.,
2016; Prüfer et al., 2014; Reich et al., 2010). Therefore, accepting
the available evidence but considering that paleo-genetic data is
still limited, we decided to explore three different scenarios
relating to socially mediated restriction of reproduction. As can be
observed in Fig. 2 (columns) these correspond to none (0%), low
(25%) or high (95%) levels of avoidance. In the first scenario, there
are no restrictions to hybridisation; in the second, the restrictions
on interspecific reproduction are low with an avoidance levels of
25%; and in the final scenario there are strong barriers against
hybridisation with 95% avoidance.

In first round of experiments, the design took into account
palaeo-anthropological literature about reconstructing certain as-
pects of the demographic characteristics of Neanderthal and AMH
populations. Several studies suggest differences in mortality pat-
terns of the two populations. The low life expectancy of Neander-
thals was suggested by Bocquet-Appel and Degioanni (2013), and
Trinkaus (1995). In addition, Caspari and Lee (2004) proposed
that AMH had “increased longevity” when compared to
Fig. 2. Different parameters combinations that were used to set the different experiments re
and home range size (upper left and lower right). For the precise parameter values Supple
Neanderthals. Moreover, the relative abundance of infant remains
associated with Middle Palaeolithic contexts has been interpreted
as evidence for higher infant mortality rates among Neanderthals
(Trinkaus, 1995; Riel-Salvatore and Clark, 2001). On the other hand,
studies on faunal remains and stable isotopes (Hockett and
Hawkes, 2005; Stiner et al., 2000) suggest that dietary differences
would have favoured higher survival rates of AMH offspring and
nursing mothers, resulting in higher life expectancy and less infant
mortality.

In this round, we also analysed the effect of different growth
rates of hybrids on the meta-population's genetic composition. In
our model, we defined a hybrid as an individual whose DNA had a
certain degree of Neanderthal genetic introgression. This is
consistent with the few examples documented in the palaeo-
anthropological record (Fu et al., 2014, Fu et al., 2015). Here we
decided to test the validity of the model proposed by Currat and
Excoffier (2011) which explains the low levels of Neanderthal
ancestry in present-day Eurasians as a consequence of low rates of
interbreeding, potentially explained by a very strong avoidance of
interspecific mating, low fitness of hybrids, or both.

For the second round of experiments, we explored the effects of
differentmobility strategies, doubling the home range size of all the
agents. Here, we followed the assumption presented by Barton and
Riel-Salvatore (2012) on the relationship between the logistic or
residential mobility patterns of hunter-gatherers with the differ-
ential density of retouched tools from MIS 3 lithic assemblages in
western Eurasia. According to that study, hominids became
increasingly reliant on logistical mobility strategies increasing the
size of their home range size. According to ethnographic studies
(Kelly, 2007; Binford, 2001), there is a general although not
exclusive tendency for logistical mobility systems to cover greater
areas than residential mobility strategies. To observe how different
mobility strategies could have affected the interaction between
Neanderthals and AMH, we explore a set of scenarios where all
agents in the model displayed residential mobility (small home
range size) and a different set of scenarios where they all displayed
logistical mobility (larger home range size). It could be argued that
assuming homogeneity in mobility strategies is an over-
simplification. For this reason, we designed and executed experi-
ments where only one of each genotypic group displayed a
different mobility strategy to the other groups. The results revealed
no significant differences between an increased home range size of
ported below. Combination of birth rate (rows), different avoidance options (columns),
mentary materials, Table. S1.
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a single genotypic group and a comparable increase in the entire
set.

Given the stochastic nature of the model we ran each experi-
ment 50 times, which we found was enough to capture the full
variability of the model dynamics.

