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MODELLING HOMININ DISPERSALS WITH AGENT-BASED MODELLING
Izabela Anna Romanowska
The early dispersals of hominins have been a major focus of Palaeolithic research in the
last 50 years. In this dissertation I have applied a formal modelling technique, simulation,
to a selection of archaeological research topics concerning hominin dispersals in order to
test the suitability of this tool for formal theory development and hypothesis testing.
Therefore, the aims of this research are twofold. The archaeological aim is to improve our
understanding of hominin dispersals in the Pleistocene, whilst the methodological
contribution was achieved by employing a relatively unknown and underused (in
archaeology) computational tool.
An overview of the existing data pertinent to the topic of Pleistocene hominin dispersals
demonstrated that the current methodology used for researching hominin dispersals, that
is data analysis paired with conceptual modelling, is unlikely to solve many of the existing
research questions highlighting the need to assess a wider range of scientific tools in
order to progress. To that end, two case studies were developed using a specific
simulation technique: agent-based modelling.
The first case study was used to evaluate if, and under what conditions, the early ‘Out of
Africa’ dispersal could lead to a specific demographic pattern reflected in a disparity
between two regions with different stone tool traditions known as the Movius line. The
model comprises a dynamic environmental reconstruction of Old World vegetation in the
timeframe 2.5-0.25 Ma, coupled with standard biological models of population growth
and dispersal. It is demonstrated that, under a wide sweep of both environmental and
behavioural parameter values, the demographic consequence of dispersal is not a gradual
attenuation of the population size away from the point of origin but a pattern of
ecologically driven local variation in population density.
The second case study looks at the relationships between climate change, migration and
the evolution of behavioural plasticity or versatility among hominins. The agent-based
model investigates the dynamics between individuals with different adaptations (including
‘versatilist’ individuals) within a non-homogenous population. The results show that
dispersal accelerates the evolution of versatilism in the population, therefore promoting a
more flexible range of adaptations. In addition, a set of scenarios was tested in which a
dispersal wave crosses an environmental barrier. The results do not support the common
intuition that such barriers shape the composition of hominin populations.
The methodology presented here opens a new route to understanding large-scale spatiotemporal patterns in the archaeological record as well as to testing many of the
previously proposed factors affecting early hominins’ lives. It has the potential to provide
new insights into a number of ongoing debates, in particular on the relationship between
different processes involved in shaping the past such as demographics and cultural
complexity. This study also highlights the potential of simulation studies for testing
complex conceptual models and the importance of building reference frameworks based
on known proxies in order to achieve more rigorous model development in Palaeolithic
archaeology and beyond.
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Chapter 1:

Introduction

The early dispersals of hominins have been a major focus of Palaeolithic research
in the last 50 years (Gamble 1993; 2013; Moncel 2010). The origin of the near
global distribution of hominins dates back to ca. 1.8 Mya (million years ago)
when the spatial range of hominins rapidly extended to areas outside of Africa in
a process commonly termed the first ‘Out of Africa’ dispersal. In a relatively short
time hominin groups colonised vast areas modifying their adaptive repertoire as
they spread through new environments (e.g., Carbonell et al. 2010; Huffman et
al. 2006; Lordkipanidze 2000). However, despite extensive research, many of the
key questions related to the early hominin dispersals remain unanswered: what
factors encouraged hominins to migrate in the first place? Which adaptations
allowed them to cross boundaries between different environments? What
mechanisms gave the Pleistocene dispersal the momentum it needed to reach the
outskirts of the Old World quicker than the error margin of our modern dating
techniques? What do the continental-scale cultural differences in stone tool
assemblages represent?
Previous research on the early dispersals has mostly focused on data collection,
i.e., detecting, dating and analysing artefact assemblages and environmental
evidence found at Lower Palaeolithic sites. This is accompanied by conceptual
theory building, i.e., describing the possible mechanism of dispersal and
explaining the detected data patterns, all done in natural language. However,
despite the efforts put into studies of early dispersal, the discipline has not
developed tools and scientifically rigorous frameworks to evaluate the myriad of
conceptual models and to investigate more complex, multidimensional scenarios
in a formal manner akin to methods employed in earth, biological and social
sciences. New techniques arriving from disciplines rarely associated with
archaeology or the humanities in general may now help to solve this issue.
This dissertation will investigate the complex dynamics of Lower Pleistocene
hominin dispersals using one such formal computational modelling technique agent-based modelling. Working within the framework of complexity science, I
develop two case studies using simulation to examine the complex interaction
between global environmental fluctuations, human adaptations and population
dynamics leading to the global distribution of the traces of hominins’ presence
observable in the archaeological record.

Chapter 1: Introduction

The complex nature of this phenomenon requires a multiscalar and systemic
approach focused on well-defined but relatively narrow research questions (Bunge
2014; Moncel 2010). Therefore, the case studies developed over the course of
this PhD focus on different elements involved in the early dispersals, from
environmental conditions to population dynamics. In the process I will address
the complexities emerging on different scales of analysis by shifting the focus of
the dissertation between individual interactions, regional dependencies and
global phenomena.

1.1
1.1.1

Research aims, scope and structure of the dissertation
The aims of the dissertation

The aims of this dissertation are twofold. This PhD concerns Palaeolithic
archaeology with a special emphasis on Pleistocene dispersals. The second focus
is a methodological contribution, that is, assessing the implications of applying a
relatively uncommon (to the discipline of archaeology) scientific method and the
epistemological framework associated with it. The two aims are ultimately
intertwined since I will evaluate the potential and challenges of using simulation
modelling in the process of addressing specific archaeological research
questions. Thus, the two main goals of this research are:
1. To investigate - in the formal, quantitative environment of a computer
simulation - some of the possible mechanisms that propelled, limited and
shaped Pleistocene dispersals and to examine the role and impact of
specific factors on the feasibility, form and timing of early hominin
dispersals, such as population dynamics, environmental fluctuations and
the evolution of behavioural plasticity.
2. To evaluate the potential of computational modelling for archaeological
applications within the context of Human Origins studies. In particular,
assess its utility at different scales of analysis. To provide a clear account
of the methodology including guidelines for best practice.
In sum, the overarching goal of this research is to advance the study of
Pleistocene dispersals using simulation modelling. The first aim is discussed in
more detail in chapter 2 while the second is reviewed in section 1.3 of this
chapter. More detailed research questions are defined in section 1.4 in relation to
each case study.
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1.1.2

The spatio-temporal scope of the dissertation

This dissertation is primarily concerned with the time period between 2 Mya
(million years ago) and 300 kya (thousands years ago), falling within the
framework of the Lower Palaeolithic according to the chronological division in
archaeology, or, in the geological nomenclature, the Lower as well as the early
and middle parts of the Middle Pleistocene (Figure 2.1). The spatial scope of the
dissertation can be broadly defined as the Old World (Africa and Eurasia) as no
convincing evidence of hominin presence prior to the Upper Pleistocene have
been reported from outside of this area. However, the some of the case studies
have been built on a virtual environment and abstract spaces. For example the
variability case study investigates general evolutionary mechanisms and could, in
principle, apply to a wider time scale or species other than hominins.
1.1.3

The structure of the dissertation

This PhD is composed of six chapters and several appendices. The introduction
outlines the research problem and places this dissertation in a wider academic
context. The following chapter - Overview of Data and Theory - lists and discusses
the archaeological evidence pertinent to the study of early hominin dispersal. In
chapter 3 - Methodology - I have described in more detail the epistemology of
computational modelling while walking the reader through all stages of
simulation development, starting from formulating appropriate research
questions to model dissemination and replication. Chapters four and five present
the two case studies discussed below, while chapter six contains a more
extended discussion and conclusion of the work undertaken. The appendices
include the more technical content, such as the compilable code and pseudo-code
of the simulations and also scripts used for data analysis and visualisation, an
extended discussion on modelling decisions undertaken throughout the process
of developing the model’s ontology, a detailed description of the equations used
as well as a catalogue of all sites mentioned in chapter three. Whenever possible
these have been printed, but all the files can be accessed through the GitHub
repository:
github.com/izaromanowska/Modelling-Hominin-Dispersals-Using-Agent-basedModelling

1.2

Research context: data, theory and previous models

Scientific method is sometimes compared to a three-legged milking stool (e.g.,
Latané 1996) composed of observation (empirical data), theory (conceptual
3
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frameworks and hypotheses) and modelling. Although it is possible to balance on
a two legs of the stool (the data and the theory legs), the third leg provides
stability and makes up for the limitations of the other two. Prior research on early
hominin dispersals is a good example of a scientific area where the research
effort was heavily invested in data collection and theory development while
formal modelling is almost entirely absent from the debate.
Thanks to the dedication of generations of archaeologists, palaeoanthropologists,
quaternary scientists and other researchers we now have a significant amount of
information on the early hominin dispersal (even if it falls short of what we would
all wish to have). The field has also delivered a number of highly insightful
conceptual models. In contrast, the third leg of the stool - modelling - is very
short as the number of formal models of hominin dispersals in the Pleistocene is
small. This would not be a problem if the quality and quantity of available data
was extraordinarily strong, or if the studied phenomena were uncomplicated
enough to be easily explained using simple hypotheses. However, none of this is
true in regard to the first Out of Africa dispersal making the lack of the third leg
problematic.
To illustrate this point I will briefly review the available data and the major
families of conceptual models highlighting the challenges researchers face when
investigating Pleistocene dispersals using traditional methodology. Finally, a
(necessarily short) overview of published computational models of early hominin
dispersals will demonstrate the inadequacy of the third leg of the scientific stool
while showcasing the potential of simulation techniques in creating a more
robust investigative framework. This will provide the general academic context to
the research undertaken in this dissertation.
1.2.1

Data

The particular type of data, which can be used to evaluate the patterns of early
hominin dispersals, consists predominantly of: i) the geographical locations of
known traces of hominin presence (i.e., archaeological sites), ii) the dates
associated with hominin presence at these sites and iii) the typological attribution
of the lithic (stone tools) assemblages found at these locations to a specific
archaeological industry1. This type of data is commonly visualised in the form of
distribution maps, sometimes with key localities or clusters of sites connected

The term ‘industry’ is defined here as “sets of assemblages of the same material,
especially stone and flint tool assemblages, that share features of their manufacture and
have common products.” (Darvill 2009, 206).
1
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with arrows to indicate the direction of dispersal (Antón and Swisher 2004; Shea
2010).
The most frequently invoked reason for the uncertainties regarding early
hominins and their dispersals, is the quantity and quality of data available to
researchers. In contrast to other disciplines archaeological data is inherently
incomplete and non-systematically collected meaning that the sample available to
us cannot be automatically assumed to be representative of the social and natural
processes that occurred in the past. Apart from the obvious caveat, that all that is
available to modern researchers are proxies of such processes, other factors
muddle the picture even further: taphonomy (preservation), uneven history of
research, uncertainties related to sites’ dating and assemblage attribution.
First, the spatial distribution of archaeological sites is affected by
postdepositional factors, such as the different preservation rates of different
materials, local geologic and taphonomic conditions enabling or inhibiting the
preservation of sites and the history and intensity of research conducted in
different regions. Second, in many cases the dating comes with wide error bars or
is not reliable (see Parés et al. 2013) because obtaining chronometric dates is
impossible (e.g., Lebatard et al. 2014), because the dates were produced using
outdated or less secure dating techniques (examples in: Bosinski 1996) or
because their association with the archaeological material is disputed (e.g.,
Swisher et al. 1994). Third, the identification of the artefacts as human-made and
their attribution to a specific industry (and even the definitions of the industries)
may be controversial especially in cases where the number of finds is low.
Chapter 2 and Appendix A. Description of the sites give a detailed and up to
date catalogue of the archaeological sites that can be related to early dispersals,
their dating and the attribution of lithic assemblages. The aforementioned issues
impacting the quality of data are discussed on a case-by-case basis.
In sum, it is difficult to estimate to what extent, if at all, the sample of data that
has been collected so far is representative of the processes that occurred in the
past. Furthermore, even a high volume of field research is unlikely to significantly
change this situation since the amount of information lost forever will always
significantly surpass the amount of information available to us. This is not to say
that further data collection is unnecessary: more data is always better than little
data. However, the point is that the inherently incomplete nature of the
archaeological record calls for the use of a wider range of methods to offset its
limitations.
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1.2.2

Theory

The conceptual models related to the first Out of Africa dispersal can be broadly
divided into two categories: i) data-driven models and ii) process-driven models.
There are two main subtypes of the first category: data-driven models aiming to
reconstruct how hominins colonized different parts of the world (the chronology,
routes, etc.) and theory-driven models trying to broadly correlate the dispersal
patterns with other large scale trends, for example changes in hominin cognition
or global climatic fluctuations. The second type, theory building or process-driven
models, focus mostly on unravelling the chain of events leading to the dispersal
and on evaluating potential causes and limiting factors (e.g., Antón and Swisher
2004).
Many data-driven models are concerned with finding the most plausible routes of
the first Out of Africa dispersal. Bearing in mind the taphonomy and history of
research biases, the current academic consensus is that the origins of the first
dispersal were located in Africa, likely East Africa (e.g., Rolland 1992; Carrión et
al. 2011); thus the name - ‘Out of Africa’ dispersal. However, alternative
directions of the dispersal (especially regarding the later phases) have been
suggested: South Asia (Dennell and Roebroeks 2005; Dennell 2010), Central Asia
(Rolland 1992) and East Asia (García-Sánchez 2006). The second research topic in
this category are the different dispersal routes (Holmes 2007; Schattner and
Lazar 2009; Kuhn 2010; Lahr 2010) and the question of the plausibility of
hominins using short sea crossings such as the Gibraltar Strait or the Bab-el
Mandeb Strait (Derricourt 2005; Beyin 2006). A related issue is what constituted
barriers and fast track corridors for hominins (Lahr 2010; Norton 2010; Bailey
and King 2011).
Many models of the early dispersals concentrate on trying to delineate different
phases of the peopling of the world and correlate them with other types of data,
most commonly changes in lithic technology (e.g., Carbonell et al. 1999; 2010;
Carbonell and Rodriguez 2006; Moncel 2010). In a similar vein, researchers have
extensively investigated the relation between dispersal and climate change, using
the temperature record and major turnovers and migrations of fauna as its
proxies (Palombo and Mussi 2006; Carbonell et al. 2008; Agustí et al. 2009; Van
der Made and Mateos 2010; Carrión et al. 2011; Van der Made 2011).
Finally, in the second category of process-driven conceptual models
archaeologists propose different mechanisms and scenarios of the early
dispersals mostly trying to answer the question of why the dispersal occurred
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(overview: Rolland 2010; 2014; Palombo 2013). Among the most often invoked
causes are:
●

developments of stone tool technology (Carbonell et al. 2010);

●

changes in hominin morphology culminating in the evolution of new
species (Rightmire 2001; Wells and Stock 2007) and leading to an
increase in its home range (Antón and Swisher 2004);

●

a move to a higher trophic level (i.e., shift in hominin diet towards meat
consumption), again, leading to an increase in the hominin home range
(Walker and Shipman 1996; Foley 2001; 2002; Antón et al. 2002);

●

breaking an adaptation barrier, i.e., evolving cultural means, such as fire,
shelters, clothing, etc., necessary for colonising higher latitudes (de
Lumley 2006; Roebroeks and Villa 2011; Ashton and Lewis 2012);

●

better foraging strategies and reduction of competition with carnivores
after their extinction (Turner 1992; Stiner 2002; Echassoux 2009);

●

leaving the tropical ‘disease belt’ (Bar-Yosef and Belfer-Cohen 2000).

In sum, mature conceptual models that are well grounded in ecological,
anthropological and archaeological theory are abundant in Human Origins
studies. However, the theory development is done predominantly conceptually
limiting the proposed scenarios to those simple enough to be manipulated
conceptually (i.e., in their author’s head). In addition, their relation to the
available data, in particular their exact data prediction (i.e., how the data is
supposed to look if the model is correct), is poorly understood. The dearth of
studies using formal tools for hypothesis testing means that there are limited
means of assessing competing narratives.
1.2.3

Modelling

Previous attempts to model the first Out of Africa using simulation techniques are
limited to: the ‘Stepping out’ model (Mithen and Reed 2002) and the unnamed
models by Nikitas and Nikitas (2005) and by Wren et al. (2014). The first two were
pilot implementations serving principally as a ‘proof of concept’ and focused on
trying to replicate the pattern observed in the archaeological record rather than
on exploring possible mechanisms of early dispersals and the internal dynamics
of the hominin groups that might have led to the extension of their original home
range.
In further elaborations of the ‘Stepping Out’ model (Smith et al. 2009; Hughes et
al. 2007), the authors looked more closely at the impact of environmental factors
on the dispersal, as well as the implications for cultural diversity. However, they
could only draw conclusions at a very general level, for example hinting at a
7
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limited cultural transmission between Africa and Europe during the Middle
Pleistocene (Smith et al. 2009). Only the most recent model by Wren and
colleagues (2014) looked more closely at a potential mechanism driving hominin
migration. It assessed the impact of a specific cognitive ability of early hominins,
spatial foresight, on their ability to migrate. So far these three simulations had
little impact on the academic community.
A number of other simulation models of later human dispersals have been
developed, including the dispersal of Homo sapiens (Callegari et al. 2013;
Scherjon 2013), the peopling of the Americas (Steele et al. 1996; 1998), the
spread of the Neolithic (e.g., Ackland et al. 2007; Steele 2009; Baggaley et al.
2012; Isern and Fort 2012) and the peopling of the Pacific islands (Fitzpatrick and
Callaghan 2013; Davies and Bickler 2015). These models simulating the dispersal
process are very informative in terms of the methods used and the challenges of
applying simulation techniques to archaeological research. However, the real
systems they model differ significantly from the one this dissertation is
concerned with, principally in terms of the time scale, the modelled entities and
the level of detail present in the archaeological data used for their validation.
In sum, the number of computational models of the Pleistocene dispersals stands
in stark contrast to the breadth of the topic, the volume of work already
undertaken, and the number of researchers interested in this subject. Thus, the
primary contributions of this work in a methodological sense will be to expand
the range of applications of simulation techniques in Palaeolithic archaeology and
to test the suitability of computational modelling as a tool in archaeological
research on a more diverse set of case studies, methods and types of models
than has been done previously.

1.3

The method

Currently the methodology most commonly used in the study of the mechanisms
behind Pleistocene dispersal is a combination of quantitative analysis of empirical
data with conceptual modelling. Archaeologists make extensive use of analytical
methods, such as statistics or spatial analysis, and apply them with scientific
rigour. The use of quantitative methods to analyse data is not controversial.
However, these methods were developed to analyse and detect patterns in the
data and their application is typically restricted to this purpose (Thomas 1973;
Barton 2014). On the other hand, formal tools used to study the processes that
led to the occurrence of data patterns and to investigate causality and
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interactions in past systems are rarely applied in archaeological research. The
virtual lack of formal modelling in the discipline is problematic for three reasons.
First, the early hominin dispersals were influenced by many factors, from
genotypic and phenotypic adaptations and social factors to variable
environmental pressures, the role of each is not fully understood. This makes it a
highly complex and multidimensional system difficult to untangle and understand
through simple conceptual modelling and referring to ‘common sense’
arguments (Neiman 1995).
Secondly, the aforementioned limitations of the available archaeological data call
for a wider application of methods allowing researchers to build models
independent from the empirical record. Although ultimately all computational
models are grounded in our current knowledge of the system, they are often built
on what can be called the ‘academic consensus’ (Ahrweiler and Gilbert 2005)
rather than specific data therefore their predictions can be compared to nonsystematically collected data, circumventing the limitations of the archaeological
record discussed above.
Finally, the evidence pertinent to the early hominins comes from a variety of
sources and is studied by a wide range of specialists with very different
backgrounds, from the biological sciences such as paleozoology, osteology and
genetics, the earth sciences including geology and climate modelling, to
disciplines related to the social sciences and humanities such as archaeology and
anthropology. The challenge of combining all these different strands of evidence
is difficult because different disciplines often present contradictory narratives of
what might have happened in the past based on their particular data types,
analytical approaches, and their research interests. Again, simple data analysis
tools alone are unable to overcome these challenges.
1.3.1

The potential and limitation of computational modelling

I will argue that computational modelling provides an opportunity to tackle these
issues, in particular the inherent limitations of the archaeological data and the
informal nature of conceptual models. However, as all methods, simulation also
has its own problems and limitations. I will briefly discuss them here to provide a
rationale for using this particular tool (for extended discussion on the advantages
and limitation of using simulation techniques see Chapter 3. Methodology).
Although simulations reflect our current understanding of a given system, they
can be used as a ‘virtual lab’, where the feasibility of different scenarios can be
9
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tested in a secure, formal environment (Di Paolo et al. 2000; van der Leeuw 2004;
Epstein 2006; Premo 2006; 2010). More importantly, the method helps to tackle
the complexity of the system, where a multitude of factors can be considered at
the same time, enabling researchers to move beyond simple ‘one factor explains
all’ conceptual models. It also provides a powerful framework for integrating
evidence derived from different data sources and may shed light on the reasons
why some of them seem contradictory at the moment. Finally, even the
formalisation of the proposed hypotheses, necessary for the coding of the model,
helps to identify key entities and variables of the system and opens a window for
the application of other quantitative methods.
Simulation as any scientific method does have its limitations: from the problems
of validation and equifinality (Oreskes et al. 1994; Premo 2010) to the
‘opaqueness’ (Di Paolo et al. 2000) of the patterns in the results, which have to
be recognised and analysed (Evans et al. 2013) and the trade-off between
generality, realism, precision and tractability (Bullock 2014) to name just a few.
Equally, it is not ‘discovery science’ (Bullock pers. comm. 2015), that is, it cannot
generate new evidence or contradict existing evidence, just like new finds (data
collection) can.
In sum, simulation enables sophisticated manipulation of conceptual models and
relates them in a quantitative fashion to data. Its primary function is to support
‘thought experiments’ (conceptual modelling) through the application of robust
and computationally more powerful formal framework.
1.3.2

Agent-based modelling

Although a wide range of techniques will be used throughout this dissertation,
ranging from mathematical modelling and statistics to geographical analysis
using Geographic Information Systems (GIS), the main analytical method
employed is Agent-based Modelling (ABM) - a widely-recognised component of
the complexity science toolkit (Castellani 2009). ABM presents a number of
advantages over other types of simulation techniques making it the most suitable
approach for addressing the research questions posed above and for using it in
the context of archaeological inquiry.
ABM is considered a ‘bottom-up’ approach as it models heterogenous individuals
whose actions and interactions, both with each other and with the environment,
lead to emergent population-level patterns. This method is often contrasted with
Equation-based Modelling (EBM), or the ‘top-down’ approach where a
homogenous population is defined by a set of variables and the individual actors
10
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are treated in aggregation. In contrast, ABM allows the researcher to model
mechanisms, for example an individual’s cognitive processes, such as decision
making, and to introduce heterogeneity in the population, be it genetic and
cultural diversity or even simple age and sex differences. As a result, the method
enables a crossover between two levels of analysis: an individual perspective and
the global or population-level patterns representing the consequences of
individual actions.
In addition, ABM provides a platform where the integration of the environment
(one of the key elements of Pleistocene dispersals) as one of the primary model
entities is considerably facilitated. Similarly, the ability to construct models out of
familiar entities (people, groups, households etc.) rather than in the non-natural
language of equations makes ABMs easier to consult with and communicate to
the archaeological audience.
Finally, the explicit focus on individuals and agency is a particularly important
feature for archaeologists, who have for decades been concerned with the lack of
individual perspective in the focus of archaeological practice. As Gamble and Porr
argued “the individual needs to be seen as the centre of causality in order to
understand why change and variation occur. It is individuals that make decisions
and deal with choices” (Gamble and Porr 2005, 7), nevertheless many researchers
believe that “the individual questions (...) the current practice of the Palaeolithic
[research], so better to hide the concept in the box marked ‘scientific
unamenable’” (Gamble and Porr 2005, 12). Computational modelling and ABM in
particular hold a great potential for solving this controversy as it provides much
needed means for testing in a formal (i.e., unquestionably ‘scientific’)
environment the link between the individual decisions, and the population level
consequences of the aggregation of these actions detectable in the
archaeological record.

1.4

The case studies

The analytical part of this PhD consists of a data description and analysis chapter
and two case studies presenting simulations of hominin Pleistocene dispersals.
Although computational modelling can, potentially, accommodate a large number
of entities and parameters the best results are often achieved with well designed
simple models focused on a particular aspect of a system (Premo 2010). This is
particularly true for models aimed at explanation rather than prediction (Epstein
2008; Premo 2010), which for obvious reasons are more suitable for
archaeological case studies. Thus, this dissertation does not aspire to ‘solve’ the
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first Out of Africa dispersal in one simulation but hopes to shed light on a set of
specific research questions pertinent to the subject.
Hence this division of this dissertation into two case studies is dictated by the
nature of the method used as well as by this project’s aim to investigate
processes at different scales of analysis: micro (individual), meso (group) and
macro (global) levels. The two case studies also employ two different approaches
in formal modelling: theory building (Variability Case Study) and hypothesis
testing (Movius Case Study). This is guided by a methodological aim to provide a
fuller picture of the benefits and limitations of different simulation methods and
approaches applied to archaeological context.
The first case study looks at the dispersal from a near global perspective. It
investigates whether population dynamics resulting from the first Out of Africa
dispersal could have led to the continental-scale pattern in the archaeological
record known as the Movius Line. It will serve as an example of using simulation
to test a conceptual model proposed by archaeologists. In contrast, the second
case study focuses on the lowest possible scale - the individuals’ genetic makeup
representing specific environmental adaptations. It is concerned with the
interplay between climate fluctuations and hominin dependence on specific
behavioural adaptations to negotiate variations in their environment. It will serve
as an example of using simulation to evaluate the potential of abstract,
subjunctive models for theory building.
1.4.1

The Movius Line case study

OVERVIEW
It has been suggested (e.g., Lycett and Norton 2010; Shea 2010) that population
density gradually diminished in areas further away from the supposed region of
origin of the first Out of Africa dispersal. As a result, it is possible that the places
furthest away from East Africa were populated by smaller and less well connected
human groups. Such fragmented population could not sustain the sophisticated
technological knowledge necessary to produce Mode 2 (Acheulean) implements
and had to revert to the simpler knapping strategies used to produce Mode 1
(Oldowan) assemblages. This process resulted in an archaeologically observable
spatial distribution pattern commonly termed ‘the Movius Line’. The Movius line
is a virtual border between regions where two distinctive lithic industries were
employed: Acheulean (Mode 2) in Africa, Western Europe, the Middle East and
India, and Oldowan (Mode 1) in Central and Eastern Europe and the remainder of
Asia (Movius 1946; 1948). The aim of this case study is to evaluate the impact of
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dispersal on the population density in Central, South and Southeast Asia
throughout a timespan comparable to the Early and Middle Pleistocene (1.8-0.5
Ma) and to see if the proposed demographic disparity can be replicated and if so,
under what conditions. The Movius Line case study also serves as a proof of
concept showcasing the capacity of the method to create a robust formal
research framework for testing conceptual models. In a methodological sense,
this case study will evaluate the general theoretical and methodological
foundations for investigating hominin dispersal using computational modelling.
RESEARCH QUESTIONS
Given the specified conditions and assumptions imposed in the simulation:
1. Is a decrease in population density with increasing distance from the point
of origin of the first Out of Africa plausible?
2. Under what parameter values would the model conform with the
archaeological data? Are those values within reasonable ranges (as
suggested by parameter ranges observed in modern hunter gatherers)?
3. Can we propose an(y) alternative factor(s) that could have caused the
proposed demographic pattern?
THE MODEL
The simulation consists of two main elements: i) a deterministic dispersal process
based on population growth and diffusion; and ii) an underlying dynamic
environmental friction map of the Old World based on the BRIDGE (2013) climatic
reconstruction and bathymetric data capturing climatic variation and coastal
fluctuations during the Lower and Middle Pleistocene.
The environmental layer of the simulation is represented as a grid of biomes
which change dynamically according to a temperature curve spanning the last 2
million years. The region of East Africa is seeded with the initial population. This
population grows in each step following the standard population growth function
and is given a chance to expand in four cardinal directions (North-South-EastWest) from the grid square it occupies. Agents’ variables (population growth,
diffusion rates and carrying capacity) are dependant on the environmental value
of their grid cell and are parameterised using a large sample (> 250 groups) of
aggregated values derived from modern hunter-gatherers demographics (Binford
2001).
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1.4.2

The Variability case study

OVERVIEW
The second case study is developed to explore hominin population dynamics and
the relationship between climate change, behavioural plasticity and
demographics. It investigates the ‘variability selection’ hypothesis proposed by
Potts (1996; 1998), and formalised by Grove (2011). The focus of this case study
is the interaction between environmental change and the evolution of adaptive
versatility. ‘Adaptive versatility’ or ‘behavioural plasticity’ is understood here as a
set of adaptations geared towards dealing with change rather than any specific
environmental conditions. The evolution of such adaptations is said to have
occurred among hominins during periods of strong environmental fluctuations
between 2.5Mya and 300kya and was likely to have a profound impact on the
ability of hominins to expand from their original home range. However, the exact
dependencies and interactions between the system elements have so far not been
conclusively determined.
The main methodological goal of this case study is to expand and elaborate an
existing model by refocusing it on the question of the early dispersal. This case
study will also showcase the use of simulation for constructing abstract,
subjunctive (‘if-then’) models and supporting theory building in a formal,
quantitative environment.
RESEARCH QUESTIONS
1. What is the impact of migration on the evolution of versatilist genes? Is
behavioural plasticity a necessary ingredient or an inhibiting factor for
dispersal? Does dispersal promote or limit the frequency of versatilist
genes?
2. Does spatial structuring occur as a result of dispersal? If so, which
genetic types of individuals (specialists, generalists, versatilists)
constitute the dispersal front?
3. What is the impact of environmental barriers on the dispersing
population?
THE MODEL
The ABM model is an extension of an EBM simulation, the ‘single locus’ model,
developed by Grove (2011) reimplemented to an ABM for the purpose of this
study. Each agent is born with one of nine combinations of genes (including a
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‘plasticity’ gene) giving it a variable ability to cope with the current environmental
conditions (codified as individual’s fitness). Agent’s fitness determines its
chances of reproducing (using the roulette wheel algorithm) and passing its
genes to the next generation as well as its propensity to migrate from the
original grid cell. In time the overall makeup in the population changes as a
response to the fluctuating climate and the migration process.

1.5

Conclusions

In this dissertation I am applying formal modelling methods, widely used in other
disciplines but uncommon and relatively unknown in archaeology to investigate
the dynamics of the early hominin dispersal in the Pleistocene. The combination
of applying a ‘new’ method while investigating archaeological research questions
means that the contribution of this research are equally twofold - archaeological
and methodological.
The archaeological contribution of this research is to enhance our understanding
of the interaction between hominin population dynamics, global climate change
and migration patterns in the Lower and early Middle Pleistocene. To achieve this
goal, I have analysed the currently available data to capture macro scale patterns
related to the first Out of Africa and developed two simulations concerning early
hominin dispersal.
In terms of the methodological context, the traditional archaeological
methodology of collecting and analysis data followed by their interpretation
(conceptual modelling) was eschewed for an entirely different research process.
Existing conceptual models were formalised, codified and run as simulations.
Their results were then compared with patterns detected in archaeological data
and predictions provided by the conceptual models themselves. This reversal of
the research process from data analysis followed by modelling to modelling
followed by data validation is a radical departure from the standard
archaeological practice. Since, as a whole, archaeology is not a computationally
heavy discipline, it means that the case studies presented here are among a
handful of formal computational models developed in the Human Origins studies.
Therefore, the methodological contribution of this dissertation to the wider
community of archaeologists is the assessment of a ‘new’ method for theory
building and hypothesis testing. This assessment will be based on the results and
conclusions drawn from the case studies.
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Overview of Data and Theory

Summary
The aim of this data and theory overview chapter is to sketch out the current
state of knowledge regarding the ‘Out of Africa’ dispersals and to place the
contribution of this thesis within a broader research landscape. It provides the
research context with a particular emphasis on the data and conceptual models
that informed the development of the two case studies presented in this thesis.
In the first half of this chapter I provide an overview of the evidence for the
extension of the hominin home-range over time. The data come in the form of
archaeological localities, their chronology and the different types of lithic
assemblages found at them. Stone tool industries are the main currency of
Palaeolithic research, hence the changes in the distribution of Lower Palaeolithic
lithic technocomplexes in each region are also discussed. The resulting series of
distribution maps show patterns representing the current evidence regarding the
Out of Africa dispersals. The second part of this overview introduces and
discusses published conceptual models (hypotheses) aiming to explain some of
these patterns or to propose processes and mechanisms that played a part in
early hominin dispersals. I distinguish between two types: models that try to
summarise the data in the most parsimonious way (e.g. by reconstructing the
‘Out of Africa’ routes) and models focusing on identifying mechanisms
underlying the dispersals (e.g. different scenarios exploring the potential triggers
of large scale hominin movements).
This review demonstrates that, although the general research framework based
on the available data is consistent, it is also subject to frequent changes as new
sites are published and old sites are re-dated or re-evaluated. Also, large
uncertainties regarding the more detailed aspects of the early hominin dispersals
still exist. Similarly, the overview of the conceptual models shows that despite the
strong interest in causal mechanisms and processes behind the patterns
observed in the data, the discipline is lacking a robust tool for testing hypotheses
for internal consistency and against the archaeological record.

Chapter 2: Overview of Data and Theory

2.1

Introduction

This chapter will consist of two parts. The first is an overview of the currently
available data consisting of the location, the chronology and the type of lithic
assemblages of the earliest archaeological sites found in and outside of Africa.
Often other types of information can also be derived from Palaeolithic sites, for
example: a more detailed environmental reconstruction based on the
environmental record, the spatial organisation of camps, the technological
choices made by hominins, mobility patterns reconstructed from the raw
materials provenancing or elements of physical evolution derived from studying
hominin fossils, etc. Nevertheless, these types of information are only indirectly
pertinent to the study of the early hominin dispersals. Instead, this overview
focuses on the evidence for the extension of the hominin home-range over time.
The second part of this chapter will provide a brief summary of the conceptual
models concerned with the early hominin dispersals.
The aim of this chapter, therefore, is to sketch out the current state of knowledge
regarding the ‘Out of Africa’ dispersals and to place this contribution within a
broader research landscape. It provides the research context with a special
emphasis on data and conceptual models that informed the development of the
two case studies presented further. A more detailed description of archaeological
sites can be found in Appendix A. Description of sites. A more detailed
discussion on research particularly relevant to the case studies is included in their
respective chapters (Chapters 4 and 5). A very detailed review of published
simulation models concerning hominin migrations is integrated in Chapter 3.
Methodology.
The study area was divided into regions following a conventional geographic
division (used for example in Smith 2014) and in the case of Europe, a simplified
division based on one proposed in Gamble (2002). The selection of sites
described in the review is guided by the topic of hominin dispersal. Therefore,
sites representing the first occurrence of hominin presence in a region were
included in all instances. In many cases there are significant uncertainties in
terms of the site’s chronology and the lithic assemblage (the dates are insecure
and/or the artefacts are controversial). For this reason, the earliest undisputed
sites were also included. On top of that, a number of conditions were imposed.
Finds coming from surface collections with no secure dating are mentioned in the
text only if no other traces of early hominin presence have been reported in the
region. These type of finds, although the most common, are also the most
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ambiguous as their dating is notoriously inaccurate and often their collection
consists of picking the ‘best looking’ pieces from vast naturally occurring
outcrops. Also, very small (below 20 pieces), controversial assemblages were only
described if no better record of equivalent age is known from the region. Finally,
sites dated to the second half of Middle Pleistocene were only mentioned if no
older traces of hominin occupation were known from the region. Sites younger
than the Middle Pleistocene were not included, even if considered to be the oldest
in the region, as they are unlikely to relate to the first Out of Africa (following the
most recent SQS/INQUA division, Figure 2.1).

Figure not shown due to copy rights restrictions.

Figure 2-1

The chronological division of the Pleistocene.
Image source: quaternary.stratigraphy.org.

2.1.1

Definitions

This study is concerned with a dispersal defined as the spatial extension of the
home range of a species or genus over time. There are several terms used to
describe this type of process. Although often used interchangeably, their
definitions differ in terms of the emphasis on different characteristics of
dispersals: the scale of movement, change in adaptations and the nature of
movement. The definitions presented here come from Gamble (1993, 7, Table
1.1).
Migration – a small scale, in terms of time and space, movement of people and
groups from one point location to another. Some authors use the term to
describe only seasonal and cyclic movements, for example annual animal
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migrations to their breeding grounds. It is common to consider large-scale
movements in terms of aggregated migration events resulting cumulatively in a
dispersal over long time periods.
Dispersal – the act of spreading out by members of one species over not
previously occupied areas.
Diffusion – although occasionally used in the same way as ‘dispersal’, the term
diffusion often denotes a spread of cultural feature or marker (e.g., different
subsistence strategy such as agriculture, a new type of pottery decoration, etc.)
rather than physical movement of people (although the two may be related). Since
both produce similar archaeological consequences, it is often difficult to ascertain
which type of processes occurred (see Fort 2012)
Colonisation – a large-scale event in which members of a given species
transverses a significant geographical and/or environmental boundary. This is
usually associated with a shift in their adaptations.
Peopling – is largely synonymous to dispersal but with a more anthropocentric
feel to it.
2.1.2

Early Hominin Dispersals - the data

As discussed in section 1.3.1 (Chapter 1. Introduction) the available data related
to the early hominin dispersal consists of the locations of archaeological sites,
their dating and the lithic assemblages. In addition, at some of the sites
environmental sampling enabled quaternary scientists to reconstruct the local
environmental condition. Thus each site can be regarded as a spatio-temporal
data point. When grouped together with other sites and ordered chronologically,
their aggregated pattern shows the change in the spatial distribution of the
hominin home-range (area of hominin presence) over time. However, this
distribution is affected by a number of factors (see Roebroeks 2006).
First, the uncertainty in the global distribution of sites may be a result of:
•

Preservation: the preservation of archaeological sites differs between
environments. For example, material deposited in forested areas is
unlikely to be preserved; similarly many sites have been destroyed by the
progressing glacials and rising sea levels.