4. Results

As explained above, we carried out several computational ex-
periments combining different parameter values, to reproduce
distinct possible scenarios. The different parameter combinations
that were analysed (scenarios) are listed in the Supplementary
material, Table.S1. The most relevant results are summarized in this
section, nevertheless all results are included in the Supplementary
materials, Figure S1 to S6 and table S2. Given the exploratory nature
of this work, the main objective when analysing the simulation
results was to assess and characterise the effect of the different
parameters on: (1) the final meta-population composition (i.e., the
number of agents at the end of the simulation in each of the defined
genotypic groups); (2), the temporal evolution of pure Neander-
thals population size (genotypic group number 1). All statistical
analyses were performed using R © 2009e2015 RStudio, Inc.
version 0.99.463.

4.1. Final meta-population composition

To compare the variation in the final size of genotypic group
across the scenarios, we first constructed boxplots to identify var-
iations associated with different birth rates, avoidance values and
home range sizes. Later, to assess the significance of the identified
differences we applied Kruskal-Wallis tests.

4.1.1. Effect of growth rate
Here we compare those scenarios where Neanderthals or hy-

brids genotypic groups alternatively displayed a low growth rate
with scenarios where the growth rate was stationary. At first sight,
the boxplots (Supplementary material. Table. S1 to S6.) show no
obvious differences in meta-population compositions related to
changes in group growth rate. Nevertheless, when the Kruskal-
Wallis test is applied to the genotypic group size, we can see sig-
nificant changes. In those scenarios where Neanderthals growth
rate is stationary, we can see a significant decrease in the number of
agents in groups 1 to 4 and an increase in group 6. As expected, the
lower growth rate of Neanderthals group affects not only the
number of their own genotypic group, but also, the number of
agents in those genotypic groups defined by a high ratio of Nean-
derthal alleles. This pattern can be observed in experiments 2.B and
2.E. (Fig. 3). On the other hand, when analysing the scenarios where
agents display a stationary or low growth rate no significant
changes are observed.

4.1.2. Effect of avoidance
The avoidance value has no significant effect on meta-

population composition, when hybrid groups have the lowest
growth rates, or, in those scenarios where the Neanderthal geno-
typic group displays a low but positive growth rate (eg., 2.A., 2.B.,
and 2.C. See Supplementary material, Fig. S2). Nevertheless, a
pattern is observed in those scenarios where high avoidance co-
incides with a zero Neanderthal growth rate, the number of agents
in each genotypic group increases as the get close to group number
8 (i.e., AMH).

4.1.3. Effect of home range size
The effect of a large home range on meta-population composi-

tion is the same independently on which is the genotypic group
with the lowest growth rate (i.e. either Neanderthals or hybrids).
When the genotypic groups in the hybrid range display the lowest
growth rate, we can see a significant decrease in the size of groups
1, 2, 7 and 8 in those scenarios with a larger home range. The same
effect is observed when Neanderthals genotypic group display the
low growth rate. On the other hand, when Neanderthals display a
zero-growth rate there is a decrease in the size of groups 2, 3 and 4
associated with an increase in the size of groups 7 and 8 which is
confirmed by the Kruskal-Wallis test.

4.2. Temporal evolution of neanderthals group size

We also collected data on the temporal evolution of all geno-
typic group sizes (i.e., diachronic changes in the number of agents
within a genotypic group) throughout the simulations. Neverthe-
less, for the purpose of this paper we were more interested in the
temporal evolution of the Neanderthal genotypic group. In partic-
ular, wewanted to know after howmany generations Neanderthals
disappeared from the simulations, because this can be compared
with the radiocarbon record for the disappearance of Neanderthals
in the Iberian Peninsula.

In order to analyse the temporal evolution of the size of Nean-
derthal size, we first constructed line graphs to visualise possible
patterns. After this, we calculated the maximum and minimum
sizes of the genotypic group and identified the generation number
when these extreme values were reached. This last step helped us
quantitatively assess the observed patterns and the parameters
responsible for them.