•

Visibility: certain regions afford better survey visibility of archaeological
sites. In particular areas with high level of tectonic activity produce
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sediment uplifts, which expose ancient sites; also, caves provide a
particularly good environment in terms of preservation hence regions with
extensive karstic landscape are more likely to feature early sites.
•

History of research: some regions have been more intensively surveyed
than others. For example, south-west France or Great Britain have a history
of Palaeolithic survey reaching 18th century; in contrast, research in Central
Asia or Arabia only commenced in the last few decades. On a more local
scale, caves are considered likely locations for early sites, hence they are
also more likely to be surveyed.

Second, the information coming from archaeological sites is often affected by two
sources of uncertainty:
1.

Their dating is unreliable, and

2.

the lithic assemblage may represent naturally fractured rocks

(geofacts) rather than intentionally manufactured artefacts.
Regarding the first point, radiometric dates are generally regarded as more
‘secure’ than chronologies based on geological or faunal comparison. However,
this notion does not apply uniformly to every region as the geology of certain
areas may be well understood (e.g., East Africa, the Thames Valley) or the
geological setting is relatively easy to interpret (e.g., the Chinese loess record,
the East African volcanic tephras). Similarly, faunal comparison can provide
secure dating in areas where the evolutionary sequence of now extinct species is
particularly well documented (e.g., the pig teeth record from the site of Omo,
Ethiopia (Johanson and Edey 1981)).
Regarding the second point, in some cases the artefactual nature of the lithic
assemblages is debatable. High-energy environments, for example, areas of high
volcanic activity or rapid flow rivers, produce naturally fractured rocks that may
be mistaken for intentionally knapped stones. The probability of such mistake
increases if the assemblage is particularly small and collected from the surface
(Roebroeks and Kolfschoten 1995). A related issue is the difficulty of placing
lithic assemblages within the existing typological frameworks which can differ
significantly from one research tradition to another (e.g., Clark’s modes, the
Système Logique Analytique (SLA), etc.).
Finally, the terminology used to describe the assemblages depends on the
country of origins of the researchers. This ambivalence of terms between schools,
apart from the obvious language difference, is a direct result of the fact that
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terminology used in one region is unlikely to capture the variability of local
assemblages in other parts of the world. Thus, researchers in areas, for example,
rich in handaxes developed more detailed typological frameworks to describe
their bifaces than researchers in regions where handaxes do not occur and where
most of the research effort goes (understandably) into producing typological
schemes on the basis of the locally most dominant tool type, the asymmetric
knives, for example.
For the reasons described above, this catalogue of sites is not restricted to the
geographical location, date or type of lithic assemblage but also includes the
method of dating, the number of pieces in the assemblage and a note on how
controversial both the dating and the lithics are. From those, the ‘reliability’ score
is constructed. Sites with the highest score (1) “definitely reliable” meet the
following criteria: i) they have been dated using a combination of methods
(including at least one radiometric), which corroborate each other; ii) the lithic
assemblage is large (over 50 worked pieces) or non-disputable (e.g. it includes a
handaxe), and iii) they have been excavated from a secure archaeological context
and not surface collected.
If any of these conditions are not met the site falls into a “ strong maybe”
category (score 2). This score implies strong dating reliability, i.e., more than one
method used but the range may be wider (e.g., the date is either 1.8Mya or
1.3Mya depending on a particular interpretation) or the only radiometric method
is palaeomagnetism. If questions have been raised regarding the artefactual
nature of the assemblage, at least one independent researcher (that did not take
part in the discovery) must have confirmed it. Sites with the lowest score, “almost
certainly not reliable”, include localities dated on the basis of their geological
position (where no strong geological framework exists) or spurious faunal
correlations, or/and their assemblage is particularly small or controversial. All
surface finds and finds in disturbed contexts fall into this category.
The lithics assemblages were characterised using a general typological
framework: an altered version of Clark’s five modes. Throughout the thesis,
“Mode 1” denotes assemblages belonging to the Oldowan technocomplex
(including pre-Oldowan as defined by de Lumley et al. (2009)) and characterised
by simple knapping techniques and lack of handaxes. “Mode 2” describes
assemblages classified as any type of Acheulean. “Mode 1” - “Oldowan”, and
“Mode 2” - “Acheulean” will be used interchangeably throughout the text. An
additional category of “flake industries” was added because Clark’s “Mode 3”
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refers to assemblages containing Levallois elements and is, therefore, not an
appropriate term in the context of this study.
Oldowan and Acheulean represent two distinctive methods of producing stone
tools. Oldowan predates Acheulean by at least half a million years (Asfaw et al.
1992) and is commonly considered a simpler, unsophisticated technology related
to short time depth planning and limited cognitive capabilities (Wynn 1995; Cole
2011). The tools are produced by débitage – a technique in which the goal of the
chaîne opératoire (tool reduction sequence) is to obtain flakes by removing them
from a core. That is, the detached fragments are used as ‘tools’ or blanks for
tools and the remaining chunk of the raw material is ‘the waste’. The makers of
the Oldowan are believed to be the first hominins to disperse out of Africa
(Carbonell et al. 1999b).
Approximately 1.7Mya the first Acheulean handaxes were produced in Africa
(Asfaw et al. 1992). The production technique of bifacial tools (handaxes), known
as façonage, consists of removing the bulk of the raw material in order to shape a
tool. Thus, contrary to the débitage, the remaining core is ‘the tool’, while the
flakes are considered ‘the waste’. However, handaxes usually constitute only a
fraction of the lithic assemblage and the remainder of tools are produced by
débitage. The first instances of Acheulean outside of Africa are dated to 1.5Mya.
By 0.5 Mya Acheulean spread throughout most of the Old World (Carbonell et al.
1999b).
The flake industries label is defined as an assemblage characterised by the use of
more sophisticated knapping techniques than the ones known from Mode 1 but
not containing handaxes. Since the definition of what constitutes ‘more
sophisticated’ is ambiguous, in practice this is very often determined
chronologically. Assemblages without bifaces dated after 0.5Mya are rarely
described as Mode 1 (regardless of the actual knapping techniques used), instead
researchers variously assign them to such units as ‘clactonian’, ‘tayacian’,
‘charentian’, ‘colombian’, ‘assemblages with no handaxes’ or ‘the small tools
industry’. All sites described using one of these terms were grouped into the
flake industries category.

2.2

Early Hominin Dispersals - the sites

This section provides only a cursory overview of the earliest known archaeological
sites across the Old World. The aim of this section is to provide a discussion of
the patterns of dispersal that can be deduced from the currently available
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evidence. For a detailed description of the sites, including a much wider
selection, assessment of the reliability of their dating and the controversies
related to the assemblages see Appendix A. Description of sites and the
catalogue in Appendix B.

Figure 2-2

Map of archaeological localities in East Africa.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.

2.2.1

Africa

The earliest evidence for both tool making and hominin fossils have been found
in Africa (Stringer and Andrews 2005, 114-123; Clarke 2014) with the oldest
archaeological finds clustering in East and South Africa (Figures 2.2 and 2.3).
Equally, these two regions provided the majority of fossils used to reconstruct
hominin evolution. In East Africa, the sites are primarily located along the Great
Rift Valley (Figure 2.2), which provides good visibility of ancient deposits,
whereas most of the South African sites are found in caves (Figure 2.3). The
oldest archaeological sites, Dikika and Lomekwi 3 are dated to over 3Mya,
although the evidence they provide for tool using and tool making is indirect
(Harmand et al. 2015; McPherron et al. 2010). Although there are a number of
sites dated to 2.0Mya and earlier in the region (e.g., Kada Gona, Omo, Lokalalei,
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Mwimbi and Sterkfontein), it is only after 1.8Mya that the archaeological record of
East and South Africa becomes continuous and much richer than before (de la
Torre 2011; Granger et al. 2015; Harris et al. 2013; Semaw et al. 1997).
Currently, East African sites significantly predate any known traces of early
hominin presence anywhere else in the world. Although there are a few highly
controversial localities in Asia dated to ca. 2.0Mya (see below), none of them is
younger than the securely dated East African sites. Equally, Africa (but not
exclusively East Africa) is home to fossils representing all of the earliest hominin
forms. As such, the notion that the first hominin dispersal originated in Africa is
currently strongly supported by the available data. Pinning down a more exact
location is difficult given the low preservation and visibility of sites in many
regions of Africa. Among the areas where discoveries of Lower Pleistocene finds
are possible, East Africa currently holds the archaeological record containing the
oldest disputed and undisputed archaeological sites, closely followed by the only
slightly younger record of South Africa.

Figure 2-3

Map of archaeological localities in South Africa.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
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Similarly, all of the oldest known instances of Acheulean assemblages are known
from East and South Africa. Currently, the oldest Mode 2 site is Kokiselei 4 in
Kenya, dated to 1.77Mya (Lepre et al. 2011), followed by a number of marginally
later finds such as Konso Gardula or Gona in East Turkana (Beyene et al. 2013;
Kuman 2014). Mode 1 assemblages continue in the region and are sometimes
found, for example in Olduvai, interstratified with Mode 2 levels. Also,
assemblages with infrequent LCTs are considered an immediate form between
the two labeled ‘developed Oldowan’. Again, given the presence of an
‘intermediate’ industry and the oldest dates, East Africa remains a prime
candidate as the source area of Acheulean (de la Torre 2011).
Compared to East Africa, the archaeological record of the north of the continent
is rather limited and relatively late (Aouraghe 2006) (Figure 2.4). The finds from
the main three sites: Aïn Hanech (Sahnouni 2006), Tighenif (Geraads et al. 1986),
and the Casablanca sequence (Raynal et al. 2002a) are all significantly younger as
compared to East and South African localities. The oldest traces of hominin
presence are dated to 1.4Mya (at Aïn Hanech, although an alternative date of
1.8Mya has also been suggested), that is, over a million years after the oldest
undisputed site in East Africa. The oldest Mode 2 assemblage (at Thomas Quarry)
is dated to 1.0Mya - postdating the earliest Acheulean in East Africa by almost
800 000 years. These sites are also considerably younger than the archaeological
record of the Levant (see below). However, it is not possible to say whether this
reflects a true pattern in the data or modern research bias. On the one hand,
although the levels of aridification of the Sahara belt fluctuated significantly
throughout the Pleistocene, the desert might have been a significant barrier
slowing down dispersal towards the Mediterranean coast where all of the sites are
located. On the other hand, only limited research has been undertaken in North
Africa whilst modern day Israel is one of the most intensely studied regions. This
disproportion in research intensity could account for the lack of early sites in the
region.
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Figure 2-4

Map of archaeological localities in North Africa.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.

2.2.2

Asia

The area stretching from the southern Levant to the Caucasus Mountains is often
considered an extension of the Great Rift Valley, so it is not surprising that the
oldest traces of hominin presence outside of Africa are found here (Figures 2.5
and 2.6). In addition, the region is the main ‘crossroads’ between Africa, Asia and
Europe providing the most direct dispersal routes overland. Thanks to the
mountainous and highly tectonic landscape, the region abounds in caves and
sediment exposures that can host remnants of hominin occupation. Nevertheless,
many sites lack secure dating and/or the assemblages are small and consisting of
fractured pieces which could form naturally in a high energy environment.
The earliest reported site in the region is Yiron, Israel. However, its very early
dating (>2.4Mya), as well as its lithic assemblage (only 10 pieces), are highly
contentious (Ronen 2006). Much more definite evidence comes from the site of
Dmanisi in Georgia. Securely dated to 1.85-1.77Mya, it has furnished an
abundant lithic assemblage (Mode 1) as well as numerous hominin fossils
classified as the new species Homo georgicus (de Lumley et al. 2002; Ferring et
al. 2011). The most prolific Levantine site, Ubeidiya, has been recently re-dated to
1.5Mya and together with a handful of sites with less secure chronologies (such
as Nahal Zihor or Hummal) constitute the oldest cluster of hominin traces in the
region (Martínez-Navarro et al. 2009).
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Figure 2-5

Map of archaeological localities in the Levant.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.

Because of the geographical location of the region, dating its earliest hominin
presence is key for establishing the chronology of the first ‘Out of Africa’
dispersal. This currently gives an age estimation of 1.8Mya for the onset of the
dispersal. This is substantially younger than the earliest archaeological sites in
Africa but also, and perhaps more interestingly, coincidences with the appearance
of Mode 2 technology in the archaeological record. Nevertheless, all of the
earliest sites in the Levant and Caucasus belong to Mode 1 and it is not until
almost half a million years later that Acheulean sites start to appear outside of
Africa.
The earliest Mode 2 assemblages found in the Levant date to around the
Brunhes/Matuyama boundary of 0.78Mya, for example at Gesher Benot Yaaqov or
Latamne (Bar-Yosef 1994; Goren-Inbar et al. 2000). The Acheulean of the
Caucasus is poorly understood due to the lack of stratified and reliably dated
sites. In general, however, it appears to postdate 0.5Mya (Doronichev 2008).
Finally, the assemblages of the Caucasian site of Treugol’naya Cave, and
Levantine sites of Evron Quarry and Bizat Ruhama have been described as
belonging to the ‘small tools industry’ (Derevianko 2006; Doronichev and
Golovanova 2010). It is unclear if this categorisation into a new technoindustry is
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a valid technological delimitation between different cultural traditions or just a
relic of, for example, a specific raw material situation of the sites.
The archaeological record of the Levant and Caucasus fit well within the
previously widely accepted narrative of the first Out of Africa dispersal. The first
expansion around 1.8Mya was carried out by makers of Mode 1 type tools,
followed by a wave of Mode 2 carriers around the Brunhes/Matuyama boundary
of 0.78Mya. This framework is entirely consistent with the European record and
was therefore strongly supported by European researchers who traditionally
dominate the academic discourse. However, as we will see further on in this
chapter, the steady flow of new discoveries from regions further to the east has
recently forced a reassessment of this narrative.
In contrast to the rich record of the Levant and Caucasus, the neighbouring
regions of Anatolia and Arabia have only provided very limited evidence for early
hominin presence (Figures 2.7 and 2.8). Although many surface collections have
been tentatively ascribed to Lower and Early Middle Pleistocene, there is a
distinctive lack of stratified sites with secure radiometric dates in these parts of
the world. This makes establishing a chronological framework particularly
problematic.

Figure 2-6

Map of archaeological localities in the Caucasus area.
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Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.

Figure 2-7

Map of archaeological localities in Anatolia.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.

Given the current evidence, the earliest presence of hominins in Anatolia dates to
1.3Mya at most (the cranium from Kocabaş, Turkey and perhaps a single flake
from a terrace of the Gadiz River)(Lebatard et al. 2014; Maddy et al. 2015). The
oldest site with a lithic assemblage, Durunsulu, is provisionally dated to 0.770.99Mya. The assemblage hoisted up in lignite blocks is attributed to Mode 1
(Güleç et al. 2009). Although, Acheulean artefacts are commonly found in surface
surveys, there is only one locality in the whole region where a Mode 2
assemblage has been recovered in situ. Unfortunately, the site of Kaletepe Deresi
lacks secure dating with only a terminus post quem of 1.0Mya (Slimak et al.
2008). Other Anatolian localities, Yarımburgaz and Karain Caves are much
younger. They furnished assemblages attributed to flake industries (Kuhn 2002).
Although the Anatolian evidence is scarce, it falls well into a framework of the
original ‘Out of Africa’ dispersal reaching the Levant and Caucasus ca. 1.8Mya,
moving on through Anatolia around 1.3Mya and entering southern Europe by
1.0Mya. Equally, the available dates for the earliest occurrence of Mode 2 in the
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region, even if only provisional, are consistent with the archaeological record of
the Levant and Southern Europe.
Looking towards the eastern direction of dispersal, the vast area of Arabia and
modern day territories of Iran and Iraq are particularly empty it terms of Lower
Palaeolithic finds. The sites that have been recognised are predominantly surface
collections which can only be broadly attributed to the Middle Pleistocene
(Groucutt and Petraglia 2012). Similarly, although surface finds of handaxes are
known from the region, there are no stratified sites with Mode 2 assemblages,
making it impossible to establish its earliest occurrence in the region. This is
particularly unfortunate, as an alternative dispersal route, crossing from the Horn
of Africa into the area of modern day Yemen, has been considered a strong
alternative hypothesis to the route along the Nile providing a convenient shortcut
between East Africa and the Indian subcontinent.

Figure 2-8

Map of archaeological localities in Arabia.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.

Until recently, the archaeological void of Arabia, Iraq and Iran extended well into
South Asia (defined here as modern day India, Pakistan and Bangladesh) (Figure
2.9). The recently reported site of Attirampakkam, India is the first stratified site
in the region dated using radiometric methods (Pappu et al. 2011). Its early age,
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1.57Mya, comes as a surprise. First of all, because of its particularly early date
but secondly because the assemblage belongs unequivocally to Mode 2. This is
much earlier than the oldest known Acheulean sites in West Asia and Europe,
suggesting that the main early dispersal artery stretched between East Africa and
Southeast Asia and giving more weight to the hypothesized ‘southern dispersal
route’ through Arabia, bypassing the Levant. The early eastern dispersal
corroborates with the Savannahstan model (Dennell and Roebroeks 2005). Its
authors argue that a vast expanse of savannah-like environment in the
Pleistocene spanning South Asia allowed hominins to follow a familiar
environment and would not require a change in their range of adaptations. As
such, it could act as a fast track dispersal corridor.

Figure 2-9

The map of archaeological localities in South Asia.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.

Two possible Mode 1 sites in Pakistan are said to predate Attirampakkam. Riwat
and Pabbi Hills are dated to >1.9Mya (Dennell 2009) but the assemblage of the
former is miniscule (3 pieces), while the stratigraphical position, and therefore its
dating, of the latter is uncertain. There are no other stratified and dated sites in
the region which can be unequivocally attributed to Mode 1 and the rest of Lower
Palaeolithic sites contain Mode 2 assemblages (e.g., Isampur, Bori, Singi Talav,
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Dina and Jalalpur) (Dennell 2009; Petraglia 2010; 2011). This leaves open the
question of the technology which accompanied the first hominin venturing into
Asia. Since Mode 1 assemblages are known from further east, there are two
potential explanations. The traces of the oldest dispersal might have not been
found yet in South Asia. Alternatively, the first ‘Out of Africa’ was undertaken by
bearers of Acheulean technology but the ‘know-how’ was lost further east.
In contrast to South Asia, East Asia is dominated by Mode 1 sites (Figure 2.10).
The oldest reported sites date to 2.0-2.4Mya (Renzidong and Longgupo Cave),
but their chronology and the finds have been heavily questioned (Dennell 2009,
180; Shelach-Lavi 2015, 22). A much more secure chronology places the first
traces of hominin presence in the region around 1.6Mya (sites in the Nihevan
Basin, Gongwangling and Youanmou) (Ao et al. 2013; Leng 1998; Wu and Wang
2016). All of the early sites in the region are characterised as Mode 1
assemblages.

Figure 2-10 Map of archaeological localities in East Asia.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
Until a few years ago, many of the Chinese finds were dismissed as they lacked
secure dating. However, in recent years an intensive programme of radiometric
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dating of all early localities has been combined with an extensive geological
survey set to establish the loess-paleosol sequence in the region. The Chinese
loess-paleosol sequence consists of ancient paleosols containing archaeological
finds sandwiched between thick loess layers deposited during glacials. This
makes it relatively easy to date archaeological sites. Although a fair number of
assemblages are controversial due to their small size (under 50 pieces), the
evidence for hominin presence prior to 1.0Mya and even prior to 1.5Mya is
increasingly strong (Dennell 2004; 2009).
Two areas in China: the Bose and Luonan Basins contain Mode 2 assemblages
dated to ca. 0.8Mya (however, the dating of the latter is highly controversial) (Gao
et al. 2005). In addition, a number of later (ca. 400-250kya) sites (including
Imjin/Hantan River Basin on the Korean Peninsula) contain bifaces (Norton et al.
2006). In general, ‘Chinese handaxes’ have been a source of much controversy
over the years as they appear on the ‘wrong’ side of the Movius Line. The Movius
line (Figure 4.1) is a hypothesized border between regions where Mode 2
industries are abundant (Africa, the Levant, Western Europe, India) and regions
which lack handaxes (Central and Eastern Europe, East Asia) (see Chapter 4). At
the moment, the binary ‘presence/absence’ model has been disproved with the
evidence of the presence of Mode 2 at Bose (Yamei et al. 2000; Xie and Bodin
2007). However, the low frequency and predominantly late age of Mode 2
assemblages in the region have led researchers to redefine the Movius Line
concept into the ‘Movius Line sensu lato’ to describe the phenomena of rare
occurrences of handaxes. In this new take on the problem, the Movius Line sensu
lato divides areas of low and high density of Mode 2 assemblages (Norton and
Bae 2008).
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Figure 2-11 Map of archaeological localities in Central Asia.
Map of archaeological localities in Central Asia. Green pentagons
- Mode 1 sites, red diamonds - Mode 2 sites, red triangles - flake
industries.

This stark contrast between handaxe-dominated South Asia and handaxe-poor
East Asia makes the intermediate area of Central Asia even more crucial for
understanding the large scale patterns of lithic industries’ distributions. Also,
with the Himalayas constituting a significant barrier to hominin movements, the
dispersal routes through Asia must have circumvented the mountain chain either
to the south via the Deccan Plateau or to the north through Central Asia. This
makes the region key in any discussion about early hominin dispersal.
Unfortunately, little is known about the Lower Palaeolithic of the modern day ‘stans’: Kazakhstan, Turkmenistan, Afghanistan, Uzbekistan, Tajikistan and
Kyrgyzstan (Figure 2.11). The oldest finds are reported from the site of Kul’dara
in Tajikistan. However, the assemblage found underneath the Brunhes/Matuyama
reversal is relatively small (40 pieces). As most of the finds in the region consist
of small assemblages, their attribution to Mode 1 is only provisional. There are
reports of handaxe finds from Kazakhstan, but without secure chronology. More
and better data from this key region would enable a better understanding of
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patterns found further south and east. However, as long as the archaeological
record in the region is so fragmented many of the research questions regarding
the dispersal routes through Asia remain open.

Figure 2-12 Map of archaeological localities in Southeast Asia.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries, purple circles - hominin remains.
The furthermost areas for the ‘Out of Africa’ dispersal are Southeast and North
Asia (Figures 2.12 and 2.13). Compared to other regions, Southeast Asia has a
relatively long history of research, initiated by Eugène Dubois in the late 19th
century. It is worth noting that this region is particularly sensitive to sea level
fluctuations, which means that during glacial stages large swathes of land would
emerge creating a new region - Sunda (Coller 2007). Therefore, many of the sites
now found on Indonesian islands were accessible by land during the Pleistocene.
This is also a prime region in terms of its geographical situation. Located close to
the equator, the large area of now submerged land, would have provided
favourable conditions for hominins.
Unusually, the earliest record of the region consists exclusively of hominin fossils
rather than lithic assemblages. Modjokerto, Trinil and Sangiran fossils are
currently dated to 1.5-1.0Mya (the previous dating of Modjokerto to 1.8Mya has
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been revised)(Dennell 2009, 155-6; Huffman et al. 2006). The only assemblage
with a comparable chronology in the region is a recently announced set of shell
cut marks from the site of Bukuran (Choi and Driwanto 2007). This relatively early
chronology corroborates well with East and South Asian evidence, indicating a
rapid dispersal eastwards around 1.6-1.5Mya.
In general, although the surface finds of potentially Lower Palaeolithic artefacts in
Southeast Asia are numerous, the number of stratified and datable localities is
very low. Currently the only stratified and securely dated site is Mata Menge on
the Indonesian island of Flores, where a large (>500 pieces) assemblage, dated to
ca. 0.8Mya has been classified as Mode 1 (Brumm et al. 2006; Morwood et al.
1998). So far, there have been no convincing Mode 2 assemblages found in the
region placing it on the low-frequency-of-handaxes side of the Movius Line.

Figure 2-13 Map of archaeological localities in North Asia.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
At the other extremity, in North Asia potential Lower Palaeolithic sites are few, far
between and mostly highly controversial in terms of chronology and the finds
(Figure 2.13). The most secure one is the site of Karama in the Altai mountain
range. The assemblage classified as Mode 1 is dated to 0.6-0.8Mya (Derevianko
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and Shunkov 2009; 2014; Zwyns 2014). Other sites in the region are
predominantly surface finds and/or do not have secure dating. Equally, most of
them are classified as Mode 1, but due to the small size of the assemblages this
attribution remains provisional. The only exception is Tsagan Agui in Mongolia
reported as a Mode 2 assemblage (the author, who visited the exhibition at the
National Archaeological Museum in Ulan Bator cannot confirm this). Its dating is
ambiguous (Derevianko et al. 2000). Given the unforgiving climate and the
environment-type that is significantly different from equatorial and tropical
biomes, it is hardly surprising that the evidence for hominin presence in North
Asia is scarce and much later than in the areas further to the south.
2.2.3

Europe

Due to a long history of research and extensive resources dedicated to
archaeology, Europe is more intensively surveyed than any other region of the
world. Nevertheless, the number of the earliest sites is small, making the timing
of hominin arrival in Europe still controversial (Roebroeks 2006; Muttoni et al.
2013).

Figure 2-14 Map of archaeological localities in South West Europe.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
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In general, the earliest evidence of human presence in Europe is predominantly
limited to the southern portion of the continent (Figures 2.14, 2.15, and 2.16).
This is probably related to the climatic conditions and the hominin ability to
adapt to the cooler northern latitudes. Thus, the oldest traces of hominin
presence come from the perimeter of the Mediterranean Sea, although,
surprisingly, they seem to cluster towards the western end rather than closer to
the early sites of the Levant and Caucasus in the east. The only exception is the
lowermost level at the site of Kozarnika in modern day Bulgaria, dated to 1.40.9Mya. The oldest sites in the west date to between 1.6-1.3Mya: Pirro Nord, Sima
del Elefante in the Atapuerca Complex and the Orce sites (Barranco León and
Fuente Nueva), as well as Alto de las Picarazas and Bois-de-Riquet which are more
questionable due to the small size of the assemblages. Other Mode 1 sites in the
region, Vallonnet, Vallparadís and Gran Dolina in Atapuerca are dated to ca
1.0Mya.
The evidence for the earliest hominin presence in Europe is still contentious (e.g.,
Muttoni et al. 2013), but even if the earliest sites are accepted, compared to Asia,
Europe has been peopled relatively late. The reasons for this delay are unclear
(see discussion below).

Figure 2-15 Map of archaeological localities on the Apennine Peninsula.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
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The lack of early sites in the Eastern Mediterranean (especially in the modern
territory of Greece) has led researchers to suggest an alternative route into
Europe via the Gibraltar Strait. This, similarly to the southern route eastwards (via
Arabia) raises the question of the maritime abilities of early hominins (see
discussion below). Currently, the evidence from Northern Africa is
contemporaneous with the one from Western Europe. Therefore, it neither
supports nor contradicts this hypothesis.

Figure 2-16 Map of archaeological localities in South West Europe.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
The earliest Mode 2 assemblages in the region (Solana del Zamborino, La Caune
de l’Arago and Notarchirico) date to ca. 0.75-0.65Mya. This is consistent with the
Levantine record where Acheulean did not appear prior to the Mutuyama/Brunhes
boundary. In contrast, as we have seen, there are some significantly older Mode 2
sites in South and East Asia, suggesting yet again a different dispersal history
between eastward and westward waves of expansion.
After 0.5Mya the number of archaeological sites in the region increases
dramatically. It is also the first time that non-acheulean assemblages described
variously as clactonian, tayacian or small tools industry appear in the record.
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Figure 2-17 Map of archaeological localities in North West Europe.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
Currently the earliest traces of hominin presence in Northern Europe are
clustered in the Middle Loire Valley (Despriée et al. 2005; 2010) (Figures 2.17 and
2.18). For example, the Mode 1 assemblages at Pont-de-Lavaud and la Terre-desSablons are dated to ca. 1.1Mya. Further north at the site of Happisburgh 3, a
small assemblage has been dated to 0.99-0.78Mya (although this age is
contested (Parfitt et al. 2010; Westaway 2011)). At the east end of the region a
number of sites (Taman Peninsula sites, Krecheshi and Bairaki) with very early
dates have been reported. Unfortunately, their dating is based on geological
correlations and, therefore, remains provisional (Figure 2.19).
It has always been believed that the higher latitudes have been colonised
later than the Mediterranean zone because of the limitations in hominin
adaptations to colder conditions. As more sites have been discovered further
north, they have been explained as a result of climate fluctuations which created
more favourable conditions up north, allowing hominins to expand and then
contract their range every time the climate took a turn for the worse. However, in
light of the evidence for hominin presence at the edge of the boreal zone coming
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from the site of Happisburgh 3, the long held belief that early europeans lacked
the set of adaptations necessary to colonise cooler climates needs to be revised.

Figure 2-18 Map of archaeological localities in North Central Europe.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
The earliest examples of Mode 2 assemblages also come from the Middle Loire
Valley where the site of La Noira furnished an Acheulean collection dated to
0.65Mya. It is of a similar age to South European sites. However, the vast majority
of Mode 2 sites in the region date to around 500kya, including well-known sites
such as Boxgrove or Cagny-la-Garenne. Interestingly, the distribution of
assemblages containing handaxes seems to abruptly terminate along the Rhine,
with no Mode 1 sites known from the eastern part of Northern Europe. The
majority of sites in the eastern part of the region are classified as either Mode 1
for the earliest assemblages (e.g., Dork Durkheim, Kärlich, Bogatyri-Sinyay Balka
or Rodni) or flake industries (e.g., Miesenheim, Bilzingsleben, Pogreby and
Dubossary) for sites postdating 500kya.
Various flake industries permeate the archaeological record of Europe. Described
using various terms, such as clactonian, columbian, tayacian, or small tools
industry - their unifying feature is the lack of bifacially worked tools - handaxes. A
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number of hypotheses have been put forward to explain their presence in the
record. However, so far it remains unclear whether they represent a distinctive
knapping tradition, adaptation to a different type of climate/environment or a
specific situation related to raw material availability (e.g., lack of larger nodules
preventing hominins from making handaxes). As their distribution in time and
space does not seem to be following any pattern, it is unlikely that they reflect a
dispersal process.

Figure 2-19 Map of archaeological localities in South East Europe.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.
2.2.4

Extension of the range
This section will discuss the changes in the hominin range interpolated from

the distribution of known archaeological sites, illustrated in figures 2.20-2.24.
These figures are merely conceived as a visual aid to explore the coarse evidence
of this global long-term phenomenon, and were created through the following
method. The sites collected for the study (see Appendix B. The Catalogue) were
mapped into five chronological bins:
•

Pre 1.8Mya,

•

1.8-1.3Mya,

•

1.3-0.78Mya,

•

0.77-0.51Mya,

•

Post 0.5Mya.
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The bins divide the studied time period into roughly similar time periods (first
500ka long then 250k long), but the exact limits of each bins have been chosen
following the breaks enforced by the dating techniques (e.g., the easily
recognisable Brunhes/Matuyama boundary). The lower limit was set at 0.25Mya.
However, the sites included in the study were chosen on the basis of their
relevance to the topic of dispersal, that is, mostly constituting the first instance
of a hominin trace in the region. Thus, a small number of sites have dating
exceeding this data. To construct the maps a buffer of 1000km was drawn
around each site. The data points were then grouped using a convex hull, that is
the minimum size convex polygon (i.e., a polygon where a straight line drawn
within the edges of the polygon does not cross any of its edges). In short, a
convex hull is the smallest polygon enveloping all the points that does not have
any concave dents in it.
Separate polygons have been drawn depending on the value of the variable
‘reliability’ (i.e., the variable summarising the confidence level associated with
each data point) and their transparency level was adjusted accordingly. As a
result, areas with a higher confidence in terms of hominin presence are more
visually prominent. The resulting maps are then overlaid on each other so that in
subsequent maps the areas with a continuous record become even more
intensively coloured. For the QGIS Python script used to generate the maps see
Appendix C. The Code and Pseudocode.

Figure 2-20 Map of hominin range pre 1.8Mya.
Red - sites with high level of confidence, orange - sites with
moderate level of confidence, yellow - sites with low level of
confidence.
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The map (Figure 2.20) depicting the hominin range prior to 1.8Mya shows that
the high level of confidence is associated only with sites in East and South Africa.
Given the current evidence this is the most likely source area of the first ‘Out of
Africa’ dispersal. Nevertheless, there is a significant number of sites outside of
the continent with potentially early dates. It is worth noting that all of them are
located in Asia. It is unclear whether this is related to a modern bias, for example,
more exact dating in Europe (where, for example, the faunal chronology is better
understood thanks to a longer history of research) or whether it represents a
valid pattern in the data (early dispersal eastward).

Figure 2-21 Map of hominin range at 1.8-1.3Mya.
Red - sites with high level of confidence, orange - sites with
moderate level of confidence, yellow - sites with low level of
confidence.
The following phase (1.8-1.3Mya) is foremost characterised by a significant
increase in the number of sites (Figure 2.21). They show a very rapid spread
reaching far west, east and north. This rapid pace of dispersal is a significant
characteristic of the first ‘Out of Africa’. We are dealing with a coarse
chronological resolution where a gap of, say, 200kya could easily hide in the
error margin on most dates associated with Pleistocene sites. However, given the
number of available sites with dates that closely corroborate with each other, the
fast tempo of the initial dispersal is likely to be a real pattern. The map also
highlights the lower confidence level associated with the eastmost and westmost
archaeological sites. All of the highest confidence data points are located in the
central part of the visualised area, while less secure data points group along the
edges of the furthest extent of the hominin range. Finally, the area of the Middle
East (defined as stretching from modern day Egypt and Turkey to Iran including
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the Arabian Peninsula) is a key region of the dispersal that had to be crossed to
reach most of the data points. The lack of intensive survey resulting in a distinct
paucity of sites in this region (with the notable exception of the Levant) is very
unfortunate. This analysis highlights this region as central to the early hominin
dispersal and therefore having a high potential for shedding light on many of the
current questions related to the dispersal.

Figure 2-22 Map of hominin range at 1.3-0.78Mya.
Red - sites with high level of confidence, orange - sites with
moderate level of confidence, yellow - sites with low level of
confidence.

Figure 2-23 Map of hominin range at 0.77-0.51Mya.
Red - sites with high level of confidence, orange - sites with
moderate level of confidence, yellow - sites with low level of
confidence.
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The following time slices - 1.3-0.78Mya and 0.77-0.51Mya show a steady increase
in the number of archaeological sites and an extension of the range towards the
north, including north Europe and Asia (Figures 2.22 and 2.23). Also, especially
after the Brunhes/Matuyama reversal, the confidence level regarding hominin
presence in most of the regions including the outermost ones becomes similar to
the core regions. However, the perimeters of the Mediterranean Sea as well as
South Asia are particularly prominent, suggesting a central position in the
dispersal. Note that the decreased frequency of sites in Africa is a result of the
sampling of data by the author. Since the younger sites are not associated with
the extension of the hominin range they were not included in the catalogue. In
reality, the East and South African archaeological record continues uninterrupted
throughout the Middle Pleistocene.