In general, the temporal evolution of the Neanderthals group
size follows a recognisable pattern in most of our scenarios. The
number of agents increases rapidly to reach a maximum group size
between generation 40 and 70 (with the median in generation 60),
followed by a monotonic decline results in the minimum Nean-
derthal group size somewhere between 100 and 200 generations of
the simulation. This, seems to be a point of no-return, since the
Neanderthal group size does not grow again in the 400 remaining
generations: it either stabilises or declines until it disappears
completely.

4.2.1. Effect of growth rate
As for the effect of growth rate, we can see differences between

the scenarios where Neanderthals display a positive growth rate
and those where their growth rate is stationary. Positive growth
rates are associated with higher maximum group sizes (ca.
1800e2500 agents), which are reached early on the simulation
(between generations 40 or 60 simulation generations): the mini-
mum genotypic group size is reached between generations 160 and
190. In contrast, stationary growth rates are associated with a
maximum group size of around 900 and 2000 agents, reached at
the very beginning of the simulation. Later, in these scenarios the
Neanderthal group size decreases until they disappear around 200
generations. This pattern is observed in all simulated scenarios
where the Neanderthal genotypic group displays a lower growth
rate than the other genotypic groups. On the other hand, the
growth rate of hybrids groups has some influence on Neanderthal
maximum group size, which increases in those scenarios where
hybrids display a stationary growth rate. As an example, in exper-
iment 1.A. Neanderthal's average maximum group is 196, where in
experiment 1.D. It is 204 (see Supplementary materials, Table S2).
In contrast, there is no influence on minimum group size or gen-
eration number when these extreme values are reached.

4.2.2. Effect of avoidance
There is a positive relationship between the avoidance value and

the maximum group size reached by Neanderthals in the



Fig. 3. Median and midspread of genotypic group sizes at the end of the simulation after 50 iterations. For details on the parameter values of experiments 2.B (right) and 2.E (left),
see Supplementary materials, Table. S1.

Fig. 4. Temporal evolution of Neanderthal group size after 50 iterations. Light blue represents the temporal evolution of each of the 50 iterations, dark blue is, the median value for
the temporal evolution of Neanderthal group size. For details on experimental parameters for 2.A. (top) avoidance 25%, 2.B. (middle) avoidance 75%, and 2.C (bottom) avoidance 95%.
See Table S1. Supplementary materials. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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simulation. This relationship can be observed in Fig. 4. Noteworthy
the same pattern is observed in relation to minimum group size,
which is higher and reached in later generations as avoidance value
increases. This pattern is similar in all scenarios, no matter the
genotypic group having the lowest growth rate.

Fig. 4 also shows the effect of avoidance over the variability of
results. In particular, we observe a wider variability of the temporal
evolution of Neanderthals group size as the avoidance value in-
creases (from top to bottom). This phenomenon can be explained
from the combined effect of high avoidance value and the spatial
distribution of agents. As the avoidance value increases, the chance
for reproduction with agents from other genotypic groups are
reduced (or, in other words, more agents increase the probability of
Neanderthals agents of reproducing). Consequently, in those sim-
ulations iterations where Neanderthals agents do not have enough
non-Neanderthals neighbours, they clone themselves. When this
happens, Neanderthal population can delay the dilution of its ge-
notype. This is especially visible in Fig. 4 bottom, where the
Neanderthal population stabilizes its size between generation 50
and 230 (depending on the simulation iteration). In other itera-
tions, Neanderthals agents find themselves surrounded by agents
similar enough to reproduce with. In these cases, Neanderthal pure
genotype dilutes as they reproduce with other agents, conse-
quently, we observe a decline in the number of Neanderthals agents
that begins between generations 50 and 100.
4.2.3. Home range size
Home range size has a significant effect on Neanderthal groups

size. First, we observe a reduction in the maximum size reached by
genotypic group 1. In no scenario does the Neanderthals group
reach a maximum of more than 135 agents, when in analogous
cases defined by a small home range, the maximum group size
reaches values between 170 and 200 agents (see Supplementary
materials, Table. S2). This means, the inter-specific interaction of
agents results in a quick “dilution” of the Neanderthal genotype.
Remarkably, when a large home range is combined with a zero
growth rate we do not see the characteristic initial increase in
group size. Instead, the Neanderthal group size decreases right
from the beginning of the simulation and Neanderthals disappear
between generations around generation 120 and 150 (eg., 5.D.
Fig. 5). A fairly similar pattern is observed when the hybrid geno-
typic groups have the lowest growth rate.
5. Discussion and conclusions

The demise of the Neanderthals was not a simple, lineal process
(Villa and Roebroeks, 2014). Their disappearance from the
Fig. 5. Temporal evolution of Neanderthal group size after 50 iterations. Light blue represen
the temporal evolution of Neanderthal group size. For details on experimental parameter val
references to colour in this figure legend, the reader is referred to the web version of this
archaeological record can only be explained through the interaction
of several factors. This complexity requires a multi-approach
analysis; the study of the transition from the Middle to Upper
Palaeolithic has been addressed by a wide range of disciplines,
including archaeology, physical anthropology, genetics, chronom-
etry, and palaeo-environmental analyses. To satisfactorily under-
stand this process, several approaches (and their corresponding
evidence and data sources) must be considered.

In this paper, we have presented a bottom-up approach to
computational modelling in which the model is constructed from
its component features in order to observe the results of their in-
teractions. Such an approach can help us better understand the
relationships between different data sources and uncover patterns
of interaction between various factors. We applied this approach to
study the possible effect of demographic behaviour and mobility
patterns on the demise of the Neanderthals.

Specifically, we adapted a previously published model (Barton
et al., 2011) to a regional scale. In doing so, we used ethnographic
data to calibrate birth and death rates, define the extent of the
agents' home ranges and establish the initial number of Neander-
thal and AMH agents. Next, we used the resulting models to
perform computational experiments testing multiple combinations
of parameter values. Two types of results were recorded: the size of
the different genotypic groups at the end of simulation: and the
temporal evolution of Neanderthals’ genotypic group size.

Our results suggest that disappearance of the Neanderthals
could be explained by inter-specific differences in demographic
behaviour andmobility patterns compared to AMH. Concretely, this
scenario is defined by Neanderthal groups having a lower growth
rate than AMH and hybrids; agents moving within large home
ranges: and moderate or high culturally-mediated barriers pre-
venting inter-specific reproduction.

From a broad perspective, our model results are aligned with
those models that suggest that the success of AMH over Neander-
thals was a result of the fitness advantage of the former (Klein,
2008; Mellars, 2005; Stiner and Munro, 2002; Kuhn and Stiner,
2006). More concretely, our results suggest that the demise of
Neanderthals could be related to an even small fitness advantage of
AMH. Moreover, the effect of hybridation and a large home range
are highly relevant to explain our results and their match with the
chronological framework for the demise of Neanderthals in Iberia.

At a peninsular scale, our results are consistent with the current
radiocarbon framework for the disappearance of Neanderthals in
Iberia. Since the late 80's the centre and south of the Iberian
Peninsula has been considered a refugee for the last Neanderthals
who survived long after the arrival of the AMHnorth of Iberia. More
recently, some authors have suggested that Neanderthals survived
ts the temporal evolution of each of the 50 iterations, dark blue is, the median value for
ues 5.D. see Table. S1, and S2 in the Supplementary materials. (For interpretation of the
article.)
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South of the Ebro Valley until 36.7e34.5 Ka cal BP (Cueva Anton),
while others extend this date until 32e28 ka cal BP (Gorham's
Cave). On the other hand, a major re-evaluation of the strati-
graphically contexts and the application of new dating procedures
haves questioned the fact that Neanderthals in Iberia survived
much longer than anywhere else in Europe (Wood et al., 2013a;
Higham, et al., 2014; Alcaraz-Casta~no et al., 2017). Among others
Wood et al. (2013a) and Maroto et al. (2012) suggest that Nean-
derthals and AMH did not co-exist in the Iberian Peninsula.
Nevertheless, some sites in the Atlantic and Mediterranean
Southern coasts, still suggest a post 42 ka cal BP survival for Ne-
anderthals. Dates obtained at Oliveira, Cueva Anton and Sima de las
Palomas remain unchallenged concerning the integrity of the
chronometric results.