Figure 2-24 Map of hominin range after 0.5Mya.
Red - sites with high level of confidence, orange - sites with
moderate level of confidence, yellow - sites with low level of
confidence.
Finally, the map depicting the hominin range after 0.5Mya shows the maximum
known extent of Lower Palaeolithic archaeology (Figure 2.24). There are a few
areas that remain outside of this range, in particular Western Africa, which suffers
from poor preservation and visibility of archaeological material. In general, the
northern extent of the hominin range coincides well with the southernmost edge
of the ice sheets. However, it is impossible to say whether this is because
hominins did not venture into the cooler regions or whether the glacials
obliterated traces of occupation further north.
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In sum, the series of maps visualising the changes in the extent of the hominin
range over time supports some of the observations made when describing the
data; in particular, the very rapid early expansion towards the east and the
importance of the great arc of dispersal stretching between East Africa and
Southeast Asia. The Middle East and Central Asia are highlighted as key regions
through which most of the hominin movement had to pass through. The final
shape of the range is determined by the coastlines and the edge of the glacials.
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2.3

Early Hominin Dispersals - the models

Early hominin dispersals are a topical issue among Palaeolithic archaeologists for
many reasons. It is an archaeologically visible process. One can trace with relative
ease the changes over time in the spatial range of hominins attested by the
presence/absence of archaeological sites. It is also a large scale phenomenon
which encourages attempts to correlate it with other global-scale datasets, such
as the climate or the faunal records. As a result, the topic gave rise to a
substantial body of work including a large number of research questions and
multiple theoretical models that try to address them. This section will sketch out
this research landscape by describing the main research issues and the
hypotheses currently dominating the debate. It will also relate the case studies
introduced in chapters 4 and 5 to the research questions and theoretical models
described in this section.
The conceptual models related to the first ‘Out of Africa’ can be broadly divided
into two categories: i) models aiming to reconstruct the course of dispersal by
interpreting patterns in the data; and ii) models evaluating the mechanisms of
early dispersals including potential drivers and limiting factors. Both types of
models are subject to frequent changes as the academic consensus regarding the
phases and routes of the early hominin dispersals constantly shifts in light of new
evidence.
2.3.1

Timing, routes and arrival times - models exploring data

This section is divided into the following three topics: models aiming to
reconstruct the course of the ‘Out of Africa’ dispersals, models discussing
plausibility of different routes (especially sea and land routes), and models trying
to explain large-scale data patterns.
2.3.1.1

The timing and phases of dispersals

The bulk of research on the first ‘Out of Africa’ dispersal focuses on trying to
delineate phases of the peopling of the world and to differentiate between
subsequent waves of hominin groups (e.g., Rolland 1992; Bar-Yosef and BelferCohen 2001; Kozłowski 2006). The main aim of this kind of research is to
determine on the basis of the available data when, where, and who left Africa. As
far as the current evidence shows, Homo was the only hominin genus that
dispersed out of Africa (Carbonell and Rodriguez 2006). Until recently the
dominating narrative stated that the earliest extension of the original home range
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of hominins ca. 1.8Mya followed the natural corridor of the East African Rift
Valley towards South Africa and the Levant. The large belt of grassland
environment stretching across southern Asia fueled a rapid expansion towards
Southeast Asia. Approximately ca. 1.0Mya the barrier of northern longitudes was
broken and hominins colonised Europe, Central and Northern Asia. The second
recognisable wave of dispersal is associated with the propagation of the Mode 2
industry which is being found outside of Africa from ca. 0.78Mya. However, its
distribution only partially overlaps with the area where Mode 1 assemblages are
found, suggesting that the second wave of dispersal only reached as far as the
Movius Line.
With the new discoveries in India, China, Central France and the Mediterranean
zone, this framework had to undergo significant revisions. First, the very early
occurrence of Acheulean in India (the site of Attirampakkam) and Northern China
(Sanmenxia Basin) suggest a much earlier exit out of Africa, although currently
the evidence indicates that the dispersal followed only in the eastern direction.
Second, the dating of the earliest European sites has been pushed beyond
1.0Mya. Third, the concept of the Movius Line, had to be revised in light of
multiple finds of handaxes in East Asia. As a result, the Movius Line is considered
now as separating areas of drastically different frequency of Mode 2 assemblages
rather than indicating an absolute presence/absence.
Summary - the timing and phases of dispersals
With each new discovery the narrative describing Pleistocene dispersals becomes
increasingly complex, likely reflecting the complexity of the actual process itself.
So far the question of how subsequent waves of dispersals progressed remains
open as the record is too sparse to determine whether the early dispersals
followed the pattern of ‘leap frog’ expansion or a slow diffusion. Equally, it is
difficult to distinguish between ephemeral occupation and failed colonisation
events, and migration events resulting in establishing a permanent population
(Bar-Yosef 1994; Dennell 2003). Given the challenges of the dataset, primarily its
inherent incompleteness and the high level of uncertainty associated with the
majority of datapoints, new analytical methods are needed to analyse the
available evidence and address the research questions posed by the
archaeological community.
2.3.1.2

Dispersal routes

A large proportion of the research interest in early hominin dispersals concerns
the direction of the expansion and the most plausible routes leading from Africa
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to Asia and Europe. As mentioned before, the academic consensus is that the
source area of the dispersal was located in Africa, most likely East Africa (e.g.,
Rolland 1992; Carrión et al. 2011; cf. Dennell et al. 2011). Therefore, the most
common approach is to draw arrows representing hominin movements from East
Africa towards all land bridges and straits connecting it with other continents
(Figure 2.25). Nevertheless, alternative directions of the dispersals have been also
suggested: from South Asia (Dennell and Roebroeks 2005; Dennell 2010) or from
East Asia (García-Sánchez 2006) west through Central Asia (Rolland 1992) (Figure
2.26).

Figure not shown due to copy rights restrictions.

Figure 2-25 Proposed dispersal routes out of Africa.
Image source: Bar-Yosef and Belfer-Cohen 2001, fig. 1, p.23.
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Figure not shown due to copy rights restrictions.

Figure 2-26 Alternative dispersal routes out of Africa towards Asia and back
into Europe. Image source: Rolland 1992, fig. 2, page 98.
This translates into much discussion dedicated to assessing the likelihood of
different dispersal routes (Field and Lahr 2006; Holmes 2007; Schattner and
Lazar 2009; Kuhn 2010; Lahr 2010) and the question of the plausibility of
hominins using short sea crossings (Derricourt 2005; Beyin 2006; Bailey 2009).
This touches on the issue of what kind of topographic features constituted
barriers and fast-track corridors for hominins (Lahr 2010; Norton et al. 2010;
Bailey and King 2011).
Sea crossings
The plausibility of the dispersal using the only land bridge between Africa and
Asia, along the Nile and through the Sinai Peninsula towards the Levantine
corridor, has rarely been questioned. However, the water crossings via the straits
are more controversial. The three sea crossings out of Africa are the Bab-el
Mandeb Strait between East Africa and Arabia (Bailey 2009), the Gibraltar Strait
between Northwestern Africa and the Iberian Peninsula (Derricourt 2005) and the
Sicilian Strait between North Africa and the island of Sicily (Villa 2001).
The following arguments have been put forward pro and against hominins being
disposed to or even having the ability to navigate short water crossings:
Against 1. Hominids (including hominins) are not an aquatic family of animals.
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Against 2. There is no evidence for hominin use of marine resources prior to the
Late Pleistocene indicating that they were not versed in marine exploration.
Against 3. Faunal evidence does not indicate significant movement via the straits
of any other middle sized and large mammals (with the exception of
Hippopotamus - an aquatic species) (O’Regan 2008; Lahr 2010, cf. Arribas and
Palmqvist 1999).
Pro 1. The distances concerned are relatively short and in some cases the
opposite shore can be easily seen. Therefore, the crossings do not require
significant maritime skills.
Pro 2. The sea level changes driven by consecutive glacial periods might have
exposed higher rising areas of the sea floor (Figure 2.27) creating small islands in
the straits, which would further facilitate the crossing (Abbate and Sagri 2012).
Pro 3. Chance events and rafting might have resulted in a slow migration via the
straits (Derricourt 2005). However, it is difficult to estimate if this type of process
would suffice for establishing a viable population (Carbonell and Rodriguez
2006).

Figure not shown due to copy rights restrictions.

Figure 2-27 Bathymetry of the potential water crossings out of Africa
towards Asia. Image source: Abbate and Sagri 2012, figure 2B,
page 5, figure 3A, page 6, figure 4, page 6.
Land routes
Although overland dispersal of hominins is not controversial there are
nevertheless topographic barriers that impeded or even entirely prevented
hominins from reaching certain areas. In general, any environment different than
the one in the original source area could constitute a barrier to hominin
movement as it required a change in their adaptive repertoire. However, certain
environments, such as deserts, glaciers and high altitudes, are more challenging
than others due to the extreme conditions and low available biomass.
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Figure not shown due to copy rights restrictions.

Figure 2-28 The proposed refugia (ovals) and corridors (arrows) in Africa.
Red - Early Pleistocene migrations, blue - Middle Pleistocene
migrations. Image source: Lahr 2010, figure 3.10, page 40.
An example of this is the Sahara and Arabian desert belt. The dust records
indicate a major arid episode leading to the establishment of Sahara and Arabian
deserts at the end of the Pliocene (Lahr 2010). In addition, the Nile River ceased
to exist or turned into an ephemeral waterway between 1.8-0.8Mya (Vermeersch
2001). Establishing this desert belt constitutes a major biogeographic barrier for
any dispersals leading towards the Levant and Europe. However, several
researchers (Lahr 2010; Drake et al. 2011) suggested that occasional ‘wet
episodes’ (turning the desert into ‘Green Sahara’ and ‘Green Arabia’) would
shrink the extent of the desert belt and open the Central and Western Saharan
paleodrainage corridors. These rapid changes in the regional and local conditions
could have stimulated a ‘leap-frog’ type of migration by groups following the
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constantly opening and closing islands of more favourable environmental
conditions (cf. Derricourt 2005) (Figure 2.28).
The second type of topographic features impending dispersals are high mountain
chains. For example, the Himalayas and the neighbouring Karakoram and
Hindukush ranges, can be considered significant barriers shaping the direction of
hominin dispersals. Finally, it is highly unlikely that hominin groups were able to
sustain themselves on continental and mountain glaciers although, as we have
seen from the Happisburgh 3 locality, their ability to colonise the boreal zone
cannot be rejected.
As the opposite to dispersal barriers, areas with environments similar to the one
in the original range of hominins can be regarded as ‘fast-track’ corridors.
Dennell and Roebroeks (2005) argued that a wide belt of grassland conditions
(‘savannahstan’) connecting East Africa to Southeast Asia might have acted as as
such ‘transmission-belt’ propelling hominin dispersal across southern Asia. A
different view on what constitutes a convenient dispersal corridor was taken by
Bailey and King (2006; 2011) who pointed out that the location of the known sites
strongly correlates with tectonically active areas. The authors argued that a high
level of landscape ‘roughness’, defined as topographic complexity, afforded
hominins access to a wider variety of food resources, easy access to water, safe
locations inaccessible to predators and topographic features that enabled the use
of such hunting techniques as ambush and trapping of game (Figure 2.29). Other
proposed migration corridors focus on avoiding major topographic barriers (for a
GIS approach see Holmes 2007) in the Levant (Abbate and Sagri 2012), Arabia
(Bailey 2009), China (Norton et al. 2010), Central Asia (Rolland 1992) and
Southeast Asia (Marwick 2009).
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Figure not shown due to copy rights restrictions.

Figure 2-29 Map of the 'roughness' (areas of high geological complexity
resulting in topographic complexity of the landscape).
Archaeological sites representing the earliest and the next
earliest evidence for hominin presence are marked as red and
open dots respectively, image source: King and Bailey 2006,
figure 8c, page 280.

Summary - Dispersal Routes
Despite significant research effort invested in reconstructing Pleistocene
dispersal routes many significant uncertainties remain. The limited insight we
have into the relationship between hominins and their environments restricts our
ability to assess which dispersal routes would be more or less convenient for
hominin groups. The lack of global environmental reconstructions of the world
further hampers the attempts to delimitate dispersal routes in any detail.
Models developed for this research were often guided by the current
understanding of hominin dispersal drawn from the available data. For example,
in the Movius Line model (Chapter 4) the origin point of the dispersal is located in
East Africa and the modeled agents representing hominin groups cannot occupy
continental glaciers. Since the arguments pro and against the plausibility of
hominins undertaking short sea crossing do not allow for a clear decision both
options were tested in the model.
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Currently the classification of what constitutes a dispersal barrier and a dispersal
corridor is based on general understanding of hominin adaptations drawn
predominantly from human and primate ecology. Despite the strong research
interest and extensive discussion, no formal models designed to assess what
mechanisms acted upon a dispersing population encountering a barrier have so
far been proposed. Similarly, more work is needed to establish the exact
interrelations in hominin demography and ecology that would allow us to
quantify the impact of different types of topographic and environmental barriers.
These topics will be further explored in Chapter 5. Variability Case Study.
2.3.1.3

Data patterns

Early expansion into Asia and late arrival in Europe
These two patterns: early expansion towards Southeast Asia and comparatively
late arrival of hominins in Europe have always been interlinked as the timing of
the dispersal in one region appears as irregular or ‘surprising’ only in comparison
to the dating of the earliest sites in the other. In short, the ‘delay’ in the peopling
of Europe and in the arrival of Mode 2 technology on the continent is considered
a ‘delay’ only because we have much earlier dates in many Asian localities. In
fact, both European and Asian sites significantly postdate the earliest African
sites.
The dating of the Homo erectus fossils found at the Javan sites (Swisher et al.
1994) provoked a number of, mostly ecological, models focusing on explaining
such rapid dispersal (e.g., Mithen and Reed 2002; Dennell 2004; Dennell and
Roebroeks 2005). After the re-evaluation of the Southeast Asian dating the focus
has now moved towards the assessment of the Chinese evidence for early
hominin presence (see section 2.1.2 Asia) (e.g., Bar-Yosef and Wang 2012;
Dennell 2013; Li et al. 2014b; Bar-Yosef 2015).
The timing of the colonisation of Europe is still a matter of debate. Three general
models have been proposed: the ‘Young Europe’, the ‘Mature Europe’ and the
‘Old Europe’ models. The ‘Young Europe’ or ‘short chronology’ model presented
by Roebroeks and Kolfschoten (1994) states that there is no convincing evidence
for hominin presence in Europe prior to 0.5Mya. This has been revised (Dennell
and Roebroeks 1996; Roebroeks 2006) after secure dating has been obtained for
the Iberian sites (see section 2.1.3 Europe) and the model was modified into two
different trajectories of dispersal: fast dispersal along the Mediterranean
perimeter and much later colonisation of the rest of Europe. The ‘Mature Europe’
model, which states that Europe has been colonised close to 1.2-1.0Mya, is
57

Chapter 2: Overview of Data and Theory

currently the strongest one in the palaeolithic community as it is consistent with
the dating of the oldest uncontroversial European sites (e.g., Carbonell and
Rodriguez 2006; Agustí et al. 2015). Finally, the proponents of the ‘Old Europe’
model argue that the chronology of human expansion into Europe predates
1.5Mya. This early dating is based either on a few very early (and very
controversial) finds, mostly from the Massif Central (see Bonifay 2002), or on the
notion that the ‘Out of Africa’ dispersal must correlate with an early faunal
migration - the Aullan event ca. 1.8-1.6Mya (Arribas and Palmqvist 1999; Rook et
al. 2004).
The late arrival of hominins in Europe can be used as a convenient ‘stylised fact’
(see Chapter 3. Methodology) used to validate the models. So far the majority of
simulations of the first ‘Out of Africa’ struggled to replicate this pattern (e.g.,
Mithen and Reed 2002; Nikitas and Nikita 2005, cf. Romanowska 2015). However,
a simulation which replicates it, would be highly promising as it may be correctly
capturing some of the processes involved in the dispersal.
The Movius Line
The first case study (Chapter 4) is directly concerned with testing hypotheses
related to the data pattern known as the Movius Line. The Movius line is a virtual
border delineating two distinctive Lower Palaeolithic lithic industries, Oldowan
and Acheulean. It is a visualisation of a large-scale pattern in the archaeological
record of the early and middle part of the Pleistocene (Figure 4.1). This division
into two large provinces with distinctive lithic traditions continues into the Middle
Palaeolithic after the introduction of Mode 3 tools. With the discovery of
handaxes on several Chinese and Korean sites, the notion that there are no
bifacial tools in Central and East Asia and Central and East Europe has been
undermined (Bae et al. 2012; Norton et al. 2006; Yamei et al. 2000). This
triggered a re-evaluation of the Movius Line (Norton et al. 2006; Norton and Bae
2008), termed the ‘Movius Line sensu lato’ model. It is based on the observation
that beyond the Movius Line the frequency of assemblages containing handaxes
is significantly lower (or close to nil, for example, in Central and Eastern Europe),
the percentage of bifaces in these assemblages is low and the handaxes are not
morphologically similar to, what is regarded as, ‘typical’ Acheulean bifaces
(Norton et al. 2006; Petraglia 2010).
Although the first two arguments are generally accepted (as they depend on a
simple count of assemblages and the frequency of handaxes) the question
whether the East Asian bifaces are Acheulean-like or not is still a matter of debate
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(Petraglia 2010; Li et al. 2014b; Shen and Gao 2014). Although metric
comparisons show statistically significant differences only in a few characteristics
such as the average thickness of the pieces (Norton et al. 2006, cf. Petraglia and
Shipton 2008), the visual difference between the vast majority (but not all) of
reported East Asian LCTs and African and European handaxes is striking. In short,
despite conforming with the definition of a ‘handaxe’, if found on a contemporary
western site the majority of the east asian LCTs would be classified as ‘atypical
biface’ or fall out of the the handaxe category altogether. This discrepancy
between the observed variability of handaxes and their typological divisions is
likely to require, in the near future, a revision of some of the lithic typological
definitions currently used by researchers (Derevianko 2008; Otte 2010).
A number of hypotheses have been proposed to explain the cultural disparity
between the regions on both sides of the Movius line (see Lycett and Bae 2010;
Brumm and Moore 2012; Schick 1994). They can be grouped into three broad
themes: i) different species, ii) different raw material, and iii) different population
dynamics.
Most early interpretations (Movius 1944; 1948) of the Movius Line more or less
implicitly suggested that the East Asian makers of the Oldowan were a different
species from the hominins which spread with the second wave of the dispersal
carrying Acheulean technology. The paleoanthropological record in this part of
the world is not extensive, but so far all Lower and Middle Pleistocene Asian
fossils, that is, fossils found on both sides of the Movius Line, have been
classified as Homo erectus or Homo heidelbergensis. In short there is no
association between hominin species and any particular lithic industry (Rightmire
1993; 1998).
Among the second type of conceptual models focusing on differences in raw
material availability - the ‘bamboo hypothesis’ has been the most prominent
(Schick 1994; West and Louys 2007). It postulates that stone raw material was
abandoned for locally ubiquitous organic materials, in particular sharp bamboo
splinters. However, the bamboo hypothesis is not falsifiable given that organic
raw materials do not preserve well (Brumm 2010). Second, the evidence for dense
tropical rainforest dominating South East Asia prior to 100kya is not strong and
the record indicates a set of diverse environmental conditions including open
woodland and grassland savannah (Brumm and Moore 2012; Louys and Turner
2012), very similar to the ancestral plains of East Africa and the ‘rough
landscapes’ postulated by Bailey and King (2006). Finally, the Mode 1 side of the
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Movius Line includes North China and Central Europe where bamboo does not
occur.
The model by Schick and Toth (1993, 278-9; also Schick 1994) combines a raw
material explanation with a population dynamics model. They suggested that
groups at the forefront of the dispersal, arriving in the new areas would need one
or two generations before the local raw material sources were identified. By that
time the necessary know-how for handaxe making was lost. Incidents of
substantial loss of cultural diversity are known from the later archaeological and
ethnographic record (for example, in Tasmania, Read 2012). However, apart from
being non-falsifiable, Toth and Schick’s model seems to be confusing different
scales of analysis. Assuming that the dispersal happens as a small incremental
change, a group would be unlikely to find itself in a completely new and unknown
area without the ability to trace back and gather necessary provisions. Also, it
seems unlikely that hominins whose survival depended on lithics would need
such a prolonged period to map local lithic resources. However, on a more
general level Schick and Toth’s hypothesis comes down to an idea that a
breakdown of communication ties may hinder socio-cultural transmission (Schick
1994). This idea has been echoed in a number of models explaining the Movius
Line.
Shea (2010) relates the presence of Mode 1 industries with a low population
density arguing that small groups, for example in unfamiliar environments, did
not need to have transport efficient toolkits such as Mode 2 assemblages. The
model differentiates between the toolmaking strategies (Mode 1) at the ‘frontier’,
that is at the forefront of the dispersal wave and in the ‘settled core’ area (Mode
2). The major assumption in the model is that the forefront of dispersal was
shaped as a long lead of low population size, which translated into the nonhandaxe area (Figure 2.30). The author admits that estimating densities of
Pleistocene populations on the basis of the available data is difficult. In Chapter
4. Movius Line Case Study this issue will be addressed using a new approach modelling the demographic processes related to dispersal instead of estimating
the numbers from proxy data.
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Figure not shown due to copy rights restrictions.

Figure 2-30 Visual representation of the model by Shea (2010, fig. 4.4, p.61).
Low population density at the front of the dispersal wave caused
reversal to simple (Mode 1) knapping technology.
Another population density dependent interpretation of the Movius Line was
proposed by Lycett and Taubadel (2008). The authors tried to correlate the
amount of variance in the shape of handaxes coming from different regions with
the distance from the proposed origin of the dispersal, Olduvai Gorge in East
Africa. Lycett and Taubadel (2008) detected a statistically significant inverse
relationship between the handaxe shape variation and the geographical distance
and interpreted it as evidence of smaller average group size in Asia and Europe.
This conclusion was then used to inform the demographic model of Lycett and
Norton (2010). The model postulates that the ‘Out of Africa’ dispersal caused
hominin population to fragment into smaller (i.e. lower effective population size)
and more dispersed (i.e. lower population density) groups reducing the variability
of templates for the next generation to copy from. In this model, some sporadic
aggregation of hominins and groups could spark innovation, which explains the
occasional appearance of Acheulean-like toolkits on the ‘wrong’ side of the
Movius Line (‘Movius Line sensu lato’).
Similarly to Shea’s model, the assumption of a long lead of low population
density conditions at the front of the dispersal wave is central to linking this
model to dispersal. If there is no low population density lead then the reduced
population numbers must have been caused by other factors unrelated to
dispersal. As a result, areas where hominins reverted to Mode 1 technology
should be distributed in unconnected areas around the world rather than in one
continuous area beyond a virtual border delimiting areas furthest away from the
source region of dispersal. This notion will be tested in Chapter 4. The Movius
Line Case Study.
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Summary - data patterns
The two main patterns recognised in the data pertinent to the ‘Out of Africa’
dispersal have inspired a number of models. All of them are based on the same
dataset making it impossible to discount any of them by means of simple data
analysis. Instead, this situation highlights the need for a set of tools and
techniques that enables more sophisticated model testing. The Movius Line case
study was explicitly developed to assess the utility of simulation in model testing
of archaeological hypotheses developed to explain data patterns.
2.3.2

The drivers of the dispersal

A number of conceptual models proposed different mechanisms and scenarios
driving early dispersals (Moncel 2010; Rolland 2010; 2014; Palombo 2013).
Among the most often invoked one are: climate change, trailing behind animal
movements, physical evolution of hominins and changes in hominin behavioural
patterns.
Climate change
Climate and climate change have always played a pivotal role in explaining
different aspects of hominin evolution. The two main reasons behind the
popularity of ecological models for hominin dispersals are a) the accessibility of
environmental and climatic data that can be derived from reliable records (e.g.,
oxygen isotope data) and b) the existence of robust models of climate-faunal
relationships already developed by ecologists.
A number of researchers, therefore, investigated the relation between large- and
small-scale fluctuations of the climate and the dispersal, using the temperature
and faunal records (Agustí et al. 2009; Van der Made and Mateos 2010; Carrión
et al. 2011; Van der Made 2011). The role of climate change may be direct, for
example, when an increase in the mean annual temperature causes a change in
the geographical range of a biome occupied by hominins. Or it may be indirect,
affecting hominins’ interactions with other species, for example when rapid
climate change triggers a major reshuffling of the ecosystems, disturbing the
food webs, competition from other species or the availability of resources.
Researchers often focused on determining the periods of particularly favourable
climatic conditions and correlating them with the dating of the earliest sites (e.g.,
Bobe and Behrensmeyer 2004; Agustí et al. 2009; Parfitt et al. 2010). This topic
of the interface between dispersal and climate fluctuations will be further
explored in Chapter 5. Variability Case Study.
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Part of large scale animal movements
Closely related to the ecological hypotheses is the family of models relating early
hominin dispersals to the faunal record (Vrba 1995). It has been proposed that
hominin dispersals may be regarded as simply part of wider mammalian
migration events, when hominins followed large herbivores, the main source of
their diet (e.g., Arribas and Palmqvist 1999; Rook et al. 2004; Palombo and Mussi
2006; Carbonell et al. 2008; Carrión et al. 2011).
Three major turnover events have been recognised in the European record: the
Elephant-Equus event 2.6-2.4Mya, the Aullan event 1.8-1.6Mya and the endVillafranchian event 1.2-0.9Mya (Arribas and Palmqvist 1999). Some of these
correlate closely with the dating of many Asian locations as well as the
chronology of the three models of ‘Young’, ‘Mature’ and ‘Old’ Europe (Arribas
and Palmqvist 1999; Van der Made and Mateos 2010).
However, these models have been criticised as misrepresenting the scales of the
faunal movements in the Pleistocene and cherry-picking the ‘African’ species
from faunal assemblages to prove that a large-scale mammalian dispersal from
that continent occurred. When analysed as a whole, the faunal assemblages
associated with the early hominin sites outside of Africa show a high variability of
animal taxa originating in Europe and Asia as well as Africa (Agustí and
Lordkipanidze 2011). The critics also argue these models oversimplify much
more complex and heterogeneous migration processes and incorrectly represent
them as coherent ‘dispersal waves’ rather than spatially and temporally
dissociated changes in the home-range of different species, probably caused by
irregular shifts in the extent of animals’ annual migration patterns (O’Regan et al.
2011). Finally, archaeologists have pointed out that in areas where the record is
particularly rich (e.g., the Levant) the evidence of hominin migration does not
correlate well with animal turnovers (Bar-Yosef and Belmaker 2011).
Emergence and evolution of technology, in particular tool-making
Most of the authors who suggest that technological advances were likely to drive
the early dispersals do not specify the exact mechanisms of this process (e.g.,
Rolland 2010). The most descriptive version of a technological model of human
dispersal was proposed by Carbonell and colleagues (1999b, 2010). The authors
argue in their ‘Out of Africa Technological Hypothesis’ that hominin dispersals
were triggered by cultural mechanisms related to tool making. Their model
proposes the following causal chain of events: 1. the emergence of tool
production leading to an increase in hominin cognitive capacity; 2. a wide
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distribution of tool-making behaviours among hominin groups (termed
‘generalisation and socialisation’); 3. social reorganisation caused by a change of
social dynamics related to the wide adoption of tool-making; 4. significant
demographic growth thanks to the better adaptations brought by tools; 5.
dispersal fuelled by demographic growth. In addition, the authors try to explain
the late appearance of Mode 2 outside of Africa. They argue (Carbonell et al.
1999b) that the demographic pressure exerted by groups with better technology
(Mode 2) over the worse adapted groups (bearers of Mode 1) would force the
latter to leave the continent.
The hypothetical causal relationship between the steps in the model are unclear
and no framework for testing the hypothesis has been offered so far. However,
the biggest criticism comes from the fact that other mammalian species also
managed to disperse out of Africa without the need to rely on technological
advances to fuel the process.
The intersection between dispersal and increased cognitive capacity, reflected in
improvement in existing technologies and development of new ones is the central
theme of the second case study (see Chapter 5. Variability Case Study).
Changes in hominin morphology and behaviour
The emergence of new hominin species and the associated adaptive radiations
have been proposed as the main driver behind the early hominin dispersals
(Rightmire 2001; Foley 2002; Wells and Stock 2007). The picture is not entirely
clear as the number of fossil hominin remains associated with the first ‘Out of
Africa’ dispersal is low and the ones associated with early sites have been
classified as several different species: Homo georgicus (Dmanisi, Georgia), Homo
antecessor (Atapuerca, Spain) and Homo erectus (Southeast Asian fossils).
In particular, the focus has been on Homo erectus, of whom the first appearance
(ca. 1.9-2.0Mya) predates very closely the earliest traces of hominin presence
outside of Africa. It is also a species associated with a significant increase in the
cranial capacity and behavioural changes suggesting the development of
cognitive abilities (Walker and Shipman 1996; Antón and Swisher 2004) as well as
postcranial morphological changes including improved motoric abilities for long
distance endurance running (Bramble and Lieberman 2004). It has been argued
that these developments would permit Homo erectus to rapidly expand its initial
home-range. The critics of the model point out that some of the oldest fossils
found outside of Africa (e.g., at Dmanisi, Georgia) do not exhibit these
‘progressive’ features, especially the large brains (Agustí and Lordkipanidze
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2011). This has been warded off by dividing the dispersal into two stages - the
early phase which saw the expansion over environments not too dissimilar from
the original home-range of hominins and the later phase where the big-brained
hominins arrived from Africa, the adaptation barrier was broken and the harsh
environments of the north were colonised (overview: Belmaker 2010).
In general, this and the previous families of conceptual models assume the
following order of causality: improvement in lithic technology/cognitive or
physical ability enabling hominins to disperse (rather than dispersal triggering
changes in behaviour/adaptations, etc.). The Variability Case Study (Chapter 5)
aims to develop a strong theory-building framework to test this type of models
and the order of causality suggested by them.
Move to a higher trophic level
One of the most popular models in the last decade (Walker and Shipman 1996;
Foley 2001; Antón et al. 2002) suggested that the early hominin dispersals were
caused by a shift in the trophic level that occurred at the time of the first
appearance of Homo erectus. The trophic level is a designation of the organism’s
position in the food chain and has direct implications for the size of its homerange. The density of low level organisms (e.g., bacteria) is always much higher
than high level organism (e.g., carnivorous predators). This is because of the
increase from one level to another of the amount of biomass necessary to
support a higher level organism. An upward change from one level to another by
a species necessitates an increase in the space needed to fulfill the organism’s
energetic requirements, therefore, exerting strong selection pressure, which may
lead to either a decrease in the population size or to a rapid increase of its spatial
range.
The shift of hominin diet from herbivorous towards omnivorous and an increase
in meat consumption ca. 2-1.5Mya is well-documented thanks to isotope studies
and other proxies (see Foley 2001). Antón et al. (2002) estimated that the
changes in foraging and diet of Homo erectus and the related increase in body
size could produce a ten-fold increase in its home-range area, forcing the groups
to spread over a wider territory even without a significant population growth. In
addition, omni- and carnivorous diets are also more habitat-tolerant. For
example, higher seasonality of northern latitudes makes hunting a more resilient
foraging strategy, further facilitating the process of adapting to the new
environmental conditions (Foley 2002).
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Breaking the adaptation barrier
Evolving cultural means (better lithic technology, hunting techniques, invention of
fire, shelters, clothing, etc.) to combat the challenges of life outside of the tropic
zone has been deemed a necessary condition for colonising the northern
latitudes, in particular, Europe (de Lumley 2006; Roebroeks and Villa 2011;
Ashton and Lewis 2012). Fire has been the most common focus of this type of
investigation, likely because of its higher visibility in the archaeological record.
These models share the same structure: one specific adaptation is interpreted as
the one and only factor enabling dispersal. Therefore, the models first determine
the ‘utility’ of the adaptation through the lens of its use by modern human
groups and then argue that without it it would be impossible to colonise a new
type of environment. For example, it is argued that the more widespread use of
fire allowed hominins to extend their days beyond the hours of daylight,
sheltered them from the cold and attacks by predators and could have been used
for meat processing boosting the shift towards a more carnivorous diet (de
Lumley 2006; Roebroeks and Villa 2011). In this type of narrative, dispersal is
considered inevitable (i.e., there is no ‘push’ factor), but it will be delayed until
the proposed adaptation removes the barrier that prevented hominins from
colonising the new areas earlier (cold, shorter days, seasonality, etc.).
The authors then validate these models by demonstrating that the timing of the
occurrence of their chosen adaptive trait correlates with a dispersal event.
However, little attention is paid to the direction of causality or the mechanisms
that could trigger a behavioural change.
Landau (1984) points out that this type of narrative closely resembles a standard
template of a folk hero tale in which the protagonist embarks on a journey where
at each step the hero is challenged and then transformed in order to progress
both physically and in bettering oneself. In this case, the hominins represent ‘the
hero’; developments in cognitive capacity, lithic technology, hunting, etc. are
equivalent to the skills that s/he needs to acquire; tools, fire, clothing constitute
his/her gear. The goal and inevitable conclusion of the journey is to become the
pinnacle of evolution – modern humans.
To remove these types of models from the realm of storytelling requires a strong
formal framework that enables testing of each model and forces comparison
between the model predictions and the available data. The second case study –
Variability Case Study (Chapter 5) – proposes one such abstract framework.
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Developed on the basis of a theoretical model it investigates the adaptive
mechanisms involved in dispersal.
Better foraging strategies and lack of competition with carnivores after their
extinction
There are two opposing models of carnivore and hominin interaction during the
Early and Middle Pleistocene. The first hypothesis proposed by Turner (1992; see
also Stiner 2002; Palombo and Mussi 2006) states that the competition over
carcasses from the large species of hyena (Pachycrocuta brevirostris) prevented
hominins from entering Europe. It was only after the extinction event, ca. 1Mya,
which saw the large species of Pachycrocuta as well as a number of sabretooth
species (Megantereon, Smilodon, Homotherium) replaced by African species, that
hominins succeeded in filling up the ecological niche of the top predators and
scavengers.
The opposite model, championed by, for example, Arribas and Palmqvist (1999;
see also Echassoux 2009), proposes that the presence of sabre tooths provided
particularly favourable conditions for hominins as the specific morphology of
their masticatory apparatus enabled them to only partially deflesh carcasses
leaving a lot of the meat behind for scavengers such as hominins. The authors
argue that this created an ecological niche that facilitated the early colonisation
of Europe.
Both models depend strongly on the question of whether early hominins were
active hunters or passive scavengers, still a somewhat controversial issue (see
Domínguez-Rodrigo 2002; Roebroeks 2006).
Leaving the tropical ‘disease belt’
Bar-Yosef and Belfer-Cohen (2000; 2001) proposed that the success of the
colonisation of higher longitudes was possible thanks to the hominins leaving a
region particularly badly plagued with zoonotic diseases - Africa. As the main
factor curbing population size was eliminated, a population explosion occurred
among groups that left Africa. The authors argue that this process is responsible
for the fast rate of the early dispersals. This hypothesis has been included and
tested in the Movius Line Case Study (Chapter 4).

2.4

Data and models overview– conclusions

In the first half of this overview I provided a summary of the raw data in the form
of archaeological localities, their dating and the different types of lithic
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assemblages. It has been concluded that the most likely source area of the
dispersal is East Africa where hominins engaged in tool making activities from at
least 2.5Mya (but possibly as early as 3.2Mya). The initial extension of the
hominin home-range was predominantly directed towards the south following the
Great Rift Valley, ca. 2.1Mya. Following the same topographic feature to the north
resulted in the first hominins leaving Africa. However, this happened somewhat
later, ca. 1.8Mya. An alternative route through Arabia into South Asia, by-passing
Levant, cannot be excluded in light of the early dates for sites in South and
Southeast Asia (1.6-1.4Mya). The next step was the colonisation of Europe and
East Asia ca. 1.2-1.0Mya and further north from 0.78Mya. Also, from that date
onwards the number of archaeological sites increases dramatically. It is not clear,
however, if this is a result of an increase in population size, a result of better
preservation of younger sites, or a result of our ability to date these sites with
more ease. The first Mode 2 assemblages appear in the African record ca. 1.8Mya
and are found in Asia as early as 1.57Mya. However, they become more common
only after 0.78Mya and the vast majority of them are found to the west and south
of the hominin range.
Even in the time frame of this PhD new discoveries repeatedly forced revisions to
this narrative of hominin dispersals constructed by analysing and interpreting the
available data. However, most of the adjustments did not significantly affect the
large scale data patterns, other than by changing the chronology of various
events (e.g., the first evidence for tool use, earliest Mode 2 assemblage outside
Africa, etc.). This indicates that the general research framework built upon the
available data is internally consistent and probably robust indicating that the
probability of a fundamental rewriting of the Palaeolithic textbooks, although
always possible, is becoming increasingly unlikely. Having said that, the
uncertainties related to most of the data points remain high. A large proportion
of early sites are poorly dated or not dated at all. In many cases the presence of
intentionally modified artefacts rather than naturally fractured rocks is uncertain.
And finally, the issues of trying to apply a consistent typological framework
capturing the variability of lithic assemblages as distant as South Africa and East
Asia are mounting. Thus it is unrealistic to expect that ‘the data will speak for
themselves’ and that it will enable Palaeolithic archaeologists to solve the many
questions they posed about the early hominin dispersals. Instead, it is likely that
the archaeological record will become more complex and difficult to interpret
with each new find.
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The second part of the overview concentrated on the conceptual models of the
early hominin dispersal. They represent two types: models that try to summarise
the data in the most parsimonious way (e.g., reconstructions of the ‘Out of Africa’
routes) and models focusing on identifying mechanisms underlying the dispersals
(e.g., different scenarios exploring the potential triggers of large scale hominin
movements). The first type of models suffers from the limitation in our
understanding of hominin ecology and their range of adaptations. In particular,
the interdependencies between the major mechanisms affecting hominin groups,
such as demography, resilience to climate change or adaptability, are poorly
understood.
The majority of models belonging to the second type are limited in focus to one
driver behind the hominin dispersals (diet, cognitive capacity, technology)
triggering a string of events linked by simple, common sense causal relationships
(e.g., if the hominins’ diet changed, this would necessitate larger territories for
each individual causing fast rate of dispersal propagation). This results in linear
narratives, which deflate the complexity of the phenomenon of hominin
dispersals. This issue is to a large extent the result of inherent restrictions of any
models formulated in natural language and presented as ‘thought experiments’.
Any increase in the complexity (e.g., considering the implications of the new diet
on both population size and population density as well as hominins adaptability
to new environments) would challenge the researcher’s ability to consistently
manipulate the available information in his or her head (e.g., it would be difficult
to predict whether increased competition over unevenly distributed resources,
such as fresh animal carcasses, would result in a local extinction or a rapid
dispersal).
Equally, it is difficult to estimate the implications of the proposed models for the
archaeological record (that is, provide data predictions to test the models)
without the use of formal, quantitative approaches (e.g., do we expect hominins
to reach northern Europe sooner if they follow animal migrations or if they are
propelled solely by population growth? And if so, how much sooner?). This PhD is
not the first one to identify these limitations (e.g., Thomas 1973; Mithen and
Reed 2002; Dennell 2003; Palombo 2013; Barton 2014). However, despite the
fact that these epistemological issues are well understood and commonly
mentioned, there has been relatively little research effort invested in addressing
them.
This chapter demonstrates that despite their value, neither data analysis nor
conceptual modelling alone is likely to tackle the research questions that inspire
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much of the archaeological inquiry into Pleistocene hominin dispersals. From this
derives the second conclusion that Palaeolithic research would benefit most from:
•

applications of formal modelling methods for checking the logical
consistency of the proposed conceptual models,

•

providing testable predictions for conceptual models in order to confront
them with the available data and

•

investigating the causal relationships between different aspect of hominin
life ways which could influence their dispersals in order to capture its
complexity.

The overall aim of this thesis is to investigate the value of using a particular
modelling technique - simulation to achieve these goals. Therefore, the first case
study will aim to evaluate the usefulness of simulation to test already proposed
archaeological hypotheses for their internal logical consistency and against the
data. It will also refer to one of the most persistent research theme in Lower
Palaeolithic archaeology (the Movius Line) and apply the most widely discussed at
the moment family of hypotheses - the cultural transmission and demography
models. The second case study will target the third type of application - theory
building, investigating the causal relationships between different processes
involved in dispersal. As such, it will address many of the aspect repeatedly
appearing in conceptual models proposed by archaeologists - the impact of
climate change, the relationship between the evolution of cognitive capacity and
cultural change and changes in the adaptive repertoire of hominin groups. These
two lines of enquiry - the methodological contribution to archaeological practice
and the archaeological contribution to the scholarly landscape of the Lower
Palaeolithic studies will be developed in parallel throughout the thesis.
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Summary
Despite the current surge of simulation studies in archaeology the general
methodology of simulation modelling is a relatively unfamiliar technique for
archaeologists. The aim of this chapter therefore is to present a compact guide to
the simulation modelling process applied to the research topic of past human
(and hominin) dispersals. The process of developing a simulation is divided into
nine steps grouped in three phases. The conceptual phase consists of identifying
research questions (step 1) and finding the most suitable method (step 2),
designing the general framework and the resolution of the simulation (step 3)
and then by filling in that framework with the modelled entities and the rules of
interactions (step 4). This is followed by the technical phase of coding and testing
(step 5), parameterising the simulation (step 6) and running it (step 7). In the
final phase the results of the simulation are analysed and re-contextualised (step
8) and the findings of the model are disseminated in publications and code
repositories (step 9). Each step will be defined and characterised and then
illustrated with examples of published human dispersals simulation studies.
While not aiming to be a comprehensive textbook-style guide to simulation, this
overview of the process of modelling human dispersals describes the general
research process and gives the benchmark of best practice in simulation. This will
provide a methodological benchmark needed to evaluate the quality, strengths
and weaknesses of the simulation case studies presented in subsequent chapters.
A more detailed description of the techniques, algorithms and methods used in
each case study will be provided in their respective chapters.

Chapter 3: Methodology

3.1

Introduction

All archaeologists start modelling the moment they step out of the excavation
trench. We interpret the individual finds (e.g., pots, skeletons, buildings etc.)
within certain frameworks (e.g., pottery typologies, bone taxonomies,
architectural types etc.) and analyse sets of finds to detect population level
patterns (e.g., cultural similarities, age profiles of bone assemblages, urban
development, etc.) with strict analytical rigour. However, the interpretations of
these patterns in terms of human behaviour and causality are predominantly built
using natural language, i.e. they are constructed in the form of conceptual
models that hypothesise which causal mechanisms might have led from actions
of individual actors (the owners of pots, users of skeletons and inhabitants of
buildings) to the detected population-level patterns. These causal relationships
are often described as, for example, ‘culture A influenced culture B’, ‘the
dispersal reached area C’, or ‘population D outcompeted population E’. Although
inferences like these are made on the basis of rigorously collected and analysed
data, and are commonly built upon extensive research and a good understanding
of multiple strands of evidence, they nevertheless represent a thought
experiment and are therefore limited to the researcher’s ability to mentally
manipulate the information in his or her head (Evans et al. 2013; Davidsson and
Verhagen 2013). In recent years we have witnessed a surge of studies using
qualitative formal methods, in particular simulation, which try apply a different
type of methodology (for overviews see Kohler 2012; Lake 2014; Barton 2014)
(Figure 3.1).
This chapter presents an overview of the process of building simulation models,
with a particular focus on the case studies of human dispersals. It will give the
general background of simulation techniques, discuss the challenges and
examples of best practice as well as the particularities of archaeological
simulation. Its aim is to describe the epistemological framework upon which the
simulation case studies presented in subsequent chapters were built.
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Figure 3-1

The relationship between data analysis tools and simulation
approaches.
The former allow archaeologists to detect patterns in the data
but are not designed to test different scenarios of how these
patterns might have emerged. Simulation enables researchers to
construct conceptual models of past interactions in a formal
environment and compare them to the archaeological record
(see Thomas 1973, fig. 1; Gilbert and Troitzsch 2005, fig. 2.1;
Raub et al. 2011, fig. 1).

Simulation, understood as a scientific, computational methodology, is a
technique in which researchers build a simplified model of a real-world system
and observe its behaviour over a defined time period in order to explore its
properties in a formal environment. Whilst formal models (which can be created
in a multitude of ways, e.g., using statistics, GIS or game theory) lie at the heart
of the approach, simulation adds the time dimension, therefore enabling
researchers to investigate how different scenarios dynamically unfold over time.
Simulation is a common scientific technique used across diverse disciplines
ranging from physics, engineering and medicine to ecology and the social
sciences. Simulation approaches are used for a variety of purposes, such as
prediction, theory building, data exploration and integration, model testing and
selection, and they have proven to be an indispensable tool for investigating the
complexities of a wide variety of modern physical, biological and social systems
(Grimm 1999; Mitchell 2009; Chattoe-Brown 2013).
Although simulation techniques have been applied in archaeological research
since the early days of the method (e.g. Clarke 1968; 1972; Doran 1970; Thomas
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1973; Wobst 1974), they have not occupied such a central position in
archaeology as they have done in other branches of science. The reasons behind
this slow adoption are unclear. One contributing factor might be that the rapid
rise of simulation techniques in other disciplines (Gilbert and Troitzsch 2005: 6-9;
Hollocks 2008; Heath and Hill 2010), coincided with the period when ‘postprocessual’ critiques were introduced into the archaeological discipline, which led
to a re-thinking of the epistemological foundations of the discipline and a strong
critique of the scientific method. Furthermore, the research process of developing
a simulation differs from archaeological practice. The research process most
commonly undertaken by archaeologists consists of data collection and analysis
followed by proposing the most plausible conceptual model to explain the
patterns detected in the data. In simulation modelling this process is reversed, as
the model-building phase precedes data collection and analysis.
As a result, simulation techniques are not commonly taught as part of the
standard archaeological curriculum at university level, and the discipline lacks
comprehensive textbooks or introductory texts aimed specifically at
archaeologists comparable to these written for other branches of science (e.g.,
Pidd 1998; Chung 2004; Gilbert and Troitzsch 2005; Miller and Page 2007;
Railsback and Grimm 2011; Squazzoni 2012; Edmonds and Meyer 2013;
O’Sullivan and Perry 2013). This has led to a very limited engagement by
archaeologists with the few existing archaeological models and to limited
discussion and feedback between modellers (themselves often archaeologists)
and domain specialists - experts in the Palaeolithic paleoenvironments, Bronze
Age pottery, Roman trade, etc. As a result, compared to other disciplines,
simulation techniques are infrequently used to approach archaeological research
questions (Lake 2010; 2014).
However, the large-scale movements of people, objects, and ideas, described in a
multitude of terms from dispersal, colonisation, and peopling, to demic diffusion,
is a particularly rewarding topic for simulation studies (Young 2002; Steele 2009).
Past human dispersals offer good examples of processes in which interactions
between individuals and groups and the environment give rise to meso- and
macro- scale patterns that can be relatively easily detected in the archaeological
record. It has inspired a relatively high number of simulation studies, from
models of the first Out of Africa dispersal ca. 1.8 Mya (e.g., Mithen and Reed
2002; Nikitas and Nikita 2005; Romanowska 2015), and simulations of the
spread of the Neolithic (e.g., Wirtz and Lemmen 2003; Ackland et al. 2007; Fort
et al. 2012; Isern and Fort 2012), to models of the more recent peopling of
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Oceania (e.g., Di Piazza et al. 2007; Davies and Bickler 2015). Although no two
dispersal events were the same, they share enough common characteristics to be
pulled out of their ‘time periods’ and be treated as one ‘research problem’ for the
purposes of this dissertation. Throughout the chapter I will focus on these
common characteristics and their representation in a simulation approach, and
illustrate the different challenges and methods for dealing with them.
A number of authors have described and discussed the process of simulation
building in other disciplines before (e.g., Shannon 1998; Chung 2004; Becker et
al. 2005) and in most cases the steps they recognised coincide with the ones
described here. However, there are a number of differences affecting the process
of model building in archaeology, including (but not restricted to) a strong focus
on explanation rather than prediction (Epstein 2008), uncertainties in input data
limiting the scales at which the models can be built and affecting the resolution
of results, the common need to rely on proxies in parameterization, the specific
nature of archaeological data limiting its use in validation, the epistemological
issues of applying models of modern human behaviour to past societies or the
different focus of the research questions asked by archaeologists. These are only
a few challenges affecting the archaeological modelling process in ways other
branches of science would be unfamiliar with and which have not been fully
discussed in our discipline yet (McGlade 2014). These particularities strongly
affect how models are constructed in archaeology and they will be accounted for
throughout the chapter.
Figure 3.2 illustrates the process of building and evaluating simulation models,
and serves as an outline of this chapter. After the principal steps of identifying
research questions (step 1) and finding the most suitable method to tackle them
(step 2) the modeller designs the simulation, first by sketching out the general
framework and the resolution of the simulation (step 3) and then by filling in that
framework with the modelled entities and the rules governing interactions
between them (step 4). The technical phase of coding and testing (step 5) is
followed by data collection aimed at finding realistic value ranges for the model’s
parameters (step 6) as well as deciding on the design of the run scenarios (step
7). Finally, the key phase of analysing and re-contextualising the results of the
simulation (step 8) naturally concludes in the dissemination of the findings of the
model in publications and sharing the code through online repositories (step 9).
Each step will first be described with a special emphasis on the key issues and
then followed by examples of their relevance for the study of human dispersals.
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The stages of simulation building, in itself a continuous process, are presented
here following an arbitrary division derived from author’s experience. They
largely coincide with descriptions of simulation research given by scientists
working in other disciplines (Engineering: Sterman 2000; Chung 2004; Social
Science: Becker et al. 2005, fig. 2; Edmonds and Meyer 2013; Ecology: Railsback
and Grimm 2011) although often not explicitly divided into exactly the same
phases or presented in the same order.
Also, here we represent an ideal scenario. In reality, the different phases of
building a simulation are often closely intertwined and performed in parallel or
even reversed. For example, it is not uncommon to revisit the research questions
when it turns out that it is impossible to obtain the necessary input data for
parameterization. For the sake of clarity, however, we will assume in this chapter
that in this instance the simulation project smoothly progresses from step one to
step nine.

Figure 3-2

3.2

The model development sequence.

The purpose of the model and the research questions

As with all research, every modelling exercise starts with identifying a research
topic and constructing research questions. Although one could build a simulation
model without clear research questions (often termed ‘exploratory modelling’)
there are two major disadvantages to this approach. The first is the risk that
one’s research will not reveal anything interesting or new. Although this is a
possibility for any type of scientific investigation, the risk increases if one tries to
do research without identifying any specific research questions. Secondly,
knowing one’s research questions and the purpose of the model significantly aids
its construction (Grimm and Railsback 2012; Norling et al. 2013). Sterman (2000,
p.89-90) compares the research questions to a knife used to cut the simulation
model into the desired shape and size. Almost all subsequent design decisions
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are made in light of the research questions, such as the choice of the simulation
method and the level of detail, the decision of what to include and what to leave
out of the model, or which parameters to test and which to leave fixed. These
points are all decided on with respect to what the modeller believes is crucial to
understanding and solving the research problem.
Although the range of research questions that can be approached with various
simulation techniques is vast, they share certain characteristics. In general,
simulation tools were developed to test hypotheses, provide a formal
environment for theory building, attach probabilities and conditions to
conceptual models, and identify areas where future research effort should be
focused. At the same time, there are certain research questions which
computational modelling cannot solve as they belong to one of the two other legs
of the scientific method: the data and the theory. For example, there is no
simulation model, no matter how skilfully developed, that can tell us when the
earliest Neolithic farmers arrived in Europe as this kind of knowledge depends on
empirical data, e.g., a discovery of a new site predating the already known ones.
Equally, simulation, being by definition a computational instantiation of a
conceptual model, cannot produce new and original but still contextually
plausible hypotheses in a way the creative process of conceptual modelling can.
Previous simulation studies of dispersal and diffusion processes looked at a
variety of research topics and questions. They often focused on determining the
rate of advance of the dispersal front and factors that increase or decrease that
rate. A classic example is the study of the Neolithic spread into Europe through
equation-based models (Wirtz and Lemmen 2003; Hazelwood and Steele 2004;
Ackland et al. 2007; Lemmen et al. 2011; Baggaley et al. 2012; Fort 2012; Fort et
al. 2012; Isern and Fort 2012). Other research topics include the Palaeolithic
dispersals (Mithen and Reed 2002; Scherjon 2013; Callegari et al. 2013; Wren et
al. 2014; Romanowska 2015), the peopling of the Americas (Steele et al. 1996;
1998; Rouly and Crooks 2010) or the spread of the Bantu languages (Russell et
al. 2014). Some studies investigated interdependencies between different factors
within an abstract theoretical framework (e.g., Wren et al. 2014) while other
focused on finding explanations for specific patterns in the archaeological record
(e.g., Nikitas and Nikita 2005), still others tested a particular hypothesis (e.g.,
Scherjon 2013) or contrasted two alternative models (e.g., Fort 2012).
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3.3

Choosing the method

Once the purpose of the model and research questions are defined, the natural
next step is to choose the method with which to tackle them. However, the
question of whether we actually need a simulation to answer the research
question posed in step one is not a trivial one (O’Sullivan et al. 2012). Simulation
should only be used if there are no suitable analytical techniques for addressing
the research question, for example GIS analysis or statistics. Data analysis
techniques are both quicker and more reliable as they were developed for specific
tasks. For example, there is no need for an elaborate simulation model if one
wants to infer from a dataset of C14 dates the average speed of the colonisation
wave as this can be done using standard analytical tools and, in some cases, even
simple arithmetic.

Figure 3-3

Three most common types of simulation techniques used in
archaeological models of dispersals.

The top panel shows the structure of the underlying algorithms:
(EBM) an equation describing the dispersal as a function of
population growth and diffusion, (CA) rules describing
probabilities determining how each cell in a matrix is updated,
and (ABM) rules describing how individuals interact. The bottom
panel shows example visualisations for each type.
However, often there are good arguments for a simulation approach. For
example, the research may concern causality or explanation of non-intuitive data
patterns, or aims to test one or contrasts several hypotheses for which
predictions are unclear. Simulation can tackle system complexity thus its
common application when multiple factors are believed to influence the system
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and when the modelled interaction and processes are known to be non-linear (see
Bonabeau 2002). However, different simulation techniques are most suited for
different research problems. In archaeology the three most popular simulation
approaches applied to dispersal case studies are: Equation-based modelling
(EBM), Cellular Automata (CA), and Agent-based modelling (ABM) (Figure 3.3)
(Steele and Shennan 2009).
3.3.1

Equation-based modelling

Sometimes referred to as system dynamics2 or mathematical simulations,
equation-based models (EBMs3) are probably one of the most common tools in
science and a widely used tool in social simulation studies (Gilbert and Troitzsch
2005; Epstein 2006; Steele and Shennan 2009). They consist of one or a set of
equations that can be solved analytically or numerically. An example of such a
model, used commonly in modelling dispersals, is the Fisher-Skellam model,
derived and modified from equations used to model chemical reaction-diffusion
processes. It consists of two terms (see Figure 3.3): one describing population
growth and the other simulating diffusion from the denser to sparser occupied
regions (Steele 2009). The equation can be extended by other terms, for example
a competition with another population (e.g., Isern and Fort 2012) or different
factors affecting the speed of the diffusion wave (Steele et al. 1998). Equationbased modelling is known as a ‘top-down’ approach (Klüver et al. 2003; Macal
and North 2010) since the population is treated as one homogenous entity and
only the population-level characteristics are modelled, e.g., the overall population
size, the growth rate, or general rules for competition between groups. The
entities and the relationships between them are described mathematically, and
the model is then run for a range of parameter values (Epstein 2006; Premo
2006).
The representation of the population as one homogenous entity is the main
drawback of the method. Although, it makes for a fast development and good
tractability of EBMs, the homogeneity of the modelled entities means that EBM
does not deal well with modelling variability within the population (e.g., variable
levels of particular characteristics among individuals), chance processes and
behaviours dependent on individual circumstances and chance events (e.g.,

System dynamics is a type of Equation-based modelling, so the terms are not fully
synonymous.
2

It is customary to use the ‘EBM’ acronym to denote Equation-based modelling and the
‘EBMs’ acronym for Equation-based models. The same applies to ABM/ABMs and CA/CAs.
3
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innovation, adaptation, and learning), or changes to the population occurring
during the dispersal, such as evolutionary and cultural trends (e.g., shifts in the
adaptations, changes in social and cultural behaviour, etc.). Another disadvantage
of EBM related specifically to archaeological case studies is the mathematical skill
needed to develop them. For the same reason, they are also difficult to
communicate to an archaeological audience, which is usually not accustomed to
seeing past human behaviour represented in the non-intuitive language of
equations. However, there are many benefits of using equation-based models as
they are easy to analyse, understand (by specialists) and interpret, and their
mathematical tractability makes them virtually impervious to code mistakes or
misinterpretations of the results as compared to other simulation methods
(Steele and Shennan 2009). Most of the models of the spread of the Neolithic are
developed as EBMs (e.g., Ackland et al. 2007; Fort et al. 2012).
3.3.2

Cellular Automata

Cellular automata models (CAs) reached the height of their popularity in the early
2000s, even inspiring some researchers to declare them ‘a new type of science’
(Wolfram 2002). CAs represent a virtual world in the form of a grid in which each
cell is modelled as a numerical state value (usually boolean 0-1 or True/False)
(Gilbert and Troitzsch 2005; Bithell and Macmillan 2007), which in dispersal
studies usually represents the state of being ‘occupied’ or ‘empty’. The value may
be a function of the states of the neighbouring cells as in the famous Game of
Life (Poundstone 1985), but in dispersal applications it is usually a probability
that describes the odds that the cell becomes occupied or empty at each time
step. Although these types of models are relatively easy to develop and
communicate, this advantage comes at the cost of a restricted range of
applications. For example, CA cannot be used in any models where population
dynamics need to be explicitly modelled. Moreover, contrary to EBMs the models
require specific techniques to analyse results. Examples of the use of CA for
studying human dispersals include the SteppingOut model (Mithen and Reed
2002) of the first Out of Africa dispersal, and the related model by Nikitas and
Nikita (2005).
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3.3.3

Agent-based modelling

Sometimes referred to as individual-based or multiagent simulations4, agentbased models (ABMs) are becoming increasingly popular in archaeology (Lake
2014). ABMs comprise individual heterogeneous agents interacting with each
other and with their environments. These interactions are governed by rules of
behaviour defined by the modeller and often modelled stochastically (i.e. using a
random number generator) (Gilbert and Terna 2000; O’Sullivan and Haklay 2000;
Macal and North 2010; Davidsson and Verhagen 2013). Occasionally these simple
rules lead to unexpected population-level patterns, a phenomenon referred to as
‘emergence’ (Epstein 2006: p. 31-33). ABM is often described as a ‘bottom-up’
approach, because population level patterns are expected to emerge from the
local interactions between agents. For example, population growth may be
modelled not as a function of time (like in EBM) but as a result of interactions
between male and female agents under conditions imposed by the modeller (e.g.,
both agents need to be in spatial proximity of each other, reach a certain age or
energy level, etc.). ABMs can suit a very wide range of applications, and they are
intuitively easy to build and understand because of the agents and their
behaviour being explicitly represented and easy to relate to everyday experiences
(Bonabeau 2002) as well as thanks to the existence of user-friendly modelling
platforms (Wilensky 1999).
However, this flexibility comes at a price. As much as EBMs tend towards elegant,
but generalising and, as a result, sometimes overly simplistic representations of
past systems, in ABMs it is only too easy to keep on adding new variables,
additional rules of interactions and different types of entities. This may easily
lead to over-engineered models littered with complex representations of aspects
that are not relevant to the research questions. More realism in a simulation is
not a problem in itself. However, the higher the number of variables the better
chance of introducing unintentional errors, the more difficult it is to check the
code and the more challenging it is to recognise which elements of the model
caused the ‘interesting’ results (Railsback and Grimm 2011; Bullock 2014).
Although this issue is not confined to ABM, it is nevertheless more common than
in other techniques (Ropella et al. 2002; O’Sullivan et al. 2012; Galán et al. 2013).
The ‘SteppingIn’ model (Scherjon 2013) and the SHEEP model (Romanowska

Although some researchers recognize subtle differences between individual-based,
agent-based and multiagent simulations, equally often the terms are used
interchangeably (e.g. Railsback and Grimm 2011). The first is more common in ecology,
the second in social sciences and the third in robotics and computer science.
4
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2015) are examples of the archaeological use of ABMs for the study of
Pleistocene human dispersals.
If interactions between entities within a heterogeneous population are important
to address the research questions then ABM is probably the right choice, but
when population-level dynamics are key then EBM or CA are more suitable (see
also Siebers et al. 2010). Models can also be built using a combination of these
three techniques, for example the QHG (Quantitative Human Geophylogeny)
model by Callegari and colleagues (2013) uses both EBM elements and individual
agents. Although the decision of which simulation technique to use should be
determined by the research questions and the characteristics of the modelled
system, rather than personal preference or skills, there is a clear preference for
ABMs among archaeologists. However, the reliability, speed and clarity of EBMs
are likely to make it a highly attractive tool once simulation becomes better
established in archaeology.

3.4

Establishing the scale and resolution

In this step the modeller determines an appropriate scale of analysis and
resolution of the entities and inputs of the simulation model. Some models are
purely abstract and do not need to be translated into real world terms (Premo
2010). However, most simulations in archaeology, especially those that will be
compared to real world data, need at least some definition. In such cases the
modeller has to be explicit about what the different entities in the model
represent: are agents individuals, households, or groups? Is the time step a year,
a generation or 1000 years? Deciding on these questions early on is important as
consistency and compatibility of analytical scales is key: for example, if the
agents represent individuals then using a time step of 1000 years would make
the model meaningless.
The research questions defined in step one and the methods chosen in step two
will to a large extent determine the analytical scale of the model (Grimm and
Railsback 2012). If the researchers are interested in the general patterns of the
peopling of entire continents it is safe to assume that individual decisions and life
trajectories can be aggregated into larger entities and modelled in a probabilistic
or even deterministic way. However, if they want to pursue a more fine-grained
research problem, for instance assessing the hypothesis that following seasonal
migrations of large game provided a boost to the speed of the peopling, then
going down to the level of at least groups is unavoidable. Evidently, the method
chosen in step two will depend on and impact the level of detail presented in the
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model. For example, when using EBM or CA the mechanisms of interactions are
modelled on the population scale, hence any questions invoking variability in
individual or even group-level behaviour would be difficult to address.
The final factor to consider in this step is the resolution of different types of
input the model is reliant on, often called ‘exogenous data’, for example, soil
quality maps, the Pleistocene temperature curve or detailed data used to
characterise individual behaviour. Jason Noble (pers. comm. 2013) aptly
summarised: ‘even a very exact number multiplied by a random number is still a
random number’, meaning that if the simulation depends on any external data
input (e.g., environmental data), then the resolution of that input is also the
maximum resolution of any reliable results produced by the model. Thus, trying,
for example, to use environmental data of a resolution of hundreds of kilometres
in a model that treats agents as individuals, would be equivalent to multiplying a
very exact number (agent behaviour) by a random number (the environment).
Therefore, the rule arising from Noble’s observation is to treat the input data with
the lowest resolution as a guide to what is a feasible framework for the whole
simulation. This rule forms the basis of a methodological framework commonly
applied in ecology called Pattern-oriented Modelling (POM)(Grimm et al. 2005).
Most examples of simulations of the earliest, Pleistocene dispersals use very
coarse chronological and spatial resolutions: hundreds of years for a time step,
and 0.5-1 degrees for distances as they inherit the resolutions of the available
environmental data. As a result, in these models group or individual level
interactions are treated in an aggregated manner. The closer to the present, the
higher the resolution of the input data and of the whole simulation. For example,
in the ‘SteppingOut’ model of the first Out of Africa (Mithen and Reed 2002) each
step represents 250 years, while Steele and colleagues (1996; 1998) were able to
use a chronological resolution of 1 year in their model of the Paleoindian
peopling of the Americas.

3.5

Entities and the rules of interaction (‘defining the
ontology’)

In the previous step, we determined the general characteristics of the simulation.
In this step it is time for a more detailed description of the modelled entities and
the rules of interaction governing their actions. A model is always a simplified
representation of the system of interest (Klüver et al. 2003). However, how it will
be represented depends on the modeller and their hypothesis of what constitutes
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the essential elements and mechanisms of the system and which ones are
necessary to answer the research questions defined in the first step (Ahrweiler
and Gilbert 2005; McGinnis et al. 2011). This conceptualisation of the modelled
system into a set of entities and rules of interaction is known as an ‘ontology’
(Gruber 1993).
Building the conceptual framework of a simulation is a difficult task. On the one
hand, it has to be as specific as possible to enable translation into computer code
in the next step, on the other hand ontologies are descriptive in nature as they
represent the modeller’s belief of how the ‘real-world’ system works (Hofmann et
al. 2011). Therefore, multiple simulations of the same system may be built on the
basis of different conceptual models comprising distinct entities and the rules
that govern their behaviour. In the social sciences there are two schools of
thought that disagree as to how conceptual models should be represented in
simulation models: the KISS, or ‘Keep it Simple, Stupid’, and the KIDS, or ‘Keep it
Descriptive, Stupid’ (Edmonds and Moss 2005; Premo 2010; Railsback and Grimm
2011; David 2013).
The KISS approach works on the premise that one should build models from the
bottom up, starting from the simplest possible representation and only including
additional entities, processes or rules if it is absolutely necessary. An example
would be an agent-based model in which the agents’ dispersal is fuelled solely by
one mechanism: population growth (e.g., Romanowska 2015) or choosing the
most attractive ‘next-step’ (e.g., Scherjon 2013). One can subsequently add
further elements, like including a friction map with topographic barriers to see if
the shape of the dispersal wave changes (e.g., Steele et al. 1996), or
differentiating the population growth depending on which environment the
agents occupy. By implementing such incremental changes the modeller
experiments with the increasing complexity of the simulation, trying to achieve
the simplest yet accurate representation of the system in question.
On the other hand, the proponents of the KIDS methodology (Edmonds and Moss
2005; Edmonds and Meyer 2013) argue that it is unwise to discount the
knowledge we already have of the system or judge what types of data should take
primacy (e.g., qualitative, 'anecdotal' accounts may be just as good a source of
inspiration as formal social theory). Thus, it may be better to try to model the
phenomenon in question in as much detail as possible and then gradually strip
the model of everything that turns out not to be significant. This approach
removes the need for strong theoretical arguments for why certain elements were
included in the model while others were left out, but it also assumes a high
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degree of knowledge of the system we try to model, which may limit its utility for
archaeological applications.
The KISS rule is more commonly followed than the KIDS approach in simulation
modelling because each additional line of code brings the possibility of
introducing an unintentional error into the code and each extra algorithm makes
the behaviour of the simulated system more difficult to track, understand and
interpret. This is particularly true for models containing non-linearity, feedback
loops, and stochasticity, which constitute the vast majority of all simulations
concerned with human societies. The previously mentioned issue of
‘overdesigned’ ABMs is directly correlated with the potential for code errors,
intractability and difficulties related with describing and interpreting the results
as well as the computational cost of exploring the parameter space of the model
(discussed further on). This is a critical distinction between the KISS and KIDS
approaches, and the main reason why KISS is more effective than KIDS in datapoor research areas. Unless there is an incredible high-quality knowledge of the
data and the process – a rare occurrence in archaeology – the KISS approach is
likely to be more appropriate.
Regardless of whether the KISS or KIDS strategy is followed, the final shape of the
model as presented in the final publication is always the result of a long series of
experiments and modifications, where various elements and algorithms are
continuously added to and removed from the simulation. It is common for
modellers to be accused of leaving some elements out of their models that others
argue to be key in the functioning of the simulated system or using rules of
interaction that the critic disagrees with (Waldherr and Wijermans 2013). These
arguments often stem from the misunderstanding of the scope and capacity of
simulation techniques (see Chattoe-Brown 2013). Rather than trying to mimic the
full complexity of the past or present reality, a simulation’s aim is to evaluate
hypotheses, answer research questions or provide predictions only in terms of
the implemented ontology and within the tested ranges of parameter values.
Although in theory it may be possible to fully replicate an existing system, this
might render the model useless since the more complex the model gets the
higher the risk that the simulation becomes as impenetrable as the original
system. Like in a virtual laboratory, experimenting with different elements and
their combinations, and testing them one or a few at a time is a valid scientific
method (Moss 2008; Premo 2010).
When constructing dispersal models in archaeology the most commonly used
entity is a human population. In the case of EBMs, human groups are treated as a
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homogenous population and usually described as a number representing the
density of occupation. In CAs, the human population is represented as a Boolean
value indicating whether the cell is ‘occupied’ or ‘empty’. Finally, ABMs use
agents as representations of individuals, households, human groups, or larger
populations.
Almost universally, the second key entity is the environment over which the
population disperses, usually represented in the form of a friction map. The
environmental characteristics included in the friction map depend on the
modelled system. For example, what is considered a fast-track corridor in the first
Out of Africa dispersal may be an area of slower diffusion for Neolithic
populations. Therefore, the environmental layer of the simulation may be any
combination of topography (e.g., Nikitas and Nikita 2005), biomes (e.g., Hughes
et al. 2007), soil quality (e.g., Ackland et al. 2007), proximity to rivers (e.g.,
Scherjon 2013) or even a social network if the model concerns cultural
transmission.
The rules of interaction within and between population(s) as well as with the
environment are usually grounded in a particular theoretical framework or
academic consensus among the research community (Ahrweiler and Gilbert
2005), although occasionally attempts are made at testing a wider set of
mechanisms driving the studied phenomenon (e.g., Scherjon 2013). For example,
the notion of heavy dependence of early hominins on the environment they
inhabited, generally accepted among Palaeolithic researchers (see Holmes 2007),
has been translated into strong environmental determinism in the models of
Pleistocene dispersals (e.g., Mithen and Reed 2002; Romanowska 2015). Other
commonly used mechanisms in modelling human dispersal include: population
growth (e.g., Steele 2009), competition with an indigenous population (e.g., Isern
and Fort 2012), and varying modes of transport (e.g., Fort et al. 2012).

3.6

Coding and testing (‘Implementation’ and
‘Verification’)

Once the modelled entities and rules of interactions are defined and placed
within the framework established in step 4, the next phase is to implement them
as computer code. There are a number of simulation software platforms,
designed to make this step easier, such as NetLogo, Repast or Swarm for ABMs
(Railsback et al. 2006; Nikolai and Madey 2009), MATLAB (The MathWorks 2014)
for EBMs and AnyLogic for combining EBMs and ABMs (AnyLogic 2014).
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Sometimes, modellers write their models from scratch in a general-purpose
programming language such as Python, Java, C++, or R (Downey 2012).
There are two common pitfalls at this stage (Galán et al. 2013). The first error
that can occur during the coding step is when the computer code does not
correctly represent the conceptual model. This may be the fault of the modeller
who misrepresented the conceptual model or of the author of the conceptual
model who did not formulate their model in an unambiguous manner. Many
researchers build their models in an explicit manner using a formal mathematical
description of their hypotheses, which facilitates the translation of conceptual
models into simulations. However, perhaps largely due to the aforementioned
lack of reciprocal feedback between domain specialists and modellers, examples
of such mathematical definitions of hypotheses are rare in archaeology, leaving
the step of formalising conceptual models in the hands of modellers, who may or
may not correctly understand the intentions of the authors of the conceptual
models (Waldherr and Wijermans 2013).
Translating conceptual models from natural language into computer code is one
of the best methods for identifying the assumptions underlying the modelled
theory, including those that are not immediately recognisable as being
assumptions at all (Norling et al. 2013). For example, almost all simulations of
the first Out of Africa dispersal start from East Africa and most of the Neolithic
diffusion models take Jericho (or its environs) as their point of origin (Mithen and
Reed 2002; Fort, Pujol and Linden 2012). Although rarely questioned even by
archaeologists, these are assumptions and it is useful to consider them as such.
Similarly, although it is generally agreed that early hominins would spread faster
over grassland-type biomes similar to the environment in which they evolved, no
conceptual model has ever ventured to specify how much faster? Was it 20%
faster than over forested biomes? Or twice as fast? While conceptual modelling
allows us to construct models with such underspecified elements, the need to
translate them into computer code forces the definition of assumptions in a more
formal manner.
The second common error at the coding stage is more difficult to recognise and
occurs when the computer code does not do what the modeller intends it to do
(David 2013; Galán et al. 2013). This may derive from simple errors such as a
typing mistake or incorrectly placed brackets. Even more difficult to identify are
misconceptions regarding the deeper levels of the code’s architecture, for
example drawing random numbers from an inappropriate distribution or floatingpoint number rounding errors (Izquierdo and Polhill 2006; Banks and Chwif
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2011). Therefore, the coding step is usually divided into two phases: code
building (‘implementation’), and consolidation/testing (‘verification’) in which
each part of the code is repeatedly checked and tested or ‘debugged’ in
computer science jargon (Norling et al. 2013). The latter phase is often as long or
longer as the former, since the more thoroughly the code is tested, the more
confidence we can have that the results represent the true dynamics of the
simulation.
Since every simulation is in fact a form of software, commercial software
development techniques and best practices can be employed (Baxter et al. 2006;
Joppa et al. 2013; Rossiter 2015). A large number of techniques have been
developed in computer science for building reliable code, such as testing
frameworks, reimplementation of the code in another programming language,
unit testing, defensive programming, test-driven development, metamodelling
languages such as the Universal Modelling Language (UML), or CoSMoS Pattern
Language etc. (Ropella et al. 2002; Stepney 2012; Collier and Ozik 2013; Galán et
al. 2013; Gürcan et al. 2013; North and Macal 2014; Rossiter 2015).
Nevertheless, it is unrealistic to assume that, even if extensive testing was
undertaken and best practice followed, all simulations are error free.
EBMs are usually simpler to code than ABMs and CAs and, since they are more
mathematically explicit, less likely to contain errors. On the other hand, ABMs are
particularly prone to coding errors as the interactions and processes are often
stochastic and irregularities do not stand out as much as they would in EBMs
(Ropella et al. 2002). The experiences gained in other disciplines (Macy and Sato
2010; Railsback and Grimm 2011; David 2013; Norling et al. 2013) show that
unintentional errors are far more common than one may wish them to be. Hence
the importance of another verification technique: replication (Wilensky and Rand
2007; Galán et al. 2009; 2013). Replication is a specific form of peer-review, in
which a group of scholars, independent of those who published the model, build
the model themselves to check whether they obtain the same results as the
original implementation (Edmonds and Hales 2003; Wilensky and Rand 2007;
David 2013). Worrying, the number of replication studies of archaeological
simulations is low and not a single one of a dispersal case study has been
performed so far (cf. Barton and Riel-Salvatore 2012; Premo 2012).

3.7

Choosing parameter ranges (‘parametrisation’)

Once the simulation is built and tested, one needs to decide on appropriate
settings and ranges of values for the parameters. In EBMs these are the values
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used in equations, in ABMs they describe the features of the agents and their
environment, while in many CAs parameters are used to define probabilities of
various events. In simulation models of human dispersal, common parameters
include population growth rate, the size of the initial population, and the carrying
capacity of different environments.
In theory, one could test the full parameter space, that is, run the model with all
possible values for all parameters and their combinations. In practice this is not
feasible even for relatively simple models5 and a more efficient strategy of setting
at least some of them at a specific value and only testing specific ranges of
values must be deployed. The most common approach to finding such values is
to derive them from empirical data. In archaeology where such data is not always
readily available, one may use proxies representing the most parsimonious
approximation of the real values (Hazelwood and Steele 2004; Robson and Wood
2008; Fort et al. 2012), for example, statistical aggregates of values derived from
observations of contemporary groups of hunter-gatherers or sedentary
agriculturalists (e.g., Binford 2001). It is common to then significantly extend
their range, for example, by doubling the maximum and minimum values,
therefore ensuring that the ‘real’ value is likely to be somewhere within the tested
range even if it is impossible to pinpoint it exactly.
The results of the simulation are rarely equally sensitive to all tested parameters
and the models are often surprisingly unresponsive to even a high variation of
some of them. This can have different reasons: sometimes certain processes have
a much stronger impact on the key elements of the system than others, while in
other cases built-in feedback loops balance things out. For example, the rate of
population growth under conditions of low competition typical for the initial
phase of settling a new area is important to the system dynamics. However, once
the population reaches its local carrying capacity, the value of the growth rate
becomes negligible as the competition over resources is the main determinant of
the absolute size of the group. Thus, depending on the model and its
implementation, varying the population growth rate may or may not change the
results.