Ourmodel results support both a rapid expansion of themodern
genotype and a late survival of some Neanderthals group survive
isolated at the Southern extremes of the Iberian Peninsula. These
isolated groups eventually disappeared within a chronological
framework that coincides with the dates provided by Cueva Ant�on.
The demise of Neanderthals in our model is based on (slight) dif-
ferences in demographic growth, and the relocation of AMH and
hybrid groups in adjacent patches leaving Neanderthal agents
isolated and unable to reproduce. The relevance that migration and
relocation of AMH groups or bands could have had in the extinction
of Neanderthals, has also recently been, pointed out by Kolodny and
Feldman (2017). Our approach to the mobility of hunter-gatherer
groups provides an alternative explanation for the particular
chronological framework of the transition in the Iberian Peninsula.

The Ebro Frontier (Zilh~ao and Trinkaus, 2002) suggests that this
chronological framework resulted from the environmental differ-
ences between the North and South of the Ebro Valley. At a first
stage, these differences would have refrained the Southward
advance of AMH, allowing the survival of Neanderthals south of the
Valley. At a second stage, once the environmental conditions
changed, and AMHwould have resumed their advance assimilating
Neanderthals. In this work, experiments have quantitatively shown
that this chronological framework can be matched considering
non-oriented, and continued, migration and relocation of human
groups.

The results obtained in our computational experiments provide
expectations to be tested through archaeological research. In
particular, we observed an early disappearance of the Neanderthal
genotype (between 100 and 200 generation). Therefore, we could
expect to find a decline in the frequency of late Middle Palaeolithic
sites and paleo-anthropological remains during this final stage. In
addition, according to our modelling results it could be expected an
earlier disappearance of the late Middle Palaeolithic contexts in
those areas closer to the contact border (i.e. Ebro Valley) than in the
more distant areas (i.e. southernmost extreme of the Iberian
Peninsula). The ongoing re-evaluation of the Iberian chronostrati-
graphic contexts will validate (or not) these expectations. A
confirmation of these expectationswould reinforce the explanatory
power of our simulated interaction scenario. Otherwise, if they
were not met, we should re-define our model and experimental
settings under the light of new theoretical framework and
evidences.

On the other hand, our results partially match with current
archaeological evidences that suggests a very limited degree of
Neanderthal genetic introgression into the AMH genome. In the
experiments resulting in the disappearance of Neanderthals, meta-
population is composed of a remarkable number of hybrid agents.
Nevertheless, these agents show a limited level of Neanderthal
introgression in their genomes. This leads us to think that there are
other parameters that could have had an effect on the result of the
interaction between Neanderthals and AMH.
Different studies (Mellars, 2005; Schmidt et al., 2012; Jim�enez-
Espejo et al., 2007; D'Errico, 2003; Finlayson and Carri�on, 2007)
suggest that the changing climatic conditions at the end of MIS 3
could have had a major influence on the disappearance of the Ne-
anderthals. Further developments of this model will integrate
geographical and ecological variability, in order to better under-
stand how these parameters could have influenced meta-
population dynamics.

Our interest lies in improving our knowledge of and insight into
the bio-cultural interactions between Neanderthals and AMH, an
area where agent-based modelling has proven to a valuable tool. To
make our work replicable and allow other scientist to further apply
and develop themodel we have included the associated data files in
the Supplementary materials and have uploaded the Net Logo code
to Open ABM (https://www.openabm.org/model/5271/version/1/
view).
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