With each new parameter the number of simulation runs increases exponentially.
Imagine an unusually simple simulation with only 2 parameters - if their range is tested in
five places (for example: -10, -5, 0, 5, 10) 25 runs need to be performed. Adding a third
parameter would require 125 runs. If the simulation is stochastic (i.e. includes
probabilities and randomly drawn numbers) each of these runs has to be repeated at least
20 times, which means the simulation would need to be run 2500 times in total.
5
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Modellers commonly use two techniques to explore the range of parameter
values in a model (Richiardi et al. 2006; Evans et al. 2013; David 2013). First, to
test the impact of different parameters on the final results, modellers perform a
sensitivity analysis (e.g., Fasham 1995). In this procedure, each parameter is
varied independently, for example by 10, 50 and 100%, to see if the results of the
simulation change in a predictable fashion. By highlighting only those parameters
that have a real impact on the results, the number of runs can be reduced, saving
significant amounts of time and computing power. The second technique is
calibration (Richiardi et al. 2006; Moss 2008). In simple terms this means
checking under what parameter values the simulation will produce results
consistent with a subset of data not used in the development of the simulation.
This produces a benchmark, which allows keeping some of the parameter values
fixed in the real runs. There are many statistical techniques for comparing the
model output with data developed for calibration, from simple t-tests to more
complex approaches such as maximum likelihood estimation or the method of
simulated moments (Windrum et al. 2007; David 2013).
In simulation models of human dispersals, the most common approach to
calibration is to select a few sites at which the arrival of humans or cultural
markers is particularly well dated, and vary the parameters until the simulated
dispersal front arrives at their locations at the time consistent with their dating
(e.g., Mithen and Reeds 2002; Nikitas and Nikita 2005; Baggaley et al. 2012).
Calibration is an important step in itself in model building, as it tests the
underlying conceptual model: if the simulation fails to replicate the training data,
it is not a correct representation of the real system.

3.8

Running the simulation (‘experiment design’ or ‘DoE’)

After coding and parameterizing the model, the modeller will design the
experiments that should allow them to address the research questions specified
in step one. The selection of the most appropriate strategy at this stage depends,
again, on the nature of the research questions: are they concerned with how the
system performs under a wide range of parameter values or is the researcher’s
goal to evaluate conflicting hypotheses?
The first step is always to decide on the start and stop conditions. The start
conditions, commonly termed ‘initialisation’, describe the state of the model at
time zero. In the case of dispersal models this usually involves decisions on, for
example, where the dispersal will start from, the size and the composition of the
original population, the initial values of any specific traits of the population or
90

Chapter 3: Methodology

their distribution among agents and, if the simulation is pegged to any real data
input that changes over time (e.g., the environmental record), what date will be
used as the starting time of the dispersal. Equally the stop condition has to be
determined in advance. The simulation may be halted after a certain number of
steps, which may relate to concrete time units (years, decades etc.) or may be
determined statistically (Chen 2012). Alternatively, conditional stops can be used,
for example the arrival of humans at a specific island could be considered a
conclusive step in models of the peopling of the Pacific Islands (e.g., Fitzpatrick
and Callaghan 2013). In abstract models the time step usually does not
correspond to any particular real time unit and there is no obvious stopping
point, hence an arbitrary (usually very high) number of steps is used. In some
cases the modeller waits until the simulation ‘converges’ or attains ‘fixation’,
which can be loosely translated as ‘nothing interesting happens any more’. For
example, in a hypothetical simulation, which investigates the interaction between
an original population and an incoming one, there would be little point in
continuing the run once one of them dies out.
There are two main techniques for running the simulation in ways that will
answer the research questions: the parameter sweep and the testing of
alternatives (Hoad et al. 2014). In the first technique the modeller changes all
parameter values gradually one by one in order to understand the relationship
between the parameters and the model behaviour (e.g., Premo 2006). This
technique identifies dependencies such as, for example, the higher the
population growth the faster the dispersal. It may also help to detect thresholds
and feedback loops, for example, the higher the availability of resources the
larger the population, as long as the consumption of resources does not exceed
the population’s regeneration rate. Another experimental design approach is to
test alternative scenarios, usually representing conflicting hypotheses, by running
the simulation with specific sets of parameter values that fundamentally change
the model/behavioural structure (this is termed ‘theoretical plurality’ as opposed
to the ‘parametric variation of a single model’ tested in the parameter sweep). For
example, one can use different starting locations for the dispersal, or run the
model with certain passages, like narrow water crossings or mountain passes,
first blocked and then unblocked while keeping all the other parameters fixed
(e.g., Romanowska 2015). Additionally, model selection is being increasingly
used instead of classical null-hypothesis testing. The model selection approach
uses statistical tools, derived from Bayesian statistics, which give a value
denoting how well each model/hypothesis corresponds with the data (e.g., Crema
et al. 2014).
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The final question when running simulation models is how many times each
parameterization of the model needs to be run. The answer to this question
depends on the model being stochastic (like most ABMs and CAs) or deterministic
(like many EBMs). Deterministic models are run only once as repeating the run
with the same parameter values would simply produce exactly the same results.
In stochastic models some of the mechanisms are probabilistic, i.e. require
drawing random numbers that will differ from one execution of the simulation to
another. Therefore each scenario has to be re-run a number of times to find the
average and the distribution of the results. Although there is no established
minimum of how many iterations should be run, the number rarely drops below
20 runs. In general, the higher the variance the more runs should be performed,
the exact number of which can be calculated using appropriate statistical
techniques, for example convergence tests (Ritter et al. 2011).
Once the start button is pressed the simulation starts performing all the
calculations coded in as algorithms and the modeller can do little besides
patiently waiting for the results to start coming in.

3.9

Analysing and interpreting the results

The results of individual simulation runs rarely produce instant eureka moments,
but instead mostly consist of long columns of numbers. Moreover, once these
numbers are analysed and reveal interesting patterns it may not be immediately
obvious which of the elements of the model caused the interesting results,
highlighting the need for more work to tease out the full sequence of causality in
the model. The analysis and interpretation of the output of a simulation therefore
usually consist of three stages: recognising patterns in the results, understanding
what mechanisms caused them, and quantifying the uncertainties of the
simulation (Evans et al. 2013).
In the first stage, often termed ‘exploratory data analysis’, modellers use a range
of statistical and visualisation techniques to recognise patterns in the results
(Kornhauser et al. 2009; Hoad et al. 2011; Evans et al. 2013; Dorin and Geard
2014). The outcome of each run is usually described as one (or a set) of summary
statistics, for example in dispersal models, the timing of the first arrival at a
particular location. However, the modeller could choose other types of ‘artificial
data’. It is sometimes possible to define a simulation-specific index, which
combines a number of outputs into one number and can be plotted over time to
observe changes. Visual analysis of the results is often a useful approach,
especially for recognising general patterns resembling the so-called ‘stylised
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facts’, i.e. broad generalisations which are often qualitative in nature but
nonetheless widely accepted as correct by the community. A good example of a
‘stylised fact’ would be a particularly early arrival or a delay of the dispersal wave
in a given region, e.g., speedy dispersal into Southeast Asia combined with late
colonisation of Europe in the first Out of Africa dispersal (Mithen and Reed 2002)
or a specific shape of the dispersal front, e.g., comparable with the known extent
of one of the early Neolithic cultures (Ackland et al. 2007). In some models,
especially if they involve evolutionary mechanisms, the simulated cultural record
(for example, density, spatial distribution or variability in cultural assemblages) is
not described by summary statistics but instead sampled to mimic the timeaveraging and other postdepositional biases that affect archaeological data
(Madsen 2012; Premo 2014). The question of how to represent the archaeological
consequences of the modelled processes in a way that is directly comparable with
the archaeological record is an issue particularly relevant to archaeology.
However, this topic has so far received little discussion in the archaeological
simulation literature.
Once the interesting patterns are identified, the second stage is to understand
the mechanisms that gave rise to them. In EBMs, the role of each factor is known
as it appears in the equations, so the interpretation of the model’s results is
usually straightforward. However, as the model departs from the analytical rigour
of mathematics and strives for realistic representation of the studied real-world
system, the results become increasingly opaque because “the behaviour of a
simulation is not understandable by simple inspection, on the contrary, effort
towards the results of a simulation must be expended, since there is no
guarantee that what goes on in it is going to be obvious” (Di Paolo et al. 2000: p.
501). This has led researchers to call simulations opaque thought experiments
(Bullock 2014; Di Paolo et al. 2000). In some cases, particularly in the social
sciences where simulations are built to inform policies, some of them resemble a
black box without any loss to the aims of the research (Epstein 2008). However,
in the explorative, heuristic models, which aim to investigate processes, the
modeller has to tease out which particular mechanisms in the simulation caused
the interesting patterns and reconceptualise it to see what insight this causality
may give us into the real-world system (Gore and Reynolds 2008; 2010).
The final stage in the analysis and interpretation of simulation results is to deal
with the problem of validity: how do we know that our simulation is a valid
representation of the real system? This is a common concern in any type of
modelling and one not taken lightly by the simulation community (e.g., Oreskes
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et al. 1994; Troitzsch 2004; Küppers and Lenhard 2005; Windrum et al. 2007;
David 2013). The phase of the model development that deals with this issue is
called ‘validation’ and can be defined as: “an assessment of the extent to which
[the simulation] M[odel] is a good representation of the (unknown) process that
generated a set of observed data’ (Windrum et al. 2007: 1.7). In all modelling
exercises, both conceptual and computational, the validation is performed by
comparing the model predictions (in the case of simulations, the model results)
with the available empirical data. A good fit between the two indicates at least
that this set of system entities, the rules governing their behaviour, and the
relationships between them can lead to outcomes which match (to some given
tolerance) the empirical data.
However, like with every model (that includes conceptual hypotheses), this is no
proof that the absolute ‘truth’ about the past has been revealed. Results
coinciding with few data points may just be a coincidence and it is often not
entirely clear how close to the patterns observed in real data the model results
need to be in order to declare it ‘valid’. This issue is especially strong in cases
where the aim is to replicate qualitative stylised facts. Also, even if the model
matches a large number of data points, one can never be certain whether an
alternative model of the same system would not be able to align with the data
even better. This problem is known as ‘equifinality’ (Premo 2010; Evans et al.
2013; Graham and Weingart 2015)6. For these reasons, the validity of any
modelling work is closely interlinked with the amount and quality of data as well
as the strength of conceptual models. It is worth pointing out that the equifinality
refers to a wider philosophical phenomenon in science – the underdetermination
of scientific theory (Stanford 2017). In simple terms, the undertermination refers
to the idea that “the evidence available to us at a given time may be insufficient
to determine what beliefs we should hold in response to it.” (Stanford 2017).
Thus, this is not a simulation-specific issue but rather a stable, if undesirable,
element of the scientific process.
Some types of models only need to be verified (i.e., checked for any internal
errors), as they are not designed to produce point predictions but rather elucidate
general patterns and mechanisms. For example, subjunctive models test abstract
‘if-then’ questions (e.g., Wren et al. 2014), feasibility models aim to demonstrate

A closely related issue, the problem of identifiability, is that without testing the full
parameter range it is impossible to say whether a simulation output that compares
favourably with empirical data could not have been achieved with a different combination
of parameter values not tested in this particular experiment (Evans et al. 2013).
6
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if something was or was not possible (e.g., Davies and Bickler 2015), whilst other
types test the internal coherence (but not the correctness) of abstract conceptual
models (e.g. Young 2002). In these cases researchers use only verification
techniques: replication (discussed in section 6) or model alignment – an
alternative method of replication in which the simulation built using a different
method or ontology is compared to the original study (Axtell et al. 1996).
In those models, which have to show that they correctly relate to the past reality,
i.e., need to be ‘validated’, there are a few ways around the problem of
uncertainty (Chwif et al. 2008; Sargent 2013). The most commonly used one,
especially in disciplines researching modern societies, is to provide predictions
that could be compared to future data. This is obviously not an option for
archaeological case studies. Another approach is to compare the results to
multiple independently collected sets of empirical data. For example, in the
classic Artificial Anasazi model (Dean et al. 2000; Axtell et al. 2002) simulating
the rise and decline of ancestral Pueblo peoples in the American Southwest, the
results replicated two independent sets of data which were not included in the
model: population fluctuations through time as well as the spatial distribution of
sites. Although in theory one could argue that, again, it may be possible to
construct a model that fits the data even more closely, the probability of that
happening (especially when one considers that the model was built in an
informed way) decreases significantly (Grimm 2005).
Although the inherent uncertainty of all scientific models is widely recognised,
the process of producing new hypotheses and testing their validity against the
available data using simulation techniques is a standard approach across most
scientific disciplines. There is therefore a strong notion of using simulation as a
heuristic tool, which allows researchers to improve their models and ‘validate’
them against the continuous stream of new data and changing academic
consensus (Oreskes et al. 1994; Ahrweiler and Gilbert 2005; Windrum et al.
2007). In most cases the real value of a simulation study depends on a subjective
answer to the question: was the model useful? The answer is ‘yes’ if the model
told us something new, challenged some deeply entrenched assumptions,
showed surprising implications of a conceptual model, suggested a new way of
approaching a research question or highlighted gaps in our knowledge.
In the archaeological case studies of ancient dispersals, the most common
validation method is to compare the simulation results against the first arrival
dates derived from archaeological data (e.g., Baggaley et al. 2012; Scherjon
2013), although replication of ‘stylised facts’ was also used (Mithen and Reed
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2002; Nikita and Nikitas 2005). In other cases, simulations investigated abstract
mechanisms behind dispersals and therefore did not need to be validated against
real world data sets. For example, the model by Wren et al. (2014) explored the
evolutionary dependency between a specific cognitive ability of early hominins
(spatial foresight) and their propensity to migrate. In a similar vein, Young
(2002), tested different types of movement in an abstract space, concluding that
even very simple behaviours of the simulated populations can results in largescale spatial patterns indistinguishable from the ones we observe in the
archaeological record.

3.10 Feeding back into the discipline
After the results produced by a simulation are identified, checked and
understood, it is common to share these findings with other researchers.
Although the dissemination usually happens in a standardised form by presenting
and publishing research papers, authors of simulation studies expect and hope
that their simulations will be discussed by two very different sets of researchers:
the domain specialists and the modellers. The goals of their publications are
therefore also twofold: to inform the interested archaeologists of the findings of
their research and to facilitate replication and reuse of the model.
To enable critical assessments and replication, modellers follow three standards:
providing a detailed description of the model, following standardised protocols,
and making the code freely available for peer review. First, the published model
description often contains technical details, comprehensive explanations of the
algorithms, and discussions of the decisions taken during model development.
These technical descriptions may be off-putting to non-modellers, but they are
necessary to fully understand the scope of the model and its possible
weaknesses. Second, many models use a standardised protocol for model
description, for example the ODD (Overview, Design Concepts, and Details) for
ABMs (Grimm et al. 2006; 2010). It allows researchers to describe their models
using the same categories, thus facilitating the comparison between models and
guiding readers through not only the technical details of the simulation but also
the intentions of the authors. The ODD format has been commonly used to
describe archaeological ABMs (e.g., Callegari et al. 2013; Scherjon 2013; Davies
and Bickler 2015). Finally, to ensure reproducibility, modellers are urged to give
full access to the source code of their simulations (Ince et al. 2012; Collberg et al.
2014) and are encouraged to have the code peer-reviewed and placed in online
code repositories. There are a number of such model libraries, for example the
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CoMSES library (OpenABM 2014, e.g., Wren 2014) and GitHub (GitHub 2014).
Models deposited in such libraries often use specific licenses that are explicitly
designed for sharing the source code (e.g., the GNU General Public License).
Thanks to these measures, replication studies as well as repurposing and reuse
of existing models are becoming more commonplace.

3.11 Returning to any of the points 1-9
Simulation models differ from many conceptual hypotheses in their narrow focus
on one, or a few aspects of the complex system they study. Although all
modellers hope that their models are an accurate approximation of the past
reality, they also recognise that they give only selective insight into particular
aspects of the studied system rather than solving the 'whole problem'. Similarly, a
published simulation model is never considered the ‘final word’ but rather a
virtual experiment within well-defined limits of specific ontology and the range of
the tested parameter values. Therefore, the simulation model building enterprise
is iterative in nature as there are always more factors that can be included and
different parameter values that can be tested. Debugging, testing and discarding
individual factors, whole segments and even full models are all steps in the
cumulative process of gaining knowledge. However, each new iteration does not
replace the previous versions of the model but builds upon them, reflecting a
gradual progress towards a better, more accurate and more secure
understanding of past systems (Figure 3.4)(Neiman 1995; David 2013; Norling et
al. 2013). Thus, the final step in the model development cycle is almost always a
return to any of the steps 1 to 9 (Sterman 2000).
A good example of this process is offered by the ‘SteppingOut’ model (Mithen
and Reed 2002), the first published simulation of the early hominin Out of Africa
dispersal. After the publication of the initial implementation in 2002, the model
was challenged by another study (Nikitas and Nikita 2005). Subsequently they
enhanced their simulation with a better quality environmental data layer (Hughes
et al. 2007) and further expanded and used it to test a number of hypotheses
(Hughes and Smith 2008; Hughes et al. 2008; Smith et al. 2009).
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Figure 3-4

An overview of the development and refinement of models,
illustrating the iterative nature of the process.
The conceptual model expressed in natural language is
formalised and translated into algorithms and then computer
code which, after parameterisation with available data, produces
results. These results are subsequently used to improve and
refine the original model.

3.12 Discussion and Conclusions
In this chapter I have described the process of developing an archaeological
simulation and illustrated it using examples of models of past human dispersals.
The range of simulation studies mentioned in the text shows that simulation is a
mature, versatile scientific tool, which can be successfully used to infer causal
mechanisms behind patterns observed in empirical data. However, as shown in
multiple examples its application is not a straightforward process, instead it
requires creativity, academic rigour and a high level of peer scrutiny. In some
way, the late adoption of simulation techniques in archaeology is a fortunate
delay, as many of the lessons learnt in other disciplines in the last two decades
and the resulting guidelines to best practice are available to researchers
interested in simulations. However, some of the issues related to the
particularities of archaeology remain. In the final few paragraphs I will briefly
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discuss the few areas in which more discussion between domain specialists and
modellers could benefit both communities.
It is likely that archaeological models will become increasingly complex in the
pursuit of more realistic representations of the complexities of past systems (see
Chwif and Paul 2000), but equally there will always be space for elegant, abstract
models illustrating how simple relationships may lead to complex patterns. In
both cases there is scope for a wider debate between modellers and domain
specialists on such issues as: what topics to simulate, what do should be the
fundamental building blocks of archaeological simulations, where to derive
parameter proxies from or how to validate models using archaeological data.
Currently, most simulation studies concentrate on explaining population-level
patterns or testing the feasibility of archaeologically attested events. Although
the archaeological interest is often focused on individuals or groups, only a few
models (e.g., Wren et al. 2014) work on this level, as a result not addressing the
most topical archaeological questions (Moncel 2010), for example, what incite
people to disperse? Which factors enable dispersal into new habitats? Or what are
the characteristics of those who moved and those who stayed? Equally, the
attempts to validate the model results with archaeological data have been limited
so far, likely due to the complexity of the processes involved in the creation of
the archaeological record, not encountered by researchers in other disciplines.
However, regardless of its difficulty this issue needs to be addressed if simulation
is to become a more common tool in archaeology.
As the number of voices advocating a wider use of simulation techniques in
archaeology increases, there is also a growing awareness among archaeologists
not using modelling techniques that the currently common analytical and
theoretical methods simply cannot deal with the complexity of non-linear and
multiscalar past interactions (Van der Leeuw 2004; Premo 2010; Barceló 2012;
Barton 2014). This is also true for the study of human dispersals – a process
comprising a multitude of factors, from local and global environmental conditions
to social interactions between individuals and groups. Simulation techniques
provide a method to tackle the challenge of understanding such past
complexities and a tool for combining different sources of evidence
(archaeological, environmental, genetic records etc.) into one coherent
framework.
However, the main advantage of formal methods including simulation is that they
allow us to build our understanding in an explicit and cumulative manner. Instead
of being swamped with different explanations, scenarios and theories about the
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past, whose strength depends on one’s personal beliefs and intuitions, it gives
the community a tool to build an increasingly stronger framework where new
ideas are thoroughly tested before they are incorporated while new data is used
in the continuous process of validation (Neiman 1995; Barceló 2012; Barton
2014). The iterative nature of the modelling cycle constitutes part of a larger
scientific process of increasing confidence in the models of the past (Figure 3.5).
Formalising the conceptual models pushes them above a higher certainty
threshold, where entities and the rules governing their behaviours are well
defined and can be examined and discussed in detail by the research community
with a much higher degree of clarity and transparency. The next step, a
simulation, allows us to test whether the model is logically coherent and plausible
as well as conforming to the existing evidence. It is not the final step though, as
it is only by replicating simulation studies, constructing libraries of tested models
and reusing them, and continuously challenging the models with new data and
new hypotheses that a high level of certainty can be obtained (David 2013). Given
the current hype around simulation models in archaeology (Lake 2014), and the
relative scarcity of replication studies, we may expect a turbulent but necessary
period of questioning the existing models to follow soon. However frustrating,
finding out that a model is wrong is a useful exercise. Paraphrasing Carl Sagan
(1990, 33:20), “there are many models in science, which are wrong. That iss
perfectly alright: it is the aperture to finding out what is right”.
The potential of the technique in becoming the ‘epistemological engine of our
time’ (Küppers et al. 2006) is high as simulation provides archaeologists with a
much needed ‘virtual lab’ or ‘tool to think with’ for testing their ideas, even the
seemingly implausible ones, and combining the swathes of data with conceptual
models in a critical way. However, the specific theoretical implications of the
epistemology of simulation modelling in archaeology (cf. Frank and Troitzsch
2005; Chattoe-Brown 2013; Tolk et al. 2013) still need to be thoroughly
discussed within the discipline. It is only when simulation enters the mainstream
of archaeological practice and university curricula that the full potential of the
technique can be realised and better adapted to the specifics of our discipline.
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Figure 3-5

A schematic depiction of different confidence thresholds.
Conceptual models expressed in natural language are the least
secure. Formalising them allows one to identify all the
assumptions and provide more transparency. Thanks to
simulation they can be tested and validated against empirical
data. However, the highest level of certainty is attainable only
through repeated replication and testing against new data and
new hypotheses.
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Summary

It has been proposed that a strong relationship exists between the population
size and density of Pleistocene hominins and their competence in making stone
tools. The focus here is on the first ‘Out of Africa’ dispersal, 1.8 Ma ago, and the
idea that it might have featured lower population density and the fragmentation
of hominin groups in areas furthest away from the point of origin. As a result,
these distant populations in Central and East Asia and Europe would not be able
to sustain sophisticated technological knowledge and reverted to a pattern of
simpler stone-knapping techniques. This process could have led to the
establishment of the ‘Movius Line’ and other long-lasting continental-scale
patterns in the spatial distribution of Lower Palaeolithic stone technology.
This simulation was developed to evaluate if, and under what conditions, the
early ‘Out of Africa’ dispersal could lead to such a demographic pattern. The
model comprises a dynamic environmental reconstruction of Old World
vegetation in the timeframe 2.5-0.25 Ma coupled with a standard biological
model of population growth and dispersal. The spatial distribution of population
density is recorded over the course of the simulation. I demonstrate that, under a
wide sweep of both environmental and behavioural parameter values, and across
a range of scenarios that vary the role of disease and the availability of alternative
crossing points between Africa, Europe and Asia, the demographic consequence
of dispersal is not a gradual attenuation of the population size away from the
point of origin but a pattern of ecologically driven local variation in population
density. The methodology presented opens a new route to understand the
phenomenon of the Movius Line and other large-scale spatio-temporal patterns in
the archaeological record and provides a new insight into the debate on the
relationship between demographics and cultural complexity. This study also
highlights the potential of simulation studies for testing complex conceptual
models and the importance of building reference frameworks based on known
proxies in order to achieve more rigorous model development in Palaeolithic
archaeology and beyond.
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4.1

Introduction

Recently, there has been a sharp increase in the number of archaeological models
using population dynamics to explain patterns in archaeological data such as
complexity of toolkits, technological stasis and ‘innovation revolutions’ or
stylistic variability within and between assemblages (Neiman 1995; Shennan
2000; 2001; Henrich 2004; Kline and Boyd 2010; Andersson 2011; Premo 2012;
Vaessen 2012; Andersson and Read 2014; Querbes et al. 2014; Peña and Nöldeke
2016).
Formal mathematical models show that population size can impact on a group’s
cultural repertoire due to random drift (Neiman 1995; Shennan 2000; 2001) and
variability in cultural transmission (Henrich 2004). These models propose that
larger groups tend to have a higher number of individuals with any given trait,
and hence they are less likely than smaller groups to lose their genetic and
cultural diversity due to random sampling (Shennan 2001). Second, passing
sophisticated technology from one generation to the next follows a distribution in
which most of the learners perform worse than the teacher but the general
tendency for informational/cultural deterioration can be counteracted by
occasional events, such as perfect replication or innovation associated with
exceptional individuals. The larger the group, the higher the rate of such events
or individuals, hence maintaining sophisticated technology is easier to achieve
(Henrich 2004). Conversely, if the population size (defined as the number of
individuals involved in cultural transmission) and population density, occasionally
termed together as ‘social interconnectedness’, are not high enough this may
lead to a loss of knowledge and skill in the group. A number of additional factors
and processes may influence the rate of cultural transmission and innovation,
such as the cultural hitchhiking of neutral traits, the cost of retaining cultural
complexity in the long term or the mechanisms eliminating errors in
transmission, and their relative importance has been modelled and discussed by
a number of authors (e.g., Andersson 2011; Mesoudi 2011; Premo 2012)
Although the models are, for the most part, rigorously developed using formal
methods, their validity within the archaeological context depends on correct
estimates of population size, density and interconnectedness. In some cases,
when a written record is available one can make reliable estimates easily (Henrich
2004). For more distant time periods demographic proxies (Davies et al. 2015;
Shennan 2001) or genetic estimates have been used (Powell et al. 2009). Going
even deeper into the past, prior to the Upper Pleistocene these proxies are
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unavailable, and population size must be estimated on the basis of more general
processes and factors impacting population dynamics on the large scale (Davies
et al. 2015).
Such estimates may be derived from general ecological principles of population
dynamics, such as the total carrying capacity of a given environment. Equally,
other physical, social and environmental processes are likely to exert significant
influence on population dynamics at the scales relevant to the study of
Pleistocene hominins. One such large-scale process, which has been proposed as
a potential driver of demographic trends at a species-level, is dispersal (e.g.,
Lycett and Cramon-Taubadel 2008; Smith et al. 2009; Shea 2010; Lahr 2010;
Lycett and Bae 2010; Lycett and Norton 2010; Groucutt and Petraglia 2012;
Huguet et al. 2013).
The aim of this study is to evaluate if and under what conditions dispersal had a
significant impact on population densities of Pleistocene hominins using the case
study of the first ‘out of Africa’ dispersal. The null model investigated here
proposes that dispersal leads to a decrease in the population size and density
proportionally to the distance from the point of origin. That is, we expect to see a
gradient-like thinning of the population along the dispersal path. In addition, two
alternative scenarios were tested. In addition, alternative scenarios were tested
with different exit points out of Africa (Gibraltar, Mandeb and Hormuz Straits) and
the possibility of disease alleviation beyond the tropical belt.
A number of conceptual models linking dispersal to a drop in population size
and density have been proposed before (Bar-Yosef et al. 2012; Shea 2010; Lycett
and Bae 2010; Lycett and Norton 2010), but, to the best of the author’s
knowledge, the relationship between these two phenomena has never been
formally tested in the context of Pleistocene hominin groups (cf. Hazelwood and
Steele 2004; Smith et al. 2009). Equally, previous models of early Pleistocene
dispersals (e.g., Mithen and Reed 2002; Smith et al. 2009; Wren et al. 2014)
focused on aspects of the dispersal process other than population dynamics.
The null model provides a data prediction specific to the case study. If in areas
further away from the East African origins of the first hominin dispersal two
million years ago the hominin population was fragmented into smaller (lower
population size) and more dispersed (lower population density) groups, it is
conceivable that the associated weakening of the cultural transmission processes
could have led to significant losses in cultural repertoire and to the inability of
groups to maintain more sophisticated technology. The result of such
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mechanisms would be visible in the archaeological record as a regression from
the more sophisticated tool making behaviour requiring a high level of cultural
transmission observed near the dispersal origin to a simpler knapping strategy
observed further from the original home-range of hominins.
An example of such a pattern is the observed spatial distribution of Mode 1 and
Mode 2 assemblages during the Lower Pleistocene known as the ‘Movius Line’
(Figure 4.1). Although, there is increasingly strong evidence (Zhang et al. 2010; Li
et al. 2012; Wei et al. 2015) for rare occurrences of Mode 2 toolkits on the
‘wrong’ side of the Movius Line (and vice versa), the general pattern of Mode 2
assemblages being disproportionately more frequent south and west of the
Movius Line remains strong.

Figure 4-1

The extent of the Movius Line in the Lower and Middle
Pleistocene.
The background map: naturalearthdata.com.

The value of using population dynamics to interpret patterns in the Palaeolithic
record has been questioned (cf. Collard et al. 2000; 2005; 2013a; 2013b; Derex
et al. 2013; Muthukrishna et al. 2013; Andersson and Read 2014). However, what
emerges is an urgent need for a better understanding of what potential
mechanisms influence population size and density on a large spatio-temporal
scale in order to establish if the postulated demographic pattern existed in the
first place (Bar-Yosef et al. 2012). The goal of this study is to examine the causal
relationship between dispersal - an archaeologically attested large-scale process
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that affected early hominins - and the population dynamics of the dispersing
hominin groups. The results, in turn, could be used to inform future models that
use population dynamics to model different aspects of hominin lives, and allow
them to relate to the archaeological record in a more meaningful way or with a
higher degree of certainty.

4.2

Modelling Large Scale Ancient Human Dispersals

The demographic disparity between regions separated by the Movius Line is
proposed on the basis of an assumption that East Africa was the starting point of
the dispersal and a hypothesis that dispersal caused a gradual thinning of the
population away from the East African point of origin towards Europe and East
Asia.
The aim of this study is to provide a quantitative assessment of this null model
by means of computational modelling. I simulate the first ‘Out of Africa’
dispersal, compare population densities in the Mode 1 and Mode 2 regions
throughout the simulated period of time, and evaluate whether or not the
proposed demographic disparity marked by the Movius Line is plausible and, if
so, what possible mechanisms could be driving it.
Computational modelling (simulation) is an increasingly important approach in
archaeology to the challenges of researching complex systems, that is systems in
which numerous individual parts interact with each other in a non-linear way,
producing aggregated behaviour that cannot be easily predicted solely on the
basis of their individual characteristics (Mitchell 2009, pp.12-4; Barton 2014). As
described in chapter 3. Methodology a number of simulation techniques have
been used before to investigate various aspects of human mobility patterns and
different ancient dispersals (overview in: Romanowska 2015a), including
equation-based modelling (e.g., Steele et al. 1998; Steele 2009; Fort 2012),
cellular automata (e.g., Mithen and Reed 2002; Nikitas and Nikita 2005) and
agent-based modelling (e.g., Wren et al. 2014; Scherjon 2013) or a combination
of the above (e.g., Young 2002; Callegari et al. 2013). The model presented here
shares a number of features with all of the three most commonly used
approaches - cellular automata, equation-based modelling and individual-based
modelling.
Computational modelling enables dynamical systems to be represented and
explored in a formal way that addresses some of the complexity of the studied
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phenomena. It can overcome many of the limitations of traditional conceptual,
descriptive methods and bypass some of the intrinsic biases of the archaeological
data. For example, simulation can be used as a theory building tool, in a form of
a ‘virtual lab’ to test conceptual models and to recognise their implications, in
particular those that would have left traces in the empirical record (Di Paolo et al.
2000; Epstein 2006; Premo 2006). Equally, this method helps to tackle the
complexity of the system by testing the consequences of the, often non-linear,
interplay between the system entities and the postulated rules guiding their
relationships, therefore, enabling researchers to move beyond simple intuitive
models. Finally, even the formalisation of a hypothesis, which is necessary before
it can be coded into a simulation, helps to identify in a formal way key entities
and relationships in the system, and opens the door for better structured
discussion and the application of other quantitative methods. A computer model
can be constructed to test any proposed mechanism, e.g., dispersal causing
gradual attenuation of the population away from the point of origin.
One of the common procedures in computational modelling is to build a simple
abstract model developed ‘from first principles’ in order to construct a theoretical
framework combining proxy data with information coming from, e.g., the
archaeological record. The aim of this method is to test if the assumptions we
hold about how the system works are correct and to identify irregularities in the
data. The simulation produces a ‘benchmark’ of what we expect the empirical
data to look like given our theoretical assumptions regarding the system. If those
two do not match, it indicates that either our understanding of the system is
incorrect or the data we compared the simulation to is not representative of the
real phenomenon in question. This benchmark can be further used to evaluate
(but not empirically test) archaeological hypotheses. Here I applied the standard
biological models of population growth and dispersal that are used to represent
population dynamics of all animal species including humans (Snider and Brimlow
2013).
Although in theory all combinations of parameter values could be tested, in
practice models are often parameterised using ranges of values derived from
empirical data. If these are unavailable, proxy data is commonly used. Data
coming, for example, from research on modern hunter-gatherers, although often
described as too complex to be meaningfully translated into archaeological
studies (e.g., Kelly 2013), is often used to structure archaeological discourse
about the Palaeolithic. Humans in the present are still a better approximation for
humans in the past (and their ancestors) than any other living species. Therefore I
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used aggregate data from a large sample of modern hunter-gatherers (Binford
2001) to give us an idea of the range of human variability as well as its lower and
upper boundaries. These values were then transformed into model parameters.
Although computational modelling has its own limitations and misapplications, it
is currently one of the best methods available for investigating the way in which
low-level interactions give rise to population-level, global patterns in complex
systems, of which past human societies are undoubtedly an example. As such, it
has an enormous potential for disciplines such as archaeology, which strive to
uncover and understand such mechanisms but must rely on non-systematic and
incomplete data. This study illustrates how simulation techniques drawn from
complexity science can help to move archaeological research beyond intuitive,
descriptive models.

4.3

Description of the Model

The simulation involves two main model entities: i) a spatially distributed
population of hominin groups that grow through reproduction and disperse
across a grid representing the globe, and ii) a sequence of friction maps
representing the changing environment within which the hominins are
distributed. The model is initialised with hominins concentrated in a small area in
East Africa and an initial friction map representing the environmental biomes of
each cell in the grid. The model then runs for 2250 steps representing the time
span between 2.5-0.25 Mya. At each step, and for each cell in the grid, the
hominin population is updated as a result of growth and dispersal, both of which
are influenced by the environmental character of the cell. Every 10 steps, the
friction map is updated to reflect environmental change. At each time step, a
proportion of each cell’s population (dependent on that cell’s biome) will spread
from its initial location in random directions. As a result, hominins will more
readily spread through areas that are more favourable to them. The detail of the
particular spatio-temporal pattern of dispersal that arises is determined by model
parameters governing the growth rates, dispersal rates, and carrying capacities
associated with different biomes. The full description of the model is given
below. For more details see the Appendix C. Code and Pseudocode.
4.3.1

The environment

The null model proposes that hominin population dynamics are primarily driven
by biogeographic factors: ecological conditions and topographic barriers (Binford
2001, p.151; Mithen and Reed 2002; Holmes 2007). Therefore, a sequence of
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global friction maps representing the dynamically changing environment
throughout one glacial-interglacial cycle (Bridge 2014) was mapped onto the
temperature curve of the Lower and Middle Pleistocene (Bintanja and van de Val
2008). The maps incorporate: i) changes in the shape of continents, driven by sea
level fluctuations, and ii) changes in the extent and distribution of different
ecological conditions, represented by eight different biomes that provide the
ecological context for hominin growth and dispersal (tropical, warm temperate,
equatorial, sub-tropical, desert, cold temperate, boreal, polar; plus a ninth
category representing inaccessible bodies of water or ice). Since there is a high
level of uncertainty associated with environmental reconstructions derived from
GCMs (Global Circulation Models), I conducted a series of tests, which determined
that this environmental reconstruction of the Pleistocene glacial cycles did not
have significant impact on the general implications of the results reported here.
4.3.2

The Environmental Data

The maps showing a reconstruction of global vegetation zones (biomes) in one
thousand years snapshots from modern age to 21kya were obtained from the
BRIDGE website (http://www.bridge.bris.ac.uk, accessed 18/09/2014). Although,
these do not relate directly to the time period relevant to the current study (2.5 –
0.25 Mya), they are the best global approximation of the glacial and interglacial
conditions currently available in the public domain. The shortcomings of using
simulated environments as well as the use of vegetation as the primary
environmental and climatic proxy are recognised by the authors. To assess the
impact of the underlying friction map on the robustness of results, a set of
simulation runs was performed using a reversed sequence (starting at time 0
instead of 2.5Mya). The results were indistinguishable from the ones reported in
the results section indicating that the dynamics revealed in the simulation are not
sensitive to the ordering of the underlying environmental layer. The surprising
lack of sensitivity of the simulation to the changes in the environmental map is
related to the spatio-temporal scale of the model. Glacial-interglacial fluctuations
affect only a small proportion of all environmental cells triggering small shifts of
biome ranges in the north-south direction. However, this pattern highlights the
need for better environmental reconstructions of the areas more sensitive to
climate fluctuations, such as the Sahara (see below for how the uncertainty
related to the desert biome was offset by a particular choice of parameter values).
The data files were prepared in the following steps. First, the cell sizes were
rescaled from 3.75°x2.5° rectangles into 0.5°x0.5° squares and cropped to the
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extent of the Old World (Europe, Africa and Asia). This resulted in a grid of 265
by 435 cells. Due to the curvature of the Earth using degrees as units means that
the real-world size of the cells varies depending on their distance from the
equator. There is no easy solution (see, for example, the complex geometry in
Mithen and Reed 2002; triangular mesh in Callegari et al. 2013) to this common
problem but the bias was deemed negligible for two reasons. First, the simulation
is primarily concerned with areas relatively close to the Equator (see the profile
line Figure 4.2), where the bias is at its lowest and, second a corrective scaling of
the carrying capacity and population growth parameter values in cells further
away from the equator would result in values well within the ranges of values
already tested.
Second, the data files had to be reclassified from the Biome4 standard into the
Binford’s (2001) framework used to parameterise the simulation (Table 4.1). Each
cell belongs to one of nine vegetation types (equatorial, tropical subtropical,
desert, cold and warm temperate, boreal, polar or water/ice), each of which has
associated parameter values for population growth rate, diffusion rate and
carrying capacity (for more detail on the parameterisation see the next section).
The 21 resulting maps depicting the glacial-interglacial cycle were subsequently
mapped every ten steps (i.e., 10ka) onto the sea level curve (Bintanja and van de
Val 2008). The sea level is strongly correlated with the temperature curve more
commonly used as a climate proxy but thanks to its finer granularity it provides a
more detailed reference to global climatic changes. To illustrate the mapping
process, the sea level curve reading for 500kya is -39.706m, hence the map
depicting the conditions at 11kya was used as it represents the closest sea level
value of -36.736m (see the online version of the Appendix C. Code and
Pseudocode for the sequence of maps used).
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Key

1
2
3
10
12
18
23
17
19
8
6
4
5
22
16
7
9
14
21
11

Binford
Bin.
Model
environment
Key
classification
type

GLM vegetation types

Tropical rainforest
Monsoon or dry forest

6

Tropical

6

4

Warm
temperate

4

7

Equatorial

7

5

Sub-tropical

5

-

Desert

8

3

Cold
temperate

3

2

Boreal

2

Tropical woodland
Montane tropical forest
Semi-arid temperate woodland or scrub
Forest steppe
Temperate steppe grassland (Americas only)
Temperate semi-desert (S America only)
Montane Mosaic (S America only)
Savanna
Tropical grassland
Tropical thorn scrub and scrub woodland
Tropical semi-desert
Dry steppe
Temperate desert
Tropical extreme desert
Broadleaved temperate evergreen forest
Steppe-tundra
Subalpine parkland (N America only)
Open boreal woodlands
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24
13
20
15
26
25

Main Taiga (N America only)

1

Polar

1

-

-

9

Tundra
Alpine tundra (N America only)
Polar and alpine desert
Ice sheet and other perman. ice
Lakes and open water

Table 4-1 Vegetation data sources after Binford (2001), Table 4.02, p. 70 and
p. 440-441.
4.3.3

Growth and dispersal

The size of the hominin population at grid cell i is represented by Pi ≥ 0. At each
time step, for each cell i with biome b, the population Pi is updated by two
processes: i) growth and ii) dispersal. Growth is determined by a biome-specific
growth rate rb, and is proportional to population size. It is capped by the carrying
capacity of the cell, Kb, which is also specific to the cell’s current biome. Dispersal
is achieved via simple diffusion, with a biome-specific proportion, Db, of the
population in each cell being allocated equally between the subset of
neighbouring cells (i.e., cells in the von Neumann neighbourhood: North, South,
East, or West) that are available for dispersal, (i.e., cells that are not Water/Ice).
4.3.4

The Dispersal Algorithm

Where !! and !!! denote the size of the hominin population in cell i before and
after dispersal, respectively,
P!! = (1 − D! )P! +

!! !! !!
! |!! |

(eq. 1)

Here, Di is the current hominin diffusion rate from cell i (which is dependent on
the cell’s current biome), and Ni is the set containing each neighbour, j, of cell i
to which the hominin population may legally disperse, i.e., cells immediately to
North, South, East, or West of cell i that are not Water/Ice. Note that the dispersal
is non-directional, that is, no assumption is made regarding hominin preference
towards any one direction of movement (Hazelwood and Steele 2004; Steele
2009). Therefore, the differentiation in the shape of the dispersal front and the
variation in dispersal speed result from different values of the diffusion rate
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parameter associated with different biomes. This leads populations to spread
quickly through ‘easy’ territory and sample the edges of less familiar biomes that
such territory borders, and to penetrate into those more ‘difficult’ biome
territories at a slower rate. In addition, a null scenario has been run with all
environmental zones removed to provide a benchmark for all subsequent
experiments (See Appendix D. Development notes).
4.3.5

The Growth Algorithm

Where !!! and !!!! denote the size of the hominin population in cell i with biome b
before and after growth, respectively,
P!!! = P!! + r! P!! (1 −

!!!
!!

)

(eq.2)

Here, rb is the hominin growth rate for a cell with biome b, and Kb is the carrying
capacity of a cell with biome b. Note that the biome of a cell may change over
time. Note also that the model addresses the spatio-temporal dynamics of census
population size rather than effective population size. This is adequate as a way of
exploring how hominin population density varies in space and time, which is the
focus of the current study, since it places bounds on the spatial distribution of
hominin population during dispersal. Extending the model to deal explicitly with
cultural transmission would require treatment of the relationship between census
population size and effective population size, which is complex, and may also
vary in space and time as a consequence of factors that are not modelled here,
such as changes in sex ratio, age structure, social structure, and fluctuation in
group size.
In the two additional scenarios (the disease scenario and the straits scenario) the
nonlinear term was removed in order to speed the simulation, therefore,
simplifying the function to:
P!!! = P!! + r! P!! for P!!! < K ! (eq. 3)
This changes removes the transitional phase between the exponential growth and
the carrying capacity plateau of the population growth curve, which in the current
model setup is to large extent offset by the migrants incoming from
neighbouring cells anyway. Tests showed that this change produces qualitatively
similar results with significant gains in the speed of the simulation.
In an additional set of runs, a threshold was imposed on the minimum viable size
of a dispersing group such that the population dispersing from one cell to
another had to be at least one unit in size in order for dispersal to take place.
This was to avoid a situation in which groups dispersing into unoccupied cells
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resulted in cells with infinitesimally small populations. An alternative
implementation was also tested in which the size of dispersing groups was
rounded to the nearest integer. These model variants produced qualitatively
similar results.
4.3.6

Parameterisation

The parameter values used in this study derive from an aggregation of data on
over 250 modern hunter-gatherer groups collated by Binford (2001). These values
are integrated into the friction map, which combines a number of demographic
parameters: the suitability of each biome for hominin occupation (carrying
capacity and population growth rates) and the level of hominin adaptation to a
given environment (diffusion rate).
Population Growth
The parameters representing Palaeolithic population growth cited in the literature
are based on the estimated changes in the population size over the last 2.5Ma
(Hassan 1975). These population growth rates, therefore, do not represent the
average growth rate of a population dispersing into an uninhabited land, but
rather the long-term increase in carrying capacity of hominin groups thanks to
cultural innovations, extension of the social niche, development of cognitive
capabilities, etc. As a result, they should be treated as severe underestimates. As
such, they provide a useful lower bound on the value of the population growth
rate range tested in the simulation.
The alternative is to use modern hunter-gatherer data. Although the maximum
potential hunter-gatherer growth rate has been estimated at 2.7% (Hassan 1975),
this rate is never achieved due to the application of cultural means to reduce the
birth rate including birth control methods and infanticide. As such, more
conservative values were used here. As for the Palaeolithic estimates, they
represent the change in population size over long time periods (Table 4.2). Both
sets of values were applied to different environmental zones following the
division in Binford (2001) (Table 4.3). Finally, the population growth estimates are
reported per year, i.e., the same temporal scale used to simulate population
growth.
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Population Growth
Estimated minimum rate for the Palaeolithic (PAL)

0.001%

Estimated maximum rate for the Palaeolithic (PAL)

0.003%

Estimated average rate for hunter-gatherer groups (HG)

0.1%

Optimal rate for hunter-gatherer groups (HG)

0.2%

Max. potential rate hunter-gatherers (not used in the
simulation)

2.7%

Table 4-2 Estimates of the population growth in the Palaeolithic and among
hunter gatherers, after Hassan 1975.

Climate habitat

Population
Growth

Effective
Temperature

PAL
Estimates

HG Estimates

1

Polar

Low

<10

0.001%

0.1%

2

Boreal

10.1 – 12.5

0.001%

0.1%

3

Cold temperate

12.6-14.6

0.003%

0.2%

4 Warm temperate

14.7-16.6

0.003%

0.2%

5

Sub-tropical

16.7-18.2

0.003%

0.2%

6

Tropical

18.3 – 22.6

0.001%

0.1%

7

Equatorial

>22.6

0.001%

0.1%

Optimal

Low

Table 4-3 Estimates of the population growth for each biome.
After Binford (2001), Table 4.02, p. 70 and pp. 440-441 and Hassan (1975). Pal
- Palaeolithic, HG – hunter gatherer.

Carrying capacity
It was assumed that the population density of modern hunter-gatherers is a result
of their optimal or at least, in the spirit of Herbert Simon (1956), ‘satisficing’
adaptation to the environment in which the group lives and, therefore, it can be
treated as a proxy for the relative carrying capacity of said group. Carrying
capacity is understood here as the maximum number of individuals that can
survive in a given environment thanks to their specific adaptations. The
aggregated hunter-gatherer values were recalculated into the units of the
simulation, i.e., from number of persons per 100 km2 to number of groups per
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grid cell (50x50 km) of the friction map. Assuming division of labour and an
average dependency ratio equal to that of modern hunter-gatherers (number of
dependants such as children per member of the group) of 1.75, the minimum
number of persons in a fully functional group is between 17.5 and 20.47 (Binford
2001, p.234). The latter value was used.
Following Binford’s framework, the tested population density range depends on
two factors: i) the mobility of the group, and ii) their subsistence type (Table 4.4
and 4.5, adapted from Binford 2001, pp.213-214). Since the evidence for Lower
and Middle Pleistocene subsistence strategy and mobility patterns is not
unequivocal (Bunn and Guntov 2014; Foley 2001; Roebroeks 2001) all possible
scenarios were tested: i) diet based on terrestrial animals; ii) diet based on
terrestrial plants; iii) mobile settlements; iv) stable settlements.

Carrying Capacity
Minimum ---------------------------------------------------------------> Maximum
Diet

Terrestrial animals

Mobility

Terrestrial plants

Mobile Settlement

Stable Settlement

Polar

2.9±3.8

-

-

Boreal

1.9±1.6

4.4±4.4

22.9

Cold temperate

5.3±4.3

3.8±15.2

100.3±71.8

Warm temperate

3.3±0.9

7.6±9.0

37.9±25.6

3.5

10.8±15.6

40.8

8.0±7.5

21.7±21.3

72.90±43.8

-

20.3±12.9

50.8±37.7

Sub-tropical
Tropical
Equatorial

Table 4-4 Population density of modern hunter-gatherers in persons per 100
km2, after Binford (2001, p.215).

Nevertheless, based on current knowledge of hominin diets (Ungar et al. 2006)
and their mobility patterns (Egeland 2008; Kolen 1999), it is not unreasonable to
assume that the ‘terrestrial plants diet, stable settlement’ scenario represents a
gross overestimate of the relevant carrying capacity as there is very limited
evidence of long-term residential occupation during the Lower Palaeolithic.
Similarly the ‘terrestrial animals diet, mobile settlements’ scenario is very likely
an underestimate, as plant resources are believed to dominate the hominin diet
during that period. The intermediate scenario, terrestrial plant diet and
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settlement mobility, represents our best guess regarding Lower Pleistocene
hominin lifeways. However, all the values presented here are derived from
modern Homo sapiens groups rather than Pleistocene hominins and as such are
likely to be overestimated.
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Table 4-5

HG density (persons per 100km2) after Binford 2001.
Recalculated into the units of the simulation (grid cell =
50x50km and group = 20 persons) to give the value of carrying
capacity (K).

Diffusion rates
Contrary to the other parameters, the diffusion rate had to be based on our
understanding of hominin adaptations and not on empirically derived proxies.
Therefore, tropical and subtropical environments, from which the hominins most
likely originated, were given a high parameter value, which was gradually reduced
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for biomes towards the polar zone. This follows from the assumption that
dispersal through environments to which the hominin groups were well adapted
does not require waiting times associated with changes to their behavioural
repertoire and should therefore proceed relatively quickly, whereas populations
that encroach on more challenging territory will not cross it as readily. The only
exception was the desert zone, which was given a high diffusion rate. Recent
studies showed the fluctuating nature of this environment with wet phases and
areas of ‘green Sahara’ (Drake et al. 2011; Foley et al. 2003; Lahr 2010). Such
unstable conditions were likely to prompt quick dispersal along green corridors.
More research effort should be invested in trying to establish hominin dispersal
patterns in different environments and to obtain more empirically derived
diffusion rates, and I hope this interpretation may stimulate a wider debate within
the community.
In general, diffusion rates were set relatively high, because the dispersal process
is aggregated over time steps of significant length. Also, as the diffusion in the
simulation setup is uniform in all four directions and hence dispersal in the
direction of the wave of advance constitutes only a fraction of this value. Table
4.6 summarises the tested scenarios, while table 4.7 shows the values of each
tested parameter.

Parameter

Scen.
1

Scen.
2

Scen.
3

Scen.
4

Scen.
5

Initial no of
groups

Scen.
6

Scen.
7

Scen.
8

Scen.
9

Scen.
10

160

Starting
location

East Africa

Population
growth
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HG

Pal

HG

Pal

HG

Pal

HG

Pal

HG

Carrying
capacity

MA

MA

MM

MM

SA

SA

AA

AA

AM

AM

Table 4-6

Summary of the simulated scenarios.
Pal – Palaeolithic values, HG – Hunter-Gatherer values; MA –
Mobile groups Average, MM – Mobile groups Maximum, SA –
Stable settlement Average, AA – Animal diet Average, AM –
Animal diet Maximum.
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Type
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Carrying capacity

Diff.ra
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PAL
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8.375

90%
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Water

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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Table 4-7 The parameter values used in the simulation runs.
Pal – Palaeolithic values, HG – Hunter-Gatherer values; MA – Mobile groups
Average, MM – Mobile groups Maximum, SA – Stable settlement
Average, AA – Animal diet Average, AM – Animal diet Maximum.

4.4

Results

The raw output of the model is an array representing the hominin population size
at each grid cell at each time step. In order to more easily compare results across
multiple scenarios, a profile of population density (Figure 4.2b) along an
18,000km long line crossing through Africa and Asia was created (Figure 4.2a).
The results demonstrate that distance from the point of origin in East Africa is
not a reliable predictor of population density in any of the tested scenarios (see
Figures 4.2 and 4.3). Instead, the dominant feature of the population dynamics in
all scenarios is the fast rate in which the hominin population reaches the carrying
capacity of occupied cells. This can be evaluated by noting the similarity between
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the upper plot for any of the six scenarios depicted in Figure 4.2 (showing the
profile of the carrying capacity along the profile line) and the associated middle
plot depicting the population size at three points in time. The relationship
between these two properties is summarised in the bottom plot for each
scenario, showing what percentage of the overall carrying capacity is accounted
for by the hominin population at the same three points in time. In general, this
occupancy value is high, ranging from 50%-100% across low-growth scenarios and
is close to 100% for high growth scenarios.

Figure 4-2

(Next page) Simulation results – the base scenario.
a) The 18,000km long profile line; the starting point 0 is located
in South Africa, the end point is in South-East Asia. PoO – Point
of Origin of the dispersal, 4,000km along the profile line. b)
Graph showing six of the tested scenarios: high or low
population growth combined with minimum (Animal Diet Av.),
maximum (Stable Av.) or intermediate (Mobile Av.) carrying
capacity (for a detailed breakdown of the values see section
4.3.5. For each scenario, carrying capacity (top), simulated
population size (middle) and population size as a percentage of
carrying capacity (bottom) are plotted along the profile line
(shown in red on the inset map - a). Each plot shows three
profiles: 2 Mya (green), 1 Mya (red) and 0.5 Mya (blue).
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Figure 4-3

Chronological map series for each of the six simulated scenarios

depicted in Fig. 4.2. Each map shows the distribution of the hominin population,
with colours indicating the underlying biome and colour intensity reflecting
population size.
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This is not a surprising result if one compares it to the standard population
growth curve (Figure 4.4). Once the population size exceeds the slow initial
phase, the growth follows an exponential curve (i.e., a phase of fast increase)
before it reaches the plateau phase as it approaches the carrying capacity ceiling.
Given the relationship between the growth and dispersal rates, and the spatial
and temporal scales, in all tested scenarios the hominin population size tends to
be at or around the carrying capacity ceiling of the environments that they
occupy.
In addition, we can see that the population growth rate has the strongest impact
on the propagation speed of the dispersal wave, since in all of the higher
population growth rate (based on observed hunter-gatherer population growth)
scenarios the Old World is almost entirely populated by 2 Mya (Figures 4.2 and
4.3, high population growth scenarios represented in the right-hand side
column).
The fluctuations in the results, particularly noticeable in scenarios where the
carrying capacity is close to the bottom of the tested range, are due to the
dynamic nature of the underlying friction map changing the local conditions
occasionally, thus forcing the population numbers to very small values.
Interestingly, the biggest differences can be observed in areas with a particularly
low carrying capacity – reflecting the time required to rebuild a population from
very small numbers (i.e., during the initial phase on the population growth curve).
This is a good example of the complexity and non-linearity in the relationships
between different factors and the population size. Nonetheless, the pattern of
population density tracking the carrying capacity ceiling is robust enough that it
arises in even the most extreme scenarios.
In fact, in order to force a population distribution that exhibits a gradient such
that distance from the African dispersal origin is a good predictor of population
density, the population growth rates had to be set significantly far (orders of
magnitude removed) from reasonable estimates. For example, when population
growth rates are reduced proportionately such that they are one hundred times
lower than in the low growth scenario the population fails to leave Africa and the
population profile only exhibits the required gradient within a small area at the
front of the dispersal wave.
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Figure 4-4

Schematic representation of the null model (the orange graph) in
which there is a gradient in population size stretching from the
point of origin of the first dispersal compared to the prediction
of the standard population dynamics model (shown graphically
inside the figure) as implemented in this simulation in green.

4.5

Testing alternatives

In the conceptual model defined above, in order for the distance from the point
of origin to play a key role in shaping population density, the wave of dispersal
needs to have the shape of a very long, gradually declining front where
population size is kept well below its carrying capacity and a gradient of
decreasing population density extends from Africa towards the Asian and
European outskirts (Figure 4.4). In the current simulation even a small initial
population consistently reached their carrying capacity in a relatively short time
span. If, therefore, a population gradient from Africa to the Asian and European
outskirts does not arise as a consequence of basic growth and dispersal: what
other factors could produce a similar pattern? Although many scenarios can be
proposed, here we will explore two candidates: the straits scenario and the
disease scenario. For the following simulation runs a simplified population
growth algorithm was used (see section 4.3). However, the results remained
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qualitatively similar. The remainder of the simulation setup is the same as
described in section 4.3 apart from the alterations described below.
4.5.1

The straits scenario

The impact of straits on hominin dispersal has been extensively discussed in the
past (e.g., Villa 2001; Derricourt 2005). The straits scenario follows these
descriptive models in investigating the effect that sea crossings could have on
the overall pattern of dispersal, the ‘bottleneck’ regions and the general
population dynamics on both sides of the Movius Line. Three scenarios were
tested. Firstly, all straits (the Gibraltar, the Bab-el-Mandeb and the Hormuz) were
closed for hominin movement. Secondly, the two most often invoked sea
crossings, the Gibraltar and the Bab-el-Mandeb straits, were opened for dispersal.
Finally, the third scenario included an additional opening of the Strait of Hormuz.
In each of these new scenarios, the straits were permanently bridged by cells
exhibiting the biome of the adjacent existing land either side of the straits. Each
of these land bridges amounted to altering a small number of Water cells such
that they permanently exhibited a traversable biome.
None of the three tested scenarios managed to replicate a spatial pattern
exhibiting a gradual decrease of population size away from Africa (Figure 4.5).
However, they revealed some unanticipated spatial and temporal patterns of the
dispersal. Surprisingly, the opening of the straits to hominin movement produced
no significant differences in the results compared to the baseline scenario (all
straits closed to hominin movement, Figure 4.5a) including the timing of the
arrival of the dispersal wave in Europe and South-East Asia (Figure 4.5b). The
timing of peopling of the westernmost part of Europe and the easternmost edge
of South-East Asia differed between the different scenarios by less than 50ka.
It is likely that the pattern of dispersal into Europe arriving from the east rather
than from the south is caused by the impact of the Sahara Desert. The Sahara,
being a significant barrier due to the low population growth rate associated with
the Desert biome, slows dispersal to such an extent that hominins dispersing via
the Levant and the Anatolian Peninsula, and thereby arriving in Europe from the
south-east, are able to reach the continent at roughly the same time as those
dispersing via the Strait of Gibraltar. This in itself shows that, contrary to the null
model’s prediction, Central and Eastern Europe (dominated by Mode 1-type
artefacts and therefore being on the hypothesised less densely populated side of
the Movius Line) is not further away from the point of origin of the dispersal than
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Western Europe whether or not the Strait of Gibraltar remains open for hominin
movement (cf. Romanowska 2015b).
In the east, the Arabian route is often considered a ‘fast-track’ to Asia (Petraglia
2003; Field and Lahr 2005). However, the simulation shows that first, this
depends on the opening of both the Strait of Bab-el-Mandeb and the Strait of
Hormuz, and second, it makes little difference overall. If only the Bab-el-Mandeb
Strait is open to hominin movement (Figure 4.5b), by the time the dispersal front
reaches the northern edge of the Arabian Peninsula, the wave arriving via modern
Egypt is already there. Thus the front of the dispersal appears in the same place
as in the baseline “no straits” scenario (Figure 4.5a). Without the opening of the
Strait of Hormuz, rarely mentioned in the literature, the Arabian route does not
speed up the dispersal into Asia at all. However, even if both straits are open, the
difference in the timing of arrival of the dispersal wave in modern day India and
further on is hardly significant (Figure 4.5c).
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Figure 4-5

Three versions of the straits simplified scenario (depicted run:
high population growth, high carrying capacity).
a) All straits closed for hominin dispersal; b) The Strait of
Gibraltar and the Strait of Bab el-Mandeb open; c) All straits open
for hominin dispersal. G – the Strait of Giblartar; H – the Strait of
Hormuz; BeM – the Strait of Bab-el-Mandeb.
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4.5.2

The disease scenario

The disease scenario investigates the impact of one of the prime factors curbing
population numbers: pathogens and parasites. It has been argued (Bar-Yosef and
Belfer-Cohen 2000) that leaving the tropical ‘disease belt’ might have ignited a
population boom in the cooler and drier temperate zone where population
growth is less affected by zoonotic diseases and parasites (i.e., those transmitted
from non-human animals to humans). This factor is to some extent already
incorporated in the model as differences between the population growth rates in
different biomes. These values, derived from both modern hunter-gatherers and
Palaeolithic estimates, reflect population dynamics influenced by many factors
including the impact of pathogens (Binford 2001). Nevertheless, due to its
potentially high impact I decided to test if intensifying the repercussions of
increased susceptibility to pathogens could alter the global patterns of
population dynamics.
The simplest implementation was used. Population growth was halved in the
‘disease belt’, i.e., equatorial and tropical zones where the pathogens and
parasites are particularly rampant (Bar-Yosef and Belfer-Cohen 2000). Despite this
substantial alteration, the results are virtually indistinguishable from the baseline
scenario (Figure 4.6). Again, the strength of the exponential rate of population
growth dominates any other effect, highlighting the robustness of the underlying
mechanism of population size quickly approaching the carrying capacity ceiling.

129

Chapter 4: The Movius Line

Figure 4-6

The disease scenario (right hand column) compared with the
baseline scenario, runs with low population growth (left hand
column). See figure 4.2 for details.
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4.6

Discussion and conclusions

In this study I have re-evaluated a null model that the main demographic factor
impacting the hominin population density during the Pleistocene is the distance
from the point of origin of the first ‘Out of Africa’ dispersal. Under the broad
conditions imposed by the model presented here, this notion seems unlikely. The
simulation scenarios elaborated in this chapter fail to exhibit the necessary
gradient from the more densely populated African centre towards less populated
European and Asian outskirts. Moreover, the general population dynamics of the
model indicates that to achieve such a gradient through dispersal and growth
alone is not possible within a realistic range of parameter values. Instead the
simulation suggests that, even with very low population growth, carrying capacity
can be achieved very quickly after the initial colonisation of a new area. This
results in a steep dispersal front. As such, this study identifies the carrying
capacity of the hominin environment and hominin population growth as two
dominant factors in the population dynamics of early hominin groups. This is
consistent with earlier work on population dynamics and dispersals (Snider and
Brimlow 2013; Hazelwood and Steele 2004). It is important to stress that these
findings do not directly address the findings of cultural transmission models
discussed in the introduction, as the relationship between population size and
the sophistication of lithic assemblages has not been the topic of this study.
While the model presented here suggests that census population may not tend to
be negatively correlated with distance from the dispersal origin, it may remain
the case that the capacity of groups to maintain sophisticated tool use is
negatively correlated with this distance due to a fall in effective population size,
or fragmentation of groups, or eroded social organisation, or some other
demographic factor. Equally, the model presented here does not disprove the
proposition that the Movius Line was caused by differences in population density,
and, until more empirical data enables us to reconstruct the Pleistocene
environments on each side of the Movius Line, it remains agnostic as to whether
or not regions differed in terms of their population density. Instead, what the
simulation presented here suggests that if there was a variability in hominin
population density during the Lower and early Middle Pleistocene, it was likely to
be related to factors other than the distance from East Africa and the first ‘out of
Africa’ dispersal, for example the local environmental conditions and the hominin
level of adaptation.
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Although the evaluation of two alternative factors performed in this study did not
yield satisfactory explanations, other, more sophisticated scenarios, involving
such factors as the impact of particular topographic and ecological features,
competition with carnivores, specific cultural adaptations or dependence on
social networks (e.g., Turner 1999; Arribas and Palmqvist 1999; de Lumley 2006,
Smith et al. 2009), falling outside the scope of this simulation study, should be
considered.
In light of this model’s results, the next step would be to focus on the differences
in relative carrying capacity between the regions either side of the Movius Line.
These carrying capacities are dependent on the biomass of the environment and
the organism’s ability to extract energy from it. Thus, a combination of these two
factors (lower biomass of the temperate zone combined with the lack of hominin
adaptation strategies for the south-east Asian tropical forest) could cause
significantly lower values of the hominin carrying capacity in the environments on
the Mode 1 side of the Movius Line compared to the values used in this
simulation (which were based on well-adapted modern hunter-gatherers). In this
scenario, the occasional appearance of Mode 2 implements on the ‘wrong’ side of
the Movius Line could be associated with environmental pockets of more
favourable conditions. In fact, both Korean and Indonesian assemblages with
handaxes were found on sites associated with open landscapes (Norton et al.
2006), and Brumm (2010) shows that the current extent of the South East Asian
tropical rainforest does not reflect the more open and mosaic conditions of the
Early and Middle Pleistocene. As the environmental reconstruction used in this
simulation lacks such Pleistocene-specific features (another example would be the
South Asian ‘savannah belt’, Dennell and Roebroeks 2005; Lahr 2010), this
hypothesis cannot be evaluated within the current implementation.
The results of this study suggest that in order to fully test the hypothesis linking
the Movius Line with varying levels of population density of the hominin groups,
in addition to more archaeological survey on the eastern Mode 1 side of the
Movius Line our focus should also be on more precise environmental
reconstruction. If paired with the population dynamics framework developed
here, it could shed light on the complex relationship between the environment,
the demography and the cultural evolution of early hominins (for similar
conclusions, see Smith et al. 2009). Equally, identifying archaeologically visible
processes that cause demographic perturbations may provide more evidence in
the on-going debate on the relationship between technological complexity and
population size.
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This study stresses the complex nature of past interactions and highlights the
capacity of simulation techniques as the flexible scientific method that can tackle
various causal mechanisms and combine multiple strands of evidence within a
formal framework. Computational modelling has the potential to propel the
debates about the Movius Line and other large scale spatio-temporal patterns
away from simplistic ‘one factor explains all’ hypotheses towards multiple-factor
models, and quantitatively tested scenarios, much more likely to reflect the
complexity of hominin lives during the Pleistocene.
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Summary
The Variability Selection Hypothesis proposed by Potts (1996; 1998) concerns the
evolution of behavioural plasticity among hominins arising during periods of
strong environmental fluctuations in the last 6 million years. It argues that the
inconsistency in selection regimes caused by the rapid environmental fluctuations
produced particularly strong selection pressure on adapting to change rather
than any particular set of conditions (termed 'adaptive complexity' or 'versatility’).
The work by Potts was further formalised by Grove (2011) in a single locus model
and tested against the temperature record of the last five million years. The
present implementation aims to assess the implications of versatilist adaptations
on the agent’s ability to disperse, a process that is visible in the archaeological
record. The model was translated into a stochastic multi-agent simulation to
investigate the dynamics between individuals with different adaptations
(including the ‘versatilist’ individuals) within a non-homogenous population. The
results show that dispersal accelerates the evolution of versatilism in the
population, therefore promoting a more flexible range of adaptations. In
addition, a set of scenarios was tested in which a dispersal wave crosses an
environmental barrier. Despite common intuition about such barriers shaping the
composition of hominin populations under the conditions imposed in this
simulation, there was no significant difference between the populations before
and after the barrier.
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5.1

Introduction

As sketched out in chapter 2, there has been a longstanding interest among
Palaeolithic researchers in the complex relationship between climate change,
hominin adaptation and dispersal events. From reconstructing the surroundings
of localities uncovered in excavations to plotting global shifts from glacial to
interglacial conditions, a lot of the research effort is invested in collecting and
summarising palaeoenvironmental data. However, as Kingston (2007, 49) noted a
decade ago, in order to better understand the interaction between hominins and
their surroundings, rather than assimilating environmental data to develop
models, the approach should focus more on simultaneously generating
hypotheses about how evolution happens to help direct the collection of relevant
environmental data. This case study is a direct response to such calls for an
integrated approach and a shift in the research focus from data collection and
analysis to theory building within a formal quantitative environment.
The model presented here is an extension of the formal implementation of one
such conceptual model - the Variability Selection Hypothesis proposed by Potts
(1998) and formalised by Grove (2011). The Variability Selection Hypothesis
argues that the climatic fluctuations, which hominins experienced during the
Pliocene and the Pleistocene, equipped them with a set of adaptations to deal
with constantly shifting conditions (versatilist adaptations) rather than any
particular type of environmental biome (specialist adaptations). Although both
Potts’ and Grove’s models recognise dispersal as a potentially important factor
(Grove 2011, 313; Potts 1998, 84), neither of them explicitly tests the effects of
populations being spatially structured on the emergence of versatilist adaptations
or the implications of the theory on the patterns of dispersal visible in the
archaeological record. Other studies (e.g., Powers and Lehman 2013)
demonstrated that even adding a spatial component to already well-understood
systems can have a significant and, often surprising, effect on the results of a
simulation. Therefore, studying the implications of the variability selection
hypothesis on early hominin dispersal has the potential to shed light on: a) the
evolutionary mechanisms behind hominin adaptations related to ‘behavioural
modernity’, b) the validity and data prediction of a prominent model linking
climate change with human evolution and c) the complex combination of
processes driving the first Out of Africa dispersal including external factors
(climate change) and internal evolutionary dynamics of hominin groups.
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After a literature review of the most prominent environmental models (section
5.2) this chapter will provide a detailed model description (section 5.3), including
a discussion on the implementation of the Variability Selection conceptual
framework. Section 5.4 will describe the replication and extension of Grove’s
2011 study performed as part of the code verification phase. This model is
extended in a series of experiments carried out to test research questions related
to the genetic makeup and spatial organisation of the dispersal front. The second
set of scenarios comprise one dimensional space (a sequence of cells). They were
performed to test the impact of dispersal corridors and barriers on the
composition of the dispersing population (section 5.5). Finally, in section 5.6 I
will discuss the results and draw conclusions emerging from this study.

5.2

Literature review - environmental models in human
origins studies

The wealth of environmentally driven models of hominin dispersals is directly
related to i) the availability of data and ii) the importance of environmental
factors in general evolutionary models. First, environmental data is one of the
most abundant classes of information that can be derived from excavated
material. It can be obtained from a wide variety of sources (e.g.,
archaeozoological evidence, stable isotopes, palynology, geomorphology and
geological coring, or marine and terrestrial records such as deep ocean core and
ice drilling - overview: Kingston 2007). In addition, environmental data is
available in relatively high volumes, even if it is sometimes unevenly distributed
in time and space and can be of variable quality depending on its
postdepositional situation. Second, most of established ecological and
evolutionary models, which influence hypotheses related to human evolution,
consider the environment of an organism as an important factor (see Chapter 2,
section 2.3).
As a result, environmentally driven models are common in the discipline (Figure
5.1). They can be divided into models proposing a homogenous environmental
condition as a driver of hominin evolution and those whose focus is on change in
environmental conditions. The most famous early example of the former is the
Rift Valley Theory proposed by Kortlandt (1974) and later renamed by Coppens in
1981 to the East Side Story (Coppens 1994). It proposed that the sediment uplift
related to the formation of the African Rift Valley created a strong environmental
division between the forested ‘west side’ and savannah-dominated ‘east side’
leading to the evolution of different sets of adaptations among early hominins
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and ultimately to the separation of the Homo and Pan lineages. The follow-up
Savannah Hypothesis (and the related Aridity Hypothesis) links the origins of the
human lineage with increased aridification and the shift from woodland to more
open, grassy environments (e.g., deMoncal 1995), but has been countered by the
Forest Hypothesis placing the earliest hominin genera, such as Sahelanthropus,
Ardipithecus and Orrorin, in more closed, wooded surroundings (Pickford and
Senut 2001). The debate on which type of ecosystem was the cradle of the
earliest hominins is still ongoing (e.g., Cerling et al. 2010; White et al. 2010).

Figure 5-1

A breakdown of environmental and climate-driven models of
hominin evolution.
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Over time, the environmentally driven models that have been used to explain
major transitions and other phenomena in human evolution have tended to
increasingly focus on the importance of environmental heterogeneity and climatic
instability over time (Figure 5.1). An example of the former is the Tectonic
Landscape Model, discussed in chapter 2, section 2.3.1, which emphasises the
correlation between the highly heterogeneous tectonic environments and the
location of many Early Palaeolithic sites (King and Bailey 2006). Another
conceptual model, which features prominently (although often not explicitly) in
many palaeontological interpretations is the Mosaic Habitat Theory (overview of
its origin and its many versions in: Reynolds et al. 2015). The model argues that
the setting of many archaeological sites is often environmentally heterogeneous
(i.e., composed of open grassland, forest, water edge, etc.) and affording easy
access to a variety of resources. Such mixed environments can, therefore, be
considered the natural ecological zone of hominins. The implication of this model
for the evolution of human adaptation would be an emphasis on the emergence
of adaptations that allow hominins to deal with ecological variation rather than a
trend towards an increased specialisation to any one type of environmental biome
(Reynolds et al. 2015).
More recently, a number of researchers have put forward models that do not
prioritise any particular set of environmental conditions, be it mosaic or not, but
rather the change in these conditions (overview in: deMoncal 2004)(Figure 5.1).
The Turnover Pulse Hypothesis proposed by Vrba in 1982 (1993; Tyler-Faith and
Behrensmeyer 2013) was one of the first attempts to formalise the relationship
between global climatic oscillations and the trajectory of evolutionary change in
mammals including hominins. Vrba argued that climate change is the primary
factor altering species’ habitats and provoking speciation, extinction and
dispersal. This mechanism is supposed to occur in short pulses directly linked to
significant climatic oscillations and affect multiple lineages of animals at the
same time.
The main premise behind the Shifting Heterogeneity Model as proposed by
Kingston (2007) can be summarised as ‘everything is changing all the time’.
According to the model, global climatic fluctuations driven by the Milankovitch
cycles coupled with meso-scale climatic variations caused by Heinrich Events,
Dansgaard-Oeschger and el-Niño cycles were juxtaposed on already existing
environmental heterogeneity of the highly tectonic African Rift Valley leading to
strong fragmentation of hominins’ habitats and a constant flux in environmental
conditions and the composition of ecosystems. Although the model invokes
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different scales of analysis and a wide range of environmental proxies, it lacks
operational definitions (e.g., for ‘environmental heterogeneity’) or theoretical
predictions, which could be formally tested.
The Pulsed Climate Variability Hypothesis (Maslin and Trauth 2009; Maslin et al.
2014) combines the theoretical framework developed by Potts in the Variability
Selection Hypothesis (see below) with a detailed reconstruction of the climatic
fluctuations in East Africa based on an extensive study of the ephemeral, deepwater lakes (Shultz and Maslin 2013). The focus of the Pulsed Climate Variability
Hypothesis is short periods of extreme climate variability which force sudden
changes in the natural selection regimes, providing a strong drive for
evolutionary processes (Figure 5.2). The authors have demonstrated (Shultz and
Maslin 2013) that the East African lake fluctuations are the best environmental
predictors of species turnovers, changes in the brain carrying capacity, dispersal
events and the overall diversity in hominin species.

Figure 5-2

Different types of environmental oscillation patterns.
A - Regularly fluctuating conditions; B - Increasing Variability of
climate change; C and D - “Pulses” of changing conditions
proposed in the Pulsed Climate Variability Hypothesis. Adapted
from Maslin et al. 2014, fig.7.
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5.2.1

The Variability Selection Hypothesis

This case study explores another theoretical framework, the Variability Selection
Hypothesis, which similarly to the previous models links the effects of the
fluctuating climate to hominin-specific adaptations that arose during the last six
million years. The Variability Selection Hypothesis proposed by Potts (1996;
1998) postulates an evolution of behavioural plasticity among early hominins
arising during periods of strong environmental fluctuations associated with major
global climatic shifts. This variation in environmental conditions caused
inconsistency in selection regimes acting on early hominins (as well as other
mammalian species) producing particularly strong selection pressure on
developing adaptations towards rapidly shifting environmental conditions
(termed ‘adaptive complexity’, ‘adaptive flexibility’, ‘adaptive versatility’ or simply
‘versatility’). Potts recognises three mechanisms increasing the adaptive
versatility: a) diversity in the genetic polymorphism; b) phenotypic plasticity
and c) variability selection. In the case of genetic polymorphism, the
mechanism of response to environmental change is a fluctuation in the frequency
of alleles coding specific adaptations in the population as a whole. Thus, the
genetic composition of the population closely echoes the current climatic
conditions and the process of re-adaptation triggered by climatic fluctuation
takes significant amounts of time as the frequency of the ‘now adaptive’ traits
slowly shifts from one generation to another. The second mechanism,
phenotypic plasticity, assumes a similar process but at the level of phenotypes
rather than genotypes, therefore producing a more rapid - on the scale of one
rather than multiple generations - evolutionary response to change. That is, the
fluctuations in climate trigger variable responses during growth and maturation
of individuals leading to the expression of different phenotypes even in
populations of relatively homogenous individuals. In contrast, the variability
selection mechanism does not follow the changes in the climatic conditions but,
instead, it stimulates the evolution of “complex structures or behaviors that are
designed to respond to novel and unpredictable adaptive settings” (Potts 1998,
85). Put simply, the variability selection is an environmentally driven force leading
to the development of adaptations dealing with change of conditions (hotter,
colder, drier, etc).
The Variability Selection model relates the environmental record to the evolution
of key hominin adaptations in a non-trivial way and, therefore, has a potential for
deepening our understanding of the Palaeolithic record. A number of traits
considered “fundamentally human” can be classified as versatilist adaptations.
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For example, human dependence on material culture (tools, clothing, dwelling
structures, fire use etc.) can be regarded as a “quick fix” type of adaptation to the
rapidly changing surroundings since it does not require long-term evolutionary
changes in body composition (e.g., growing fur). Equally, articulated language
and other cognitive capabilities enabling creativity and innovation, as well as the
social environment, including social learning and kin and non-kin networks
provide a set of convenient strategies in times of need. These types of
adaptations could make their bearers thrive in a range of environmental
conditions and provide a robust coping mechanism in case of a sudden change in
these conditions. Such characteristics are often cited as sine qua non of the first
Out of Africa dispersal and subsequent dispersals (see Chapter 2, section 2.3).
Since all aforementioned hominin characteristics are manifestations of the
increase of cognitive functions (Ambrose 2001; Dunbar 2003; Foley and Lahr
2003), which, in turn, can be linked to the increase in size and, perhaps also,
organisation of the brain (Bruner 2004; Bailey and Geary 2009; Schoenemann
2006), there is a close coupling between genetic evolution and their appearance.
Accordingly, it is not unreasonable to use models derived from genetics to
investigate these mechanisms. Equally, all of these adaptations have been
proposed as driving or at least contributing to hominin success in becoming one
of the most widely spatially distributed genera among terrestrial mammals
(Brown et al. 1996). However, so far there has been only a limited amount of
research exploring the impact of adaptive complexity on the timing, character
and general patterns of the early hominin dispersals.
The Variability Selection model does not exclude an alignment of specific
adaptations allowing hominins to thrive within particular local conditions.
Instead, it is argued that some (but not all) of the selective pressure exerted by
the fluctuating climate during the Pleistocene could have been counteracted with
variability adaptations (Potts 1998, 93). This makes the conceptual model
particularly complex as it introduces, rather than replaces, a new evolutionary
mechanism to an already multi-scalar, composite system. Although the Variability
Selection hypothesis provides a useful abstract framework, the complex
relationship between its elements and the difficulty of providing archaeologically
verifiable predictions demands a more robust tool to investigate both the
conceptual model as well as its implications for our understanding of the
archaeological record.
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5.2.2

Formal implementations of the Variability Selection hypothesis

The first step in that direction was the mathematical formalisation of the
Variability Selection model by Grove (2011). Grove used a standard single locus
framework extended by a ‘behavioural plasticity gene’, equivalent to Potts’
variability/versatility factor, and conferring a boost to individual’s fitness. He then
performed a sensitivity analysis using the temperature record spanning the last 6
million years to detect periods of environmental regimes particularly suited for
versatilist adaptations. He recognised the period between 2.5 - 1.2Mya as
strongly favouring the evolution of versatilists.
Studies using the Variability Selection Hypothesis to explore the process of
dispersal were mostly concerned with the temporal aspect of dispersal. For
example Grove (2014; 2015) showed that the Dispersal Potential (understood as
the size of the range of potential habitats that the population is able to occupy
given their adaptations) is particularly high during and just after the transition
phase from high to low climatic variability. He argued that periods of high
climatic variability exert a particularly strong selection pressure leading to the
evolution of phenotypic plasticity necessary to survive the precarious period. As
the climatic oscillations dampen down the organisms find themselves with more
versatility than is strictly necessary to survive and which may be used to disperse
into previously unoccupied or marginal regions. This Accumulated Plasticity
Hypothesis predicts phases of rapid dispersals trailing closely behind periods of
strong climatic fluctuations.
In contrast, Borg and Channon (2012) used the framework of the Variability
Selection Hypothesis to investigate the impact of climatic fluctuation on the
evolution of individual and social learning strategies. In their implementation,
learning was equated with the ‘versatilist’ adaptation. Their study revealed a
number of non-intuitive dependencies between the evolution of different learning
strategies and the environmental variability. For example, although both
individual and social learning surpass the increase in fitness that can be achieved
with simple genetic evolution, it is only a combination of the two (although with
relatively low levels of individual learning) that allow organisms to achieve their
maximal potential fitness. Second, in the times of increased environmental
variability, populations overly dependent on social learning tend to do worse than
those where individual learning is dominant. This is because over-reliance on
social learning can lead to over-conformism and sustaining strategies which are
not optimal anymore or even harmful as the environment has changed.
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Despite the longstanding interest in the hominin-environmental interaction
and the impact of climate change on the evolution of hominin adaptations (see
section 5.1) the body of formal modelling work on this topic is very limited in size
and scope. Similarly, the relationship between hominin dispersals and major
developments in human evolution has been a prolific research avenue in
Palaeolithic archaeology (see Chapter 2, section 2.3). However, using a formal
computational framework to investigate the dynamics of the evolutionary
processes behind hominin dispersals is an entirely novel approach (c.f. Grove
2014). The model described in the following sections is a direct response to this
dearth of formal models in human origins studies. In sum, the aim is to test
several implications of the Variability Selection Hypothesis, namely the
implication for dispersal and the relationship between the evolution of
behavioural plasticity and spatial structuring of the population.

5.3

Model Description

The model is an agent-based simulation. It consists of three main entities: i) a
population of heterogeneous agents with different degrees of temperatureadaptation and versatility, ii) the environment in the form of a 0-dimentional
point location or 1-dimensional chain of locations, and iii) a wave function
representing changing climatic conditions (temperature) (Figure 5.2a). The
population of agents grows and contracts according to the standard population
dynamic model (Snider and Brimlow 2013) and its genetic composition fluctuates
as a result of the changing climate. At each time step, a proportion of each cell’s
population spreads from its initial position into neighbouring cells. The changes
in the genetic composition of the remaining and the dispersing populations are
then recorded. The model description follows the ODD protocol (Grimm et al.
2010). For the full code and implementation details, see Appendix C. Code and
Pseudocode and Appendix D. Development Notes at:
github.com/izaromanowska/Modelling-Hominin-Dispersals-Using-Agent-basedModelling
5.3.1

Purpose and research questions

The aim of this model is to use the framework of the Variability Selection
Hypothesis (Potts 1998) to investigate broad evolutionary patterns related to
hominin dispersals. It focuses on mechanisms behind the evolution of the
versatilist adaptations within an abstract but spatially explicit environment. The
output of the simulation includes, but is not limited to: i) detecting patterns in
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the emergence of versatilist adaptations in the population, especially its timing
and location; ii) investigating the relationship between different adaptation
strategies, climate change and population dynamics, and iii) examining the
effects of different spatial arrangements (e.g., environmental barriers) on the
structuring of hominin populations. By doing so, the model aims to investigate
possible evolutionary mechanisms behind early dispersals.
Research questions
1.

Can the findings of the study by Grove 2011 be replicated? That is, are there

significant differences between the results of the original non-spatial, frequency
model and an agent-based simulation with spatially structured populations which
can undergo local extinctions and expansions?
2.

What is the impact of migration on the evolution of versatilist genes?
a.

What is the relationship between migration and behavioural
plasticity?

b.

Does dispersal promote or limit the frequency of versatilist genes?

c.

Which genetic types (specialists, generalists, versatilists) migrate the
most and which the least?

3.

What is the impact of environmental features on the dispersing population?
a.

Do the populations before and after an environmental barrier differ
in terms of their genetic makeup?

4.

How does the spatial structuring of the population evolve?
a.

Does spatial structuring occur as a result of dispersal?

b.

If so, are the versatilists more likely to be found in the dispersal
front or at the core area close to the origin of the dispersal?

These three main research themes and detailed research questions are addressed
in experiments described in sections 5.4, and 5.5.

5.3.2

Entities, state variables, and scales

Agents
The simulation is an agent-based model. A three-dimensional array representing
the world holds in each cell a population (list) of individuals (agents). Each agent
has a type corresponding to a genotype consisting of two ‘genes’ from the pool
of three alleles: 1 - hot, 2 - versatilist, 3 - cold (see Table 5.1). The hot-cold
notation is only meant as shorthand for describing a spectrum of environmental
states; the actual type of the environmental variable (be it hot-cold, wet-dry, or
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open-forest, etc.) is irrelevant for the general dynamics of the model. Figure 5.3
shows how over time each agent reacts to changes in the base environmental
conditions (temperature curve).

1. Hot

2. Versatilist

3. Cold

1. Hot

Hot Specialist (11)

Hot Versatilist (21)

Generalist (13)

2.
Versatilist

Hot Versatilist (12)

Versatilist Specialist
(22)

Cold Versatilist (23)

3. Cold

Generalist (13)

Cold Versatilist (23)

Cold Specialist (33)

Table 5-1 All combinations of alleles.
Agents have no sex, age or any other attributes apart from a fitness level which is
re-calculated at each step of the simulation and depends on their adaptation to
the current conditions (the temperature curve). Agents’ actions are limited to
reproduction and migration, each of which is given a probability dependent on an
agent’s fitness (Figure 5.3). Agent fitness is calculated using the following
equations:
w!! = α + γsin!"# (eq. 1)
w!" =

!"! !!"#!"# !!
!

w!" = α

(eq. 3)

w!! = α + ν
w!! =

(eq. 2)

!"! !!"#!"# !!
!

(eq. 4)
(eq. 5)

w!! = α − γsin!"# (eq. 6)

Figure 5.3 shows the graph of the fitness of each type of agent. From left to right
along the x-axis the temperature follows a sine curve. The fitness of each type of
agent is shown as a coloured line, with the ones containing a versatility gene
depicted as dashed lines. The hot and cold specialists attain their maximum
fitness during the peak and the lowest point of the temperature curve,
respectively. The mixed strategies have lower maximal fitness than specialists
during times of favourable conditions, but their minimum fitness during times of
unfavourable conditions is also less severe. For the hot-cold generalists, the
temperature fluctuations have no impact on their fitness. Over the full span of a
temperature cycle the average fitness of each agent type is the same, apart from
the ones containing a versatilist gene, which gives them a small fitness boost
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overall. Finally, it is worth noting that despite this ‘fitness boost’ the fitness of
the versatilists is never higher than that of one of the specialists.

Figure 5-3

The relationship between the fitness of each genotype over the
span of a single temperature fluctuation (full sinusoid cycle –
top image).
w11 - hot specialist; w22 – versatilist specialist; w33 - cold
specialist; w12, w13, w23 - intermediate forms; Dashed line
denotes genotypes with a versatilist gene.

Environment
There are two environmental entities in the simulation:
1. the climatic curve used to calculate the current fitness of each agent type,
2. the level of resource in each location used to determine its carrying
capacity.
The climatic wave function is modelled as a sinusoid curve (Figure 5.2a), which
increases or decreases at each time step. The number of time steps per cycle is
set to 50 (see section 5.3.5 initialization). The temperature value throughout the
duration of one time step is uniform in all locations. Although the model is
spatially structured, it is not modelled after a particular geographical region.
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5.3.3

Experiment sets

In the first set of runs (section 5.4) the world is zero dimensional, that is, all
simulated agents live in one location. Migrating agents are removed from the
simulation. In this scenario, different levels of carrying capacity, allowing
different population sizes, have been tested to minimise the stochastic effects of
the simulation and to align it with the replicated mathematical model which
assumes an infinite population size. In the second set of experiments (section
5.5) the world is one dimensional. It consists of a string of cells along which the
agents can disperse. In some simulation runs, the central locations may be
designated as a ‘barrier’ or a ‘corridor’ characterised by a lower or higher
carrying capacity, respectively. Table 5.2 summarises the environmental setup of
each set of experiments.

Scenario

No of dimensions

Temperature curve

Carrying capacity
(cc)

0 (one cell)

Sine wave: uniform
temperature across
all cells

Uniform: uniform
carrying capacity in
all cells

1 (a string of cells)

Sine wave: uniform
temperature across
all cells

Central cell has
either 10% or 1000%
of the base cc

Experiment set 1
Base scenario
Experiment set 2
Barrier/corridor
scenarios

Table 5-2

Summary of different environmental variables in each set of
experiments.

Time
The current implementation of the model has no absolute time scale as it is not
linked to any environmental records, but each simulated time step is considered
to be equal to a lifespan of one generation. Each temperature cycle (a full sine
wave cycle) is therefore equivalent to 50 generations. The simulation has been
tested starting from different points on the sine curve to ensure that the results
are not biased by the initial conditions.

148

Chapter 5: Variability Case Study

Figure 5-4

Simulation flowchart.
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5.3.4

Process overview and scheduling

After the initialisation the simulation goes through the following stages at each
time step of the model (Figure 5.4):
1. upload the list of agents in each cell from the previous iteration,
2. migration procedure,
3. reproduction procedure,
4. update each cell with the new list of agents,
5. output data every 10 steps.
See Appendix C for pseudocode and Appendix D for development notes.
Depending on the experiment setup this sequence may be repeated:
•

Until fixation, which is reached when the frequency of the versatilist gene
equals zero or the frequency of both hot and cold specialist genes equals
zero;

•

Until agents dispersing from one edge of the world reach the opposite
edge of the world;

•

Until the time limit is reached.

See sections 5.4 and 5.5 for details of how these stopping conditions are
implemented in each set of experiments.
Migration procedure
The migration procedure consists of two steps:
•

determining the probability of migration, and

•

choosing the destination cell.

First, for each agent, i, the probability of migration, Pm, is calculated as a logistic
function combining the population density of the cell (expressed as the
proportion of population size, Nt to the carrying capacity, cc - the maximum
possible number of individuals) and an individual’s fitness, fi in relation to the
mean fitness of the cell’s population, !.
!! = !

!!
!! (! ! ! !!(! ! !! ) )

! =

!! !!
!

(eq. 7)
(eq. 8)

Pm - probability of migration
m - a constant between 0 and 1 used to manipulate the strength of the migration
Nt - population size of the cell
cc - carrying capacity of the cell
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k - the steepness of the sigmoid curve
x0 - the midpoint of the sigmoid curve
fi - fitness of an individual
! - mean fitness of the cell’s population
A random number is drawn from a uniform distribution. If it is higher than the
probability of migration the agent is appended to the list of agents that stay in
the cell, otherwise the agent leaves the cell.
Second, the migrating agents are each moved to a target cell. Depending on the
experiment setup, this may be:
•

Undefined, for example in the zero dimensional scenarios migrants are
simply removed from the simulation,

•

Predetermined, when the directionality of the movement is controlled. For
example, in the one dimensional scenarios agents always move from left
to right.

Reproduction procedure
First, the size of the next generation in each cell is determined using the
standard population growth equation (Snider and Brimlow 2013).
!!!! = !! + !!! (

!! ! !!
!!

)

(eq. 9)

N - number of individuals in the cell
r - population growth rate
cc - carrying capacity of the cell
Second, for each offspring two parents are drawn from the pool of all agents
using a fitness proportionate selection process also known as a roulette wheel
algorithm (Figure 5.5). The roulette wheel selection algorithm is commonly used
to simulate random events with an uneven probability of occurring. For example,
it is widely applied in genetic algorithms (Gopi 2007, 10-15). The fitness of each
agent type determines the size of its roulette slot. The higher the fitness of an
agent the higher its chance of being chosen as its roulette slot is proportionally
larger than the slots of its competitors with lower fitness. Once the roulette wheel
is set up, a random number between zero and the total fitness of all agents is
drawn. The roulette slot that the random number falls into determines which
agent is chosen as the first parent. The procedure is then repeated for the second
parent.
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Once the two parents are chosen, their genotypes are combined to form the
genotype of the offspring. The offspring inherits one gene from each parent,
chosen at random. For example, an offspring of parents with genotypes (1, 2)
and (2, 3) has a 50% chance of inheriting gene 1 or gene 2 from the first parent
and a 50% chance of inheriting gene 2 or gene 3 from the second. Hence, the
possible combinations are (1, 2), (1, 3), (2, 2) and (2, 3) with 25% chance each.
Finally, the offspring is appended to the list representing ‘the next generation’
and the parents are returned to the pool of potential parent agents. This
procedure is repeated until the target number of new offspring (as determined in
step 1) has been generated.

Figure 5-5

Simplified graph showing the basic rules of the roulette wheel
selection algorithm.
Each roulette slot represents a different individual. Its size
depends on the individual’s fitness making the choice of more
fit individuals proportionally more likely. In this example, fitness
scores for the five individuals could be 0.5, 0.5, 0.2, 0.7, and 0.1,
respectively, reading clockwise from the upper right quadrant of
the wheel.

There exist a number of fitness proportional selection algorithms and two of
them were additionally tested: the truncation algorithm and the tournament
algorithm. Under truncation selection, a proportion of the population whose
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fitness is below a set threshold (e.g., the top 80%) get discarded and parents are
selected at random from the remaining portion of the population. The truncation
algorithm does not allow for any agents with fitness below the threshold to pass
through, therefore significantly reducing the genetic diversity of the population.
As a result, this selection algorithm tended to prevent the versatility genes from
increasing in frequency at all, as they were always ‘less fit’ than one of the
specialists common in the population. By comparison, roulette wheel selection
and tournament selection are more ‘forgiving’. This means that even though
agents with a lower level of fitness are less likely to be chosen, a small number of
them will be selected due to stochastic sampling. Under tournament selection, T
random agents (typically 2) are drawn from the entire population of a cell and
their fitness values compared. The agent with a higher fitness is then selected.
Roulette wheel and tournament selection algorithms produced qualitatively
similar results.
5.3.5

Initialization

Table 5.3 summarises the parameter values necessary to initialise the simulation
and gives the ranges used throughout the different experiments.
The size and the shape of the world (0 and 1 dimensional) as well as the stopping
conditions was determined by the experiment design of each scenario.
The default growth rates used in the model are: i) 2% over a generation or 0.1%
per annum and ii) 20% over a generation or 1% per annum, assuming that an
average generation spans 20 years. These values are an approximation of the
range of reported population growth values of modern human populations of
hunter-gatherers, including !Kung (0.2%), Hadza (1.3%) and Ache (0.7%)
(Chamberlain 2006, 59-62). All other values were determined experimentally. For
example, a range of values of k were tested - steepness of the logistic curve used
to determine the migration probability (see Appendix D. Development Notes). For
all non-extreme values the results were qualitatively similar. The initialisation
values specific to each experiment are described in sections 5.4 and 5.5.
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Simulation specific
Pseduo-random number generator seed

1-50

Number of time steps per temperature
cycle

50

Starting point on the sine curve

Tested starting time steps (range
0-49): 0, 6, 12, 25, 32, 38, 44
Experiment specific

World’s size and shape

1×1; 1×20; 1×100

Frequency of data output

100; 1000; end of simulation

Max. time or stopping condition

See section 5.3.5

Migration constant

m

1; 0.1

Growth rate

r

0.1%; 1% (per annum)

Steepness of the migration logistic curve

k

5

Base carrying capacity

cc

10,000; 1000

Carrying capacity of a barrier/corridor

cc × 0.1; cc × 10

Initial population of each agent type (hotcold-vers.)

49.5%-49.5%-1%; 40%-40%-20%

Tested ranges
Versatilist fitness boost

!

0.0001, 0.001, 0.01

Amplitude of the climate fluctuations

!

0.60, 0.65, 0.70, 0.75, 0.80, 0.85,
0.90, 0.95

Table 5-3

5.4

The parameter values used for initialisation of the experiments.

Experiment Set 1: Replication and Extension of Grove’s
2011 model

As mentioned in chapter 3, replication is an important technique used for the
verification of simulation models. In most cases a replication study aims to test
the original model. However, if successful, it can also confirm that the replicating
simulation itself is likely to be error free. The Variability Selection hypothesis has
been previously implemented by Grove (2011). His equation-based simulation is
based on a genetics-inspired single locus model and consists of a dynamic
simulation of the frequencies of three types of genes: hot-adapted, cold-adapted
and versatilist. The relative proportions between different genes change at each
time step but their sum always adds up to 1. In the null-hypothesis scenario the
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fitness of each type of gene dictated by the fitness equations fluctuates in
response to the changing temperature modelled as a sine wave. Since the average
fitness of all genotypes is equal over the time span of one environmental cycle,
except for the versatilist’s gene which carries a small (0.01, 0.001, or 0.0001)
fitness boost, strategies featuring the latter gene will inevitably outcompete
strategies that do not. Therefore, what is recorded is the time to fixation, i.e., the
time needed for the versatilist gene to outcompete the two specialist genes. As a
result, it is possible to compare the length of runs under increasingly rapid
temperature fluctuations. The graph used to visualise the results (Figure 5.6)
shows the time needed for the versatilist gene to fixate (y-axis) depending on the
amplitude of environmental fluctuations (x-axis), with different curves
representing different versatilist fitness boost values.
The aim of this set of experiments was i) to replicate Grove’s results, and ii) to
extend the model with two processes: population growth and migration. First,
Grove’s model lacks population growth because it is based on frequencies of
different genes, which always sum to unity. Second, although mentioned as
potentially significant, dispersal was out of the scope of Grove’s (already very
rich) model. This set of experiments investigates the relationship between the
evolution of versatility and these two processes: population growth and
migration. Apart from the methodological question (can Grove’s study be
replicated?) it addresses the following research questions: what is the relationship
(if any) between behavioural plasticity and dispersal? Does dispersal promote or
limit the frequency of versatilist genes? Which genetic types (specialists,
generalists, versatilists) migrate the most and which the least?
5.4.1

Experiment Design

This set of experiments is based on a direct reimplementation of Grove’s model
and it was further aligned for the replication. The population consists of the same
types of genotypes and their fitness is calculated using the same set of equations
(see section 5.3.2). Equally, the environmental forcing is implemented using the
same sine curve function. The main differences between the current
implementation and Grove’s model are: i) the technique used (agent-based
modelling), ii) the stochasticity introduced by a finite population subject to
roulette wheel selection and migration and iii) the explicit spatial dimensionality
of the model. First, for the purposes of replication, the impact of stochasticity in
the current model was limited by using a high population size of 10,000 agents.
Second, the model was run on only one grid cell, therefore removing the spatial
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aspect. Finally, the simulation was initialised using the same values as in Grove’s
experiments (Table 5.4), e.g., the climatic curve was initialized from zero. The
data was collected every 100 time steps (experiments 1 and 2) and every 10
steps (experiment 3).
Three experiments were performed.
Experiment 1 — Replication: In the first experiment the population growth was
replaced with a static population size (10,000 agents) and the migration
procedure was disabled. The simulation was then run 50 times with different
seeds and the results of all runs in which the versatility gene attained fixation
were recorded. The mean time to fixation was then plotted against the original
graph (Figure 5.6).
Experiment 2 — The effects of population growth and migration on
versatility: In the second experiment the base scenario was extended with
additional processes (Table 5.4). To ensure that the results of each run are easy
to attribute to a particular process each factor was tested separately. In
Experiment 2a only the population growth procedure was used. The population
was initialised at 1000 individuals so that it could grow to the cell’s carrying
capacity (10,000 agents). In Experiment 2b the simulation was extended with
only the migration procedure. Although the initial population size was set at the
carrying capacity, it would drop to a lower level at each time step because a
proportion of the agents migrated. The difference between this new population
size and the target was offset so that at the beginning of each time step the
population size was always set back to the carrying capacity level. Finally, in
Experiment 2c, both population growth and migration procedures were
implemented together. The simulation was run 50 times with different seeds and
the results of all runs in which the versatility gene attained fixation were
recorded. The mean time to fixation was then plotted against the original graph
(Figures 5.7, 5.8, 5.9).
Experiment 3 — Who is dispersing? And when?: The third experiment recorded
the number of each type of agent in the migrating population and contrasted it
with the population that remained on the cell. The aim was to investigate if the
composition of the dispersal front differs from that of the general population. In
addition, the migrants were plotted against the temperature curve to see if any
relationship between the environmental conditions and the makeup of the
dispersing population exists.
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Experiment
2a

Replication

Experiment
2b

Experiment
2c

World’s
dimensions

1×1

Agent types

11, 12, 13, 22, 23, 33

Initial
Population

49.5% cold, 49.5% hot, 1% versatilist

Carrying
capacity of
each cell

10,000

Time steps per
cycle

50

Growth?
Initial pop. size
Migration?
Steepness of
the sigmoid
curve, k

No

1% per annum

No

1% per annum

1% per annum

10 000

1000

10 000

1000

1000

No

No

Yes

Yes

Yes

N/A

5

Fitness boost, v

0.0001, 0.001, 0.01

Environmental
fluctuations, α

Table 5-4
5.4.2
5.4.2.1

Experiment 3

0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95

The parameter values used for initialisation of the experiments.

Results
Experiment 1: Replication

The results of the replication experiment were averaged over all runs in which the
versatilist genes attained fixation and plotted against the original results. Figure
5.6 shows the time to fixation (y-axis) depending on the strength of the
environmental fluctuations (x-axis, the higher the gamma, the higher the
amplitude of the sine curve). The results of the original study are depicted as
three colour lines representing different values of the fitness boost given to the
versatility gene. Plotted against them are the mean values of the time to fixation
obtained from this study. Since only some values of gamma (0.05, 0.1, 0.15, 0.2,
0.25, 0.3, 0.35, 0.4) were tested these are represented as a scatterplot.
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Figure 5-6

Figure 5.6 Results of the replication study.
The underlying graph shows time to fixation (the y-axis) under
different environmental regimes (the x-axis, the higher the value
of gamma the higher the amplitude of environmental
fluctuations), and with three values of the fitness boost (colour
dash lines) obtained in the original model of Grove (2011, figure
3). Colour dots, squares and triangles represent the mean time
to fixation in the current study.

The replication results are in good agreement with Grove’s outcomes indicating
that the core of the simulation was replicated in an independent study
implemented using a different simulation technique (equation-based modelling),
programming language (MATLAB) and algorithms. Therefore, it has fulfilled all six
dimensions of replication as detailed by Wilensky and Rand (2007):
1. The model was replicated at a different time.
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2. The model was replicated using different hardware.
3. The model was replicated using a different programming language.
4. The model was replicated using a different simulation toolkit.
5. The model was replicated using different algorithms.
6. The model was replicated by a different author.
As Wilensky and Rand (2007, section 2.13) note: the consistency of results
between the replicated and replicating models indicates that there is “a good
evidence that the [original] model is accurately described and the results are
robust to changes in the dimensions of replication that have been altered.”
Although the outputs of the two models have not been formally compared using
statistical methods (only the figure from Grove’s paper is available, not the
underlying data that was used to generate it), the two graphs show a high level of
correspondence. Given the level of dissimilarity between the two implementations
the replication would have been called ‘successful’ even with a much less evident
match. Finally, the success of the replication significantly increases the level of
confidence regarding the current study.
5.4.2.2

Experiment 2: The effects of population growth and migration on
versatility

In this set of experiments the base model was extended by two additional
elements: i) population growth, ii) migration and iii) a combination of both. In the
population growth runs (Experiment 2a) the initial population size was set to a
tenth of the carrying capacity (1000 agents). The remainder of simulation settings
was not changed.
Interestingly, adding population growth to the model made little noticeable
difference to the results (Figure 5.7). Only the runs under the most stable
environmental conditions (low values of gamma) and lowest value of the fitness
boost (low values of v) deviate from the original study. In these setups the
number of successful (i.e., these that fixated) runs is low making it more prone to
fluctuations (the visualised value is averaged from a smaller number of runs than
in other combination of parameters). The small difference between these results
and the original study is likely because once the carrying capacity level is reached
(which happens relatively quickly) the remainder of the simulation run is similar
to those of the replication experiment.
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Figure 5-7

Results of the experiment introducing population growth.
The underlying graph shows time to fixation (the y-axis) under
different environmental regimes (the x-axis, the higher the value
of gamma the higher the amplitude of environmental
fluctuations), and with three values of the fitness boost (colour
dash lines) obtained in the original model of Grove (2011, figure
3). Colour dots, squares and triangles represent the mean time
to fixation in the current study.

In contrast, adding the migration term but without the population growth
(experiment 2b) changes the dynamics considerably. Figure 5.8 shows the results
of runs where the population size was held stable but the agents could migrate.
Two trends are clear: a decrease in time needed for the versatilist gene to fix in
the population and an absence of runs in which the versatilist gene fixated
towards the higher values of gamma (high amplitude of environmental
fluctuations).
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The first trend indicates that versatilists genes need significantly less time to
fixate in the population in scenarios in which agents migrate. This is because
migration loosens some of the selection pressure since at each time step it
removes part of the population from the cell (see below for a discussion on which
types of agents constitute this part). As a result, the remaining population is
more diverse and consists of more individuals of ‘less-than-optimal’ fitness level.
This is a highly favourable situation for the versatilists who are for the most part
below the fitness level of one of the specialists (Figure 5.3). However, as we will
see, this only applies within a specific band of conditions. If the environmental
fluctuations are too extreme the migration mechanism cannot outbalance the
selection pressure alone.
This is visible in the second trend of the results: for higher values of gamma (i.e.,
high amplitude of environmental fluctuations) there were no runs out of the 50
performed in which the versatilists fixated, indicating that the agents holding the
versatilist gene went extinct before gaining a foothold in the population. This is
caused by a particularly high selection pressure that was artificially imposed by
using the static population size. The probability of migration is a function of the
population density (the closer to the carrying capacity ceiling the higher the
chance of migrating) and individual fitness (the lower the fitness the higher the
chance of migrating). Therefore, in a scenario where the population is at the
carrying capacity level at all times the push to migrate will be particularly strong
and aimed predominantly at agents with a sub-optimal fitness level, among whom
versatilists are disproportionately represented. As a result, the runs end up with
one of the specialists dominating the population within the first few temperature
cycles, outcompeting the versatilists’ genes beyond recovery. In scenarios where
the environmental change is less extreme (low values of gamma) the differences
between the fitness values of agents are smaller, meaning that versatilists have a
better chance to establish themselves in a population.
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Figure 5-8

Results of the experiment introducing migration but holding
population size static.
The underlying graph shows time to fixation (the y-axis) under
different environmental regimes (the x-axis, the higher the value
of gamma the higher the amplitude of environmental
fluctuations), and with three values of the fitness boost (colour
dash lines) obtained in the original model of Grove (2011, figure
3). Colour dots, squares and triangles represent the mean time
to fixation in the current study.

Finally, in the third experiment (experiment 2c) both the population growth and
the migration processes were operating (Figure 5.9). That is, the initial
population size was set to a tenth of the carrying capacity, at each time step the
size of the population was calculated using the population growth algorithm (so it
could vary between different time steps) and the agents could migrate. Similarly
to the previous experiment (Experiment 2b) with migration but static population
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size the decrease in the time needed for the versatilist gene to fixate is evident
and the rate of this decrease is similar. The fact that versatilists genes fixated at
least once for each combination of parameters suggests that during the time it
takes the population to approach the carrying capacity from the initial low
population size, the migration pressure remains low giving the versatility gene
the time necessary to establish itself in the population.

Figure 5-9

Results of the experiment with migration and population growth
enabled. The underlying graph shows time to fixation (the yaxis) under different environmental regimes (the x-axis, the
higher the value of gamma the higher the amplitude of
environmental fluctuations), and with three values of the fitness
boost (colour dash lines) obtained in the original model of Grove
(2011, figure 3). Colour dots, squares and triangles represent the
mean time to fixation in the current study.
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An additional series of runs was undertaken to further confirm the causal pattern
behind these findings (see Appendix D. Development Notes) focusing on the key
question: why is migration decreasing the time to fixation for versatilists?
One possible explanation is that migration decreases some of the competition,
leaving more space for the remaining population to reproduce. If this process
affects specialists slightly more than versatilists then we should see an increase
in the diversity of the population and faster time to fixation for the versatilist
gene. This effect may be amplified by the fact that the frequency of agents with
specialist genes in the migration wave fluctuates more intensely as a response to
environmental change compared to the versatilists.
To test whether the propensity of specialists to migrate may be the reason
behind the faster fixation rate of the versatilists, Experiment 2c (population
growth and migration switched on) was rerun but this time with the function used
to determine the probability of migration reversed. In the original setup
individual fitness was negatively correlated with the probability of dispersal (! >
0, see eq. 7). That is, the least fit agents were the most likely to migrate.
Reversing the function (! < 0) means that the fitness of an agent becomes
positively correlated with their probability of migration so that the higher the
agent’s fitness the higher its chance of migrating. Since the fitness of the hot and
cold specialists are symmetrical (see Figure 5.3), we should see little to no
change in the results as the impact of their migration on the versatilists should
be similar. This is in fact the case: the results with positive and negative values of
k are almost identical (Figure 5. 10).
This set of experiments highlights the special situation found at the front of a
dispersal wave. Here, the selection pressure normally strongly favouring
organisms optimally adapted to the local conditions, i.e., specialists, is
significantly weakened. In the initial population, far removed from the carrying
capacity ceiling and where migration regularly removes a significant part of the
group, genetic diversity is easier to maintain since the forces acting on the
population are more forgiving. This is particularly important for organisms with
versatilist genes, who are better adapted “in the long run”, but whose fitness is
almost always below that of one of the specialists (Figure 5.3). Finally, the higher
diversity of adaptations increases the resilience of the population because as the
conditions change it still contains members preserving features beneficial in the
new environmental regime.
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Figure 5-10 Experiment 2c run with k<0 (migration probability negatively
correlated with individual fitness) compared to the original
setup of k>0 (right).
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5.4.2.3

Experiment 3: Who is dispersing?

The aim of the third set of experiments featuring a population in a single location
was to record which agent type was most likely to migrate and to determine the
differences in the composition of the migration wave at different times. In order
to investigate these questions, the simulation was run with the population growth
and the migration functions enabled (the same setup as experiment 2c) and the
number of migrating agents of each type and those staying put was recorded
every 10 time steps (5 times per full environmental cycle).
Figure 5.11 shows the proportion of each gene in the dispersing population
relative to its proportion in the original population throughout a full extent of
each run for a set of chosen scenarios (v=0.001 and α=(0.6, 0.7, 0.8, 0.9). Note
that α = 1 - γ). Each fine line represents a separate run (i.e., a different seed),
while bold lines depict the aggregated mean value of all runs (100 different
random number seeds). In all scenarios agents with specialist genes show a much
higher range of fluctuations. In general, a low amplitude of environmental
fluctuations (i.e., higher alpha values) triggers less pronounced changes in the
composition of the dispersing wave than environmental regimes with more
pronounced changes (Figure 5.11, compare the y-axis).
Not surprisingly, hot specialists are overrepresented (values over 1) in the
dispersal wave during periods of cold conditions while cold specialists during
periods of hot conditions. Their population size is still high from the period of
‘favourable’ conditions while the migration pressure on them steadily increases
since they are now below the average fitness. In contrast, there is a strong
difference in the frequency of the versatilist gene throughout the run. At the
beginning of the simulation (5.12), when the absolute number of versatilists in
the population is low, the frequency of the versatilist gene in the dispersing
population has a significant lag, that is, grows slowly from the position of
‘underrepresented’ to ‘overrepresented’ in the dispersal wave. This is followed by
a rapid drop around the time where the conditions switch from hot to cold (Figure
5.13). This pattern flattens during the run as the population of versatilists grows
and the fluctuations in the dispersing group become less significant compared to
the total numbers of versatilists in the population (Figure 5.14). See Appendix D.
Development notes for a more detailed breakdown of the results, including part
of the parameter sweep not presented here.
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Time

Figure 5-11 Results of experiment 3.
The relative proportion of agents with each gene (blue: cold
specialist, red: hot specialist, green: versatilist) in the migratory
wave compared to the general population plotted for different
environmental regimes (represented by alpha). The x-axis: time
(in tens of time steps). The y-axis: frequency of each gene in the
migratory wave divided by its frequency in the population.
Values over 1 indicate that agents with the gene are
overrepresented in the dispersal wave while values under 1, that
they are underrepresented. If the value is one, the frequency of a
gene in the migratory wave is equal to its frequency in the
general population.
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Figure 5-12 Results of experiment 3. A ‘zoomed-in’ fragment of figure 5.11.
Only the first quarter of the simulation is depicted. Note the sine wave in the background indicating the change in
environmental conditions.
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Figure 5-13 A ‘zoomed-in’ fragment of figure 5.11 (alpha = 0.8, time: 10-25)
showing the fluctuations of the frequency of different genes in the
migratory wave in respect to the proportions present in the original
population.

When aggregated over the course of the simulation run the results indicate that the
specialists are slightly overrepresented in the migratory wave (up to 4% higher), while
the versatilist gene is underrepresented (5.15). That means that there is a small
tendency for the specialists to migrate more readily than versatilists. Over the course of
the full simulation run these small differences add up. In addition, this finding further
confirms the interpretation of the main result of experiments 2a, 2b and 2c: migration
decreases the time needed for versatility genes to fixate in the population because
specialists are removed from the cell at a slightly higher rate, which gives versatilists
more ‘space’ to expand in the population and increases their overall representation in
the population.

169

Relative proportion of each gene in the migratory
wave and the original population

Chapter 5: Variability Case Study

Figure 5-14 Results of experiment 3. A ‘zoomed-in’ fragment of figure 5.11.
Only the third quarter of the simulation is depicted. Note the sine wave in the background indicating the change in
environmental conditions.
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However, this does not answer the question of who is dispersing. The
overrepresentation of specialists in the dispersing population is very low (usually
2-3%), hence the dispersal wave closely mirrors the composition of the original
population (Figure 5.16a and 5.16b). That is, if the population is dominated by
agents carrying a specific gene, the migratory wave will reflect these proportions.
Thus despite the simple rule ‘the least fit individuals’ have the highest probability
of migrating the dispersal wave may consist predominantly of agents with the
lowest probability of migrating.
To illustrate this point with a hypothetical scenario: imagine a population of 100
agents dominated by hot specialists (90 out of 100 agents). Even a relatively low,
for example 10%, migration probability will result in 9 hot specialists leaving the
cell (on average). In contrast, if the cold specialists have a high probability of
migrating, say 50%, but their number in the population is small, say 2 in 100,
then their share in the migratory wave will also be small (1 agent on average).

Figure 5-15 Aggregated results of experiment 3.
The proportion of the specialists and versatilist genes in the
migration wave in respect to their frequency in the general
population. A result equal to 1 would indicate that the original
and dispersing population are identical. Values over 1
demonstrate that the gene is overrepresented (there are more of
them in the dispersing population than in the original one) and
vice versa.t
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Frequency of genes
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Frequency of genes
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Figure 5-16 The composition of the population size and the migration wave.
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5.4.3

Discussion: Experiment set 1

The main findings of the first set of experiments are:
1. Migration decreases the time it takes for versatilist features to evolve in
the population;
2. Agents with specialist genes are underrepresented in the migration wave
during the times of favourable conditions and overrepresented when the
conditions take a turn for the worse.
3. In contrast, agents with versatilist genes follow a more complex pattern
characterised by a slow rise and sudden drop from ‘over-’ to ‘underrepresented’ at the turn of the environmental conditions.
4. Over the course of the simulation, specialists are marginally
overrepresented in the dispersal wave, while versatilists are
underrepresented. The largest difference occurs in the most rapidly
fluctuating environmental regimes.
It is often argued (Chapter 2, secation 2.3) that hominin dispersals were enabled
by a cultural, social or an evolutionary “advance”, be it a development in tool
technology, use of new forms of material culture replacements for bodily
adaptations (e.g., fire, clothing) or other adaptive changes, for example, in
subsistence strategies. This family of conceptual models imply an increase in
behavioural plasticity, that manifests itself in ‘more advanced’ behaviour,
occurring just before a dispersal event. The results of this study reverse the
causality of such scenarios. It is migration that creates room for an increase in
diversity in the population and promotes the evolution of versatilist adaptations.
The more severe the environmental fluctuations the faster this process occurs as
the population of specialists is more intensively perturbed by the fluctuating
climate and the impact of migration on their numbers is more pronounced.
It is important to note that these results hold true even if the migration algorithm
is reversed. Initially it has been assumed that the probability of migration is
negatively proportional to the fitness of an individual (that is, the lower the
fitness the higher the chance of migrating). This is supported only by
circumstantial evidence (Bartolucci et al. 2013) and the opposite could equally be
argued. However, the results of runs where higher fitness means higher chances
of migrating are the same.
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The second set of findings concerns the composition of the dispersing wave as it
aims to answer the research question: who is migrating and when? The results
provide no straightforward answer as all genotypes migrate, although at different
rates. Neither was it expected that the migration wave would be composed
exclusively out of one type of organism (e.g., only versatilists) because of the
stochasticity in the model (even agents with a low probability of migration may
still migrate, although this situation will occur less frequently). However, what
seems to be the dominant factor in determining the makeup of the front of the
dispersal is the composition of the population in the origin cell. That is, the
proportion of each type of agent in the original population largely determines the
composition of the migratory wave.
Therefore, it is unlikely that the front of any dispersal wave will be composed of
individuals with novel adaptations as their absolute numbers in the original
population are too low to significantly contribute to the pool of migrants. Instead,
as they become more established, the number of agents with versatilist
adaptations taking part in the dispersal becomes linearly proportional to their
prevalence in the population and largely independent of the frequency or severity
of environmental changes.
This again stands in stark contrast to the models of hominin dispersals driven by
advances in material culture or social evolution proposed previously, in which the
bearers of more advanced features colonise new regions. Equally, the scenario
where the ‘more advanced’ part of the population ‘push out’ individuals and
groups with less sophisticated toolkits seems unlikely in light of these findings
(Chapter 2, section 2.3). In contrast, the results of this set of experiments
suggest that the processes involved in the evolution of behavioural plasticity are
more subtle and act over longer time scales. It is small imbalances in the
proportions of individuals of each type that over time cumulate into robust global
patterns.
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5.5

Experiment Set 2: Dispersal on a one dimensional
string of cells

Given the scale of the first Out of Africa dispersal, topographic and environmental
barriers and corridors are a non-negligible force shaping the migration (e.g.,
Callegari et al. 2013; Field and Lahr 2005). The aim of this set of experiments is
to determine what, if any, effect barriers and corridors may have on the
composition of the dispersing population. By measuring the genetic makeup of
the population before and after a barrier/corridor we will address the following
research questions:
•

Is there a difference in the frequency of versatilist genes before and after
an environmental barrier or a corridor? In other words, are environmental
barriers/corridors conducive to a spatially structured aggregation of
behavioural plasticity in a population?

•

Does an environmental barrier/corridor have an impact on the rate of
versatilist gene fixation in the population?

Answering these questions should, in turn, shed light on the feasibility of
identifying geographic locations where a higher level of behavioural plasticity
related to the dispersal is expected. For example, if environmental barriers act as
population filters leading to a concentration of versatilists in areas directly
following or preceding such barriers then we would expect higher rates of
technological (and other) innovation in regions at the junction of environmental
zones, mountain chains, etc.
It is also worth noting that in the first set of experiments agents leaving the cell
were removed from the simulation. In contrast, in this set of experiments the
population is constantly dispersing creating a migratory wave. This means that
despite the use of the same algorithms, the dynamics of the simulated system
will differ significantly from the previous set of experiments.
5.5.1

Experiment Design

In this set of experiments the world is one dimensional. The agents start from the
leftmost cell and disperse to the right along a chain of cells (Figure 5.17). The
corridor/barrier cell(s) is/are located half way along the chain. The reproduction
and dispersal procedures follow the same steps as in the previous experiments
reported in this chapter, except that the migration target cell is always the cell to
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the right of the agent’s current cell. This means that the dispersal is
unidirectional, exclusively from left to right (west to east).

Figure 5-17 A schematic representation of the Experiment Set 2 setup.
The agents departing from the PoO (Point of Origin) eventually
reach a cell with a) higher level of carrying capacity (corridor
cell) or b) lower level of carrying capacity (barrier cell).

A barrier is defined here as any obstacle interfering with the flow of the
migration. In the context of hominin migrations a dispersal barrier would be any
area of environment they were not fully adapted to since it would require a period
of behavioural shift to efficiently harvest the energy available in the newly
encountered environment. Defined as such, the concept of a dispersal barrier is
consistent with a grid cell where the carrying capacity (defined as the number of
agents the cell can support given their level of adaptation) is lower than the base
level carrying capacity. Consequently a corridor is modelled as a cell with carrying
capacity higher than the base level.
Table 5.5 summarises the values used for initialisation. The world is composed of
20 or 100 cells depending on the experiment and the barrier/corridor is
composed of 1, 3 or 10 cells. Since the runs are much shorter than in the
previous experiments the initial environmental conditions are randomised. Thus
each run starts from a random position on the sine curve (in addition, a
sensitivity analysis was also performed controlling for the starting conditions, see
Appendix 4. Development Notes). The initial population is composed of equal
proportions of hot-specialists, cold-specialists and versatilists (100 individuals
each). To adjust the migration rate (see eq. 7) to the size of the world, it was
reduced to 10%. This retards migration, removing the need to extend the world
into a longer chain of cells. The composition (frequency of each gene) of the
population is recorded in the first ‘origin’ cell (the left-most cell), the cell to the
left of the barrier/corridor cell, the cell directly to the right of the barrier and at
the last cell (the rightmost cell).
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There are different ways in which the composition of the dispersing population
could be measured. For example, the makeup of the dispersing wave could be
recorded at different points in time:
•

When the first agent reaches the barrier/corridor cell, so that only the
initial population is recorded;

•

Throughout the simulation run, averaging frequencies over the time span
of the simulation.

To include the effect of the migration on the composition of the population, data
collection was carried out at the cells directly to the left and to the right of the
barrier/corridor. However, in order to compare the population that crossed the
barrier to a ‘pristine’ population where no inward migration has taken place the
composition of the group at the first ‘origin’ cell was also recorded.

World’s dimensions

20 × 1, 100 × 1

No of alleles

6

Initial population

33% cold, 33% hot, 33% versatilist

Initial population
composition

100 hot specialists + 100 cold specialists + 100 versatilists

CC base level

1000

CC corridor/barrier

Base level × 10, base level × 0.1

corridor/barrier size

1 cell, 3 cells, 10 cells

Time steps per cycle

50

Population growth

1% per annum

Migration rate

0.1

Migration

Always to the right.

Fitness boost, v

0.0001, 0.001, 0.01

Alpha,

0.60, 0.65, 0.70, 0.75, 0.80, 0.85, 0.90, 0.95

Number of seeds

100

Table 5-5

List of parameter values and tested ranges used in the
initialisation of Experiment Set 2.
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5.5.2

Results

The following experiments were undertaken, to collect resulting data in different
ways and under differing environmental regimes (amplitude of climate
fluctuations, α):
Experiment 1: Compare the composition of the population at cells immediately
before and after the barrier. The run stops when the first cell beyond the barrier
is reached so only the initial population is recorded.
Experiment 2: Compare the composition of the population at cells immediately
before and after the barrier throughout the run. The run stops when the end of
the world (10 cells further on) is first reached.
Experiment 3: Compare the versatilist's time to fixation on the final cell of the
world between runs with and without a barrier.
Experiment 4: Compare the composition of the population at cells immediately
before and after the barrier throughout the run. The run stops when the
versatilist fixates in the last cell.
Experiment 5: Compare the composition of the population on the first “origin”
cell and the first cell beyond the barrier throughout the run. The run stops when
the agents first reach the last cell.
Experiment 6: Compare the composition of the population on the first “origin”
cell and the first cell after the barrier for a larger barrier (3 cells instead of 1 cell).
The run stops when the agents reach the last cell.
Experiment 7: Compare the composition of the population on the first “origin”
cell and after the barrier for a larger world (100 cells) and a larger barrier (10
instead of 1 cell). The run stops when the agents reach the last cell.
To compare the composition of the two populations, before and after the
barrier/corridor, the frequencies of each gene at the pre-barrier cell were
subtracted from the frequencies at the post-barrier cell. Negative values indicate
that the gene is overrepresented while positive that the gene is
underrepresented. Finally, if the values are close to zero or at zero, there is little
or no difference between the make-ups of the two populations. The distribution
of results have been visualised as box plots (Figure 5.18).
Despite the wide parameter sweep none of the experiments gave significant
results (for a detailed breakdown of all results see Appendix D. Development
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Notes) indicating that barriers, defined as areas of lower carrying capacity for
hominins, did not play a significant role in structuring the composition of the
dispersing population.
Figure 5.18 shows two examples of results. The values for all genes in runs with
different environmental regimes and using two different methods of collecting
data all oscillate around 0 without any distinguishable trends. In addition, not
only do the mean values fall very close to zero, but also the variability in the
results is limited (values do not exceed max. ±0.25) indicating than this is a
robust pattern. Equally, there are no significant differences between the two
specialist genes and the versatilist gene. The amplitude of the environmental
conditions (the value of α) also did not show any impact on the results.
This suggests that under conditions imposed in this simulation an environmental
barrier, defined as an area of lower carrying capacity, does not affect the
composition of the dispersing population in any significant way. What is more,
this effect is both short and long-term, meaning that neither is the initial
population at the front of the dispersal wave different from the one behind the
barrier, nor does the barrier impose a lasting effect on the composition of the
population over longer time. One possible explanation for this apparent lack of
pattern is that dispersal is fast compared to genetic change and that might mean
that genetic differences did not have time to arise in the time taken by the
population to cross the relatively small space being modelled here. However, this
condition would equally apply in the real world.
The results are surprising given the long standing (and entirely plausible from a
common sense point of view) assumption that environmental barriers must have
been a significant factor in shaping the composition of the dispersing groups
(e.g., Smith et al. 2009). This is not to say that they did not affect the dispersal
routes or the pace of movement since these characteristics of the dispersal wave
have not been tested here. However, it seems that under the conditions imposed
in this simulation, the population prior to crossing the barrier and the one found
immediately after are indistinguishable in terms of their genetic makeup.
However, the pattern revealed here indicates that when both population growth
and migration are at play, the former outcompetes the latter in terms of the
impact on the composition of the population. Further work may reveal that
mechanisms and factors not modelled here structure the composition of the
dispersing population but for now, the idea that environmental barriers is one of
them should be treated with caution.
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Relative frequency of each gene in the migratory wave
and the original population

A

Ampliture of environmental fluctuations (alpha)

Figure 5-18

Two examples of the results.
A) Experiment 6. Difference in the frequencies of hot, cold and
versatilist (red, blue and green respectively) genes on the first
‘origins’ cell and the cell directly past a larger barrier. B)
Experiment 2. Difference in the frequencies of hot, cold and
versatilist (red, blue and green respectively) genes at cells
directly before and after the barrier. The boxplots represent the
distribution of results aggregated from 50 seeds. The x axis
shows the amplitude of environmental fluctuation (α = 0.60, 0.70,
0.80, and 0.90).
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5.6

Discussion and conclusions

Hominin-environment interaction has been an important topic in human origins
studies their complexity has been widely acknowledged. One of the models
addressing it, the Variability Selection Hypothesis, proposed that during periods
of rapid climatic and environmental fluctuations hominins evolved a particular set
of adaptations to deal with change rather than any specific conditions. These
adaptations termed ‘versatilism’ or ‘behavioural plasticity’ constitute the
backbone of the set of features defining humans, such as our dependence on
culture and social environments, and are therefore of primary interest to
archaeologists.
In this study, the framework of the Variability Selection Hypothesis was used to
investigate the relationship between climate fluctuations, evolution of
behavioural plasticity and dispersal. This was undertaken within a formal
computational framework of agent-based modelling. In this model I looked at
changes in a population of heterogeneous agents with a variable genetic makeup
consisting of specialist (hot or cold) and versatilist genes. The population was
subjected to fluctuating environmental conditions which determined the fitness
of each individual. In each time step agents reproduced and migrated.
In the first set of experiments, featuring a single population, agents reproduced
within one cell out of which they could migrate. The results demonstrated that
the process of migration significantly increases the rate of evolution of versatilist
adaptation in the population compared to a scenario in which the population
cannot migrate. In addition, it was determined that over the full course of a
climatic cycle versatilist genes are marginally underrepresented in the dispersing
population. Since a slightly (up to 4%) higher proportion of specialists migrate,
the versatilists benefit by being more represented in the population that remains.
Also, the diversity of the population increases enabling versatilist genes to
establish themselves in the population more readily and to eventually outcompete
other genes. This is particularly pronounced in scenarios with a higher amplitude
of environmental fluctuations.
In a wider sense this study provides a formal description of a possible mechanism
behind the coupling observed in the timing of dispersal events and significant
changes in hominin adaptive features, such as stone tool technology, use of fire,
more efficient subsistence strategies, such as hunting and evolution of social
networks, etc. The existence of such mechanism has been previously hinted at or
implicitly assumed by many archaeologists (e.g., Carbonell et al. 1999; Foley
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2002; Grove 2011; Shea 2010) but the exact interdependencies remained
unknown.
These results underline the particularity of the situation at the front of a dispersal
wave. Here, the two processes of population growth and migration ease off some
of the selection pressure that would normally favour specialists. As a result, the
versatilist genes are more likely to take hold in the population and the evolution
of behavioural plasticity is more rapid than under “normal” conditions.
The Variability Selection Hypothesis demonstrates a clear advantage to
behavioural plasticity - higher resilience in the face of changing environmental
conditions. However, this raises an important question: why are not all organisms
versatilists? After all, they were all subjected to strong climatic fluctuations
during the Pliocene and the Pleistocene as were the hominins. Although Potts
argues for a general shift in generalism and versatilism among many genera
during the Pleistocene, it is only certain hominin taxa for whom the versatilist
adaptations became dominant. The results presented here hint at one possible
explanation. Despite their inherent advantage over long time periods, in the
short-term a versatilist adaptation commands a high price - a suboptimal level of
adaptation to the current conditions. Since evolutionary forces work on the ‘here
and now’ rather than on potential future states it is only under the specific
conditions of limited competition and lowered selection pressure that versatilist
adaptations can establish themselves in a population. Dispersal events present
one such opportunity - not only is the dispersing population far from the carrying
capacity ceiling but also part of it is regularly removed further lessening the
demographic pressure. As such, dispersal increases diversity of the original
population and as a result boosts its resilience during periods of environmental
change.
In sum, dispersal is recognised here as a potentially important factor in the
evolution of key characteristics of humans. In contrast to previous conceptual
models, which saw it as a consequence of evolutionary ‘advancements’, we
describe its critical role in the emergence of behavioural plasticity and its
manifestations.
The second set of experiments tested the impact of environmental barriers on the
composition of the dispersing population. Under a wide parameter sweep and
several data collection methods no significant difference between the populations
prior to and beyond environmental barriers was detected. This indicates that,
under the conditions imposed in this study, areas of lower carrying capacity make
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no noticeable impact on the composition of a dispersing population. This stands
in contrast to the common interpretation of topographic and other barriers as a
significant force shaping the composition of the dispersing hominin groups.
Future work should further explore this unanticipated result, perhaps
incorporating an additional environmental change (e.g., conditions change from
‘hot’ to ‘cold’ at the barrier).
Finally, simulation was used here in its capacity for theory building, that is,
establishing the causal relationships between the elements of a system. In this
study, the interdependencies between different mechanisms and elements of the
simulated systems turned out to be far from intuitive, contradicting many
convictions forming the current academic consensus. This demonstrates that
even simple abstract models consisting of a minimum number of elements and
following very simple rules can reveal the complex interactions between different
evolutionary forces.

183

Chapter 6:

Discussion and Conclusions

"The universe cannot be read until we have learned the language and
become familiar with the characters in which it is written. It is written in
mathematical language, and the letters are triangles, circles and other
geometrical figures, without which means it is humanly impossible to
comprehend a single word. Without these, one is wandering about in a
dark labyrinth." Galileo Galilei, 1623.

Even in the times of Galileo scientists considered mathematics as a language. And
as a language it can be used to describe everything and anything: the simple, the
complex, the present and the past. In fact, it is a language designed specifically
in order to describe the world in clearly defined, unambiguous terms, which can
be used to build complex explanations without losing track of all the
relationships and processes affecting the phenomenon in question.
In this dissertation I have investigated the topic of Pleistocene hominin dispersal
using this particular language to see whether this approach can bring new
insights into this complex, multidimensional past phenomenon. The two
overarching aims of this research were:
1. To investigate in the formal, quantitative environment of a computer
simulation some of the possible mechanisms that propelled, limited and
shaped Pleistocene dispersals and to examine the role and impact of
specific factors on the feasibility, form and timing of early hominin
dispersals, such as population dynamics, environmental fluctuations and
the evolution of behavioural plasticity.
2. To evaluate the potential of computational modelling for archaeological
applications within the context of Human Origins studies and to provide a
clear description of the methodology including guidelines for best practice
aimed at archaeological audience.
To that end, I have collected data related to the process of extending hominin
home ranges over new territories to sketch out the general picture of the first Out
of Africa dispersal on the basis of the available evidence. I have also looked at the
conceptual models related to this process and chosen a number of them for more
methodologically rigorous testing. These conceptual models were formalised into
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formal ontologies and translated into computer code, that is, a computerreadable form of mathematical notation. By running these models we have
learned what predictions (including data predictions) are implicitly contained in
the verbally described conceptual models (hypotheses), which, in turn, could be
then compared with the available data and with the current academic consensus
regarding the importance of different factors that affected hominin migrations.
In itself, this is not a novel methodology in science. On the contrary, this is one of
the standard routes in the scientific process. Nevertheless, it marks a radical
departure from the methodology most commonly used in archaeology, which
usually consists of the following steps: 1. Data collection, 2. Pattern recognition,
3. The interpretation, i.e., development of a conceptual model that can explain
the described patterns. It has been argued throughout this thesis that this
methodology, while not being faulty or incorrect, falls one step short from
matching a full scientific process. This one step is model formalisation and
testing. In other words, what is missing in archaeological methodology is the
phase where conceptual models (the ‘interpretations’) are validated: the phase
where one checks whether the proposed processes could, in fact, produce the
data pattern they are claimed to have produced.
It has been argued in the introduction to this thesis that this relatively minor
shortcoming of current archaeological practice has had disproportionally negative
consequences leaving many of the areas of human origins research stuck in
unresolvable debates where different research groups present equally plausible
and convincing, yet mutually contradictory models to explain the same observed
data patterns. The main objective of this thesis, therefore, has been to evaluate a
potential tool for resolving such stalemates and moving the discussion forward.
In order to evaluate the potential of simulation modelling for the field of human
origins, the two case studies developed in this thesis focused on some of the
most topical research areas in the studies of hominin dispersals: the interaction
between migration, population growth and technological change, and the
relationship between migration, climate change and the evolution of behavioural
plasticity. As described in chapter 2, section 2.3 the number of conceptual
models proposed to explain the phenomenon of the Movius Line and the possible
drivers of the first Out of Africa dispersal are vast. They have been subjected to
thorough academic scrutiny and deemed plausible at face value given our
knowledge of hominin ecology and the data associated with the dispersal. At this
stage, it would be difficult to establish, using solely conceptual modelling, what
would be their actual data predictions and whether these are consistent with the
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existing data. A confounding factor is that most of these models do not consider
the implications of processes that were likely to be acting upon hominin
populations at all times, such as, for example, population dynamics or constantly
shifting environmental conditions. The interaction of such background processes
with the ones proposed in conceptual models (such as, the impact of zoonotic
diseases or the dispersal) are too complex to be considered verbally since it is
beyond human mental capacity to keep track of their constant interactions. Thus,
this thesis presents one of the earliest attempts at marrying the base
environmental and evolutionary model of a mammalian species with some of the
hypotheses regarding early hominin dispersal. The functioning and validity of
each of the tested conceptual models was tested while assuming that processes
they proposed were not the only ones impacting the lives of early hominins.
Although the notion that hominins were subject to demographic laws at all times
or that climate was changing during their evolution are not controversial, the
result of feedback loops between these different systems has never been formally
explored. This is an important aspect because much research effort has been
devoted to establishing the size of hominin population at different times and the
environmental conditions in which they lived. What is now needed is a better
understanding of how these basic mechanisms acted on hominin groups, so that
other models can be built upon them. This thesis has strived to achieve that.
In the following sections I will first briefly summarise the results and then discuss
their implications for the broader context of Palaeolithic archaeology and the
methodology of archaeological practice. The final section will sketch out a
number of possible extensions and further directions to this work. Finally, wider
implications of the undertaken research will be summarised.

6.1

Summary of findings

In terms of the general contribution to archaeological research, the results of the
two case studies presented here have added to our understanding of the topic of
hominin dispersals by exploring and testing previously proposed conceptual
models of hominin dispersals. The results of the developed simulations have
directly countered theorised predictions of at least four published models (the
gradually thinning front of the first Out of Africa dispersal, the importance of
zoonotic diseases, the impact of straits in hominin dispersals, the increase in
behavioural plasticity being the prime cause for dispersal rather than its result)
and have helped to expand and unravel the causality in a prominent conceptual

187

Chapter 6: Discussion and Conclusions

framework (the variability hypothesis). More detailed findings are described
below followed up by a more general discussion of their implications.
6.1.1

Data analysis

The overview of the available data (Chapter 2) in the form of a set of distribution
maps showed broad patterns in the first Out of Africa dispersal. To this end, a
catalogue of archaeological sites was compiled consisting of their location, dating
and lithic assemblage type. Rather than presenting a comprehensive gazetteer of
Lower Palaeolithic sites worldwide, it focused on collecting the sites most likely to
be related with the first Out of Africa dispersal and subsequent dispersal waves
from a maximum number of regions. This data was then used to compile a series
of maps visualising the changes in the extent of the hominin range over time
while taking into account the uncertainties related to the data.
The patterns revealed include the very rapid early expansion in the eastward
direction and the importance of the great arc of dispersal stretching between East
Africa and Southeast Asia. A number of key regions have been identified with
high potential for informing our understanding of hominin dispersals, the most
prominent among them being: The Middle East (including the Arabian Peninsula),
and Central Asia.
This analysis also exposed the limitations of the data, in particular its uneven
spatial and temporal spread. This uneven spatial and temporal coverage of the
data points and the chronological resolution of the dates mean that currently
there is little hope of detecting any more fine-grained data patterns than those
visible on a continental scale. As a result it would be difficult to address many of
the currently debated research topics or assess the plausibility of previously
proposed conceptual models and frameworks only on the basis of the existing
empirical evidence.
6.1.2

The Movius Line case study

In the Movius Line case study (Chapter 4) the main research question focused on
whether we can expect a decrease in population density proportional to an
increase in the distance from the point of origin of the first Out of Africa
dispersal; that is, under what conditions the dispersal could take the form of an
extended thinly populated front resulting in a demographic disparity between the
Oldowan and Acheulean regions - a data pattern known as the Movius Line. The
simulation demonstrated that, under the conditions and assumptions imposed on
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the model, the scenario in which the dispersal wave is structured in the form of a
long thin, feathered front and dense, highly populated core area seems unlikely.
Equally, under a wide sweep of realistic parameter values, the model showed no
differences between the Mode 1 and Mode 2 areas in terms of population density,
suggesting that the null hypothesis should be rejected.
Instead, rather than reflecting the distance from the point of origin, the
population density closely mirrored the carrying capacities of the underlying
biomes. This is because population growth outstrips other processes meaning
that the front of the dispersal wave remains steep. The differences between
population densities of different regions are determined almost exclusively by
their carrying capacity (here understood as a maximum number of individuals
that can occupy an area given their adaptation capacity) rather than their distance
from the origin point of the dispersal. Therefore, the model has highlighted the
close match between population density and the type of biome occupied by
hominins. This conclusion indicates that the most effective direction of future
research would be large-scale environmental reconstruction of the key regions for
hominin dispersal.
In addition, the simulation was used to assess another conceptual model arguing
that hominin groups were particularly successful outside of the tropical belt
because they escaped the population growth curbing factor of zoonotic diseases.
The impact of this factor turned out to be insignificant as even without it the local
populations reached their carrying capacity more rapidly than the resolution of
our dating techniques. Similarly, the impact of short water crossings (sea straits)
on the final shape of the dispersal wave turned out to be minimal contrary to
widely held perception of the importance of strait crossing during the first Out of
Africa dispersal.
6.1.3

The Variability case study

The Variability case study (Chapter 5) has shed light on the internal dynamics of
the adaptive composition of hominin groups and the impact of the dispersal
process on their evolution. It demonstrated how dispersal enables behavioural
plasticity to rapidly evolve in the population in particular during times of rapid
climatic fluctuations. Similarly to the first case study, it has also contradicted a
number of conceptual models, which argued that it was an increase in hominin
behavioural plasticity that enabled the Out of Africa dispersal (e.g., the
technological model of dispersal, Chapter 2, section 2.3.2).
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In contrast to the Movius Line case study, the second case study focused on the
microscale of individual adaptations. In particular, it addressed the question of
the relationship between the evolution of behavioural plasticity and dispersal
events occurring against the backdrop of constantly shifting environmental
conditions. In addition, it has inspired a research question that, to the best of the
author’s knowledge, has never gained much attention among Palaeolithic
researchers: who are the migrants?
The results showed that the answer is far from straightforward since the dispersal
wave is composed of individuals holding different combinations of adaptations
and their proportion changes over time. Counter intuitively, the majority of the
migrants are the organisms with the most optimal strategy at that time, even
though their probability of migration is lower than that of less fit individuals.
Here the law of big numbers outbalances simple probabilities. The results of the
simulation indicate that the composition of the dispersing population mirrors the
composition of the original population, with a slight correction that specialists
are marginally overrepresented (up to 4%).
The simulation has also demonstrated that, under the conditions and
assumptions imposed on the model, the process of migration significantly
increases the rate of evolution of versatilist adaptation in the population (i.e.,
behavioural plasticity) compared to a scenario in which the population stays put.
This finding stands in contrast to previous conceptual models which assumed
that it was an increase in behavioural plasticity manifesting itself through such
proxies as advances in lithic technology or changes in the foraging strategies that
enabled dispersal. This study reverses this causality, arguing instead that
behavioural plasticity evolved thanks to the dispersal. Also, the model highlighted
the particularity of the situation at the front of the dispersal wave, where low
population size and migration ease off some of the selection pressure that would
normally favour specialist individuals. As a result, the versatility adaptations are
more likely to take hold in the population and their evolution is more rapid than
under “normal” conditions.
6.1.4

Methodological contribution

In terms of methodological contribution, this thesis presented a clear and
archaeology-specific account of the simulation methodology (Chapter 3.
Methodology). Although a number of papers described different simulation
techniques to the archaeological audience (e.g., Kohler 2012; Cegielski and
Rogers 2016), the closest descriptions of the actual methodology of simulation
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research come from ecology (e.g., Railsback and Grimm 2011), geography
(O’Sullivan and Perry 2013) and social sciences (Gilbert and Troitzsch 1999).
The goal of this research was to demonstrate the utility and the methodology of
using formal modelling tools to understand past processes. In particular, it
focused on evaluating simple abstract models aimed at addressing well-defined
research questions - often termed ‘explanation models’ (Premo 2010) or ‘theorydriven models’ (Manhart 2007). This choice of simulation type places this
research closer to the theory end of the scientific spectrum as compared to most
of the previous simulation studies of hominin dispersals, which predominantly
aimed at replicating patterns found in the available data (and which would,
therefore, fall under the ‘data-driven models’ category). However, at the same
time, the focus on theory-driven models aligns this research closely with the
currently dominating practice in archaeological simulation (Lake 2014) making it
more relevant for the discipline. Although the models developed in this
dissertation were simple, they have nevertheless revealed unexpected
interdependencies in the studied systems and enabled formal testing of existing
conceptual models (hypotheses). Therefore, this research can be treated as an
argument in favour of a wider use of simulation in archaeology.
In addition, thanks to their formalism, the two models developed here can be
replicated, reused, and expanded as well as tested, contradicted and disproved,
all with the idea of building up our knowledge and understanding of hominin
dispersals in a cumulative fashion.

6.2
6.2.1

Discussion: Implications of the results for archaeology
The Movius Line Case Study

The quest to explain or even to explain away the data pattern known as the
Movius Line, is one of the most persistent and long-lasting in Palaeolithic
archaeology (e.g., Movius 1948; Brumm 2010; Lycett and Bae 2012; Dennell
2016). Despite the longevity and ferociousness of the Movius Line debates they
do not seem to be converging or in many cases even moving forward from
decades-long entrenched positions. The same conceptual models are being
reiterated and re-evaluated by new generations of archaeologists and little more
than ebb and flows of ‘fashions’ impact on the perception of which ones are more
and which are less plausible.
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The simulation developed in this thesis has tested one particular hypothesis
aiming at explaining this pattern and concluded that this particular scenario is
unlikely to have taken place. In doing so it showed a clear methodology of testing
a hypothesised scenario, which on face value appears plausible and convincing
but which nevertheless would in fact produce different data patterns than those
they were supposed to explain. The same procedure could be applied to any
other of the proposed models (Chapter 2, section 2.3.1.3), with a likely outcome
of reducing the number of possible interpretations of the Movius Line and in the
long run focusing on establishing which of the remaining ones is the most likely.
What the Movius Line agent-based model has not aimed to do was to find the
actual reason for such a marked and temporally persistent division between the
Acheulean and Oldowan territories. However, it highlighted the strength of
population growth as a force shaping hominin demographics. This has more farreaching implications to the fast growing branch of archaeology known under the
name of cultural transmission studies (overview: Mesoudi 2011).
The exact relationship between technological complexity and population
dynamics is still unclear. Simulation studies based on the framework of cultural
evolution indicate that we should expect a clear and linear correlation between
the number of active users of a given technology and its complexity, where only
big enough populations can maintain complex and difficult to learn technologies.
Similar results come from individual experiments on human groups showing that
smaller groups are more prone to irreversible losses in terms of cultural
complexity. On the other hand, large datasets combining multiple indicators of
cultural complexity across hundreds of modern human groups seem to defy the
expectations showing no relationship between group size and technological
sophistication. Solving this corundum is one of the most interesting challenges to
archaeology and anthropology at the moment.
Having more case studies exploring the interaction between population size and
technological advancement would be highly beneficial and archaeology is well
positioned to deliver such case studies. However, a major obstacle is the difficulty
in establishing the population sizes of past groups and their changes over time.
With better proxies for measuring the ebbs and flows of population dynamics in
past societies the cultural evolution studies could acquire more ‘substance’ to
work on. The Movius Line case study was not designed to ‘solve’ the apparent
contradiction between abstract cultural transmission studies and the picture
emerging from the data. However, it assessed the validity of using dispersal to
estimate population size. According to the current study, one cannot equate a
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dispersal event with a period of low population density as has been done in the
past (Lycett and Norton 2010; Shea 2010).
In the particular case of the Movius Line the results indicate that instead of
focusing on dispersal as the driver behind the predicted low population size on
the Mode 1 side of the Movius Line, looking at biome capacity (for example using
the biomass as a proxy) may be a more fruitful new avenue of research. Also, it is
worth noting that distance from the original hominin territory may be correlated
with hominin carrying capacity, that is, areas furthest from East Africa are often
the ones with the most distinct environment, e.g., Northern Europe and Asia. The
hominins’ ability to navigate these unfamiliar environments and to extract energy
from them would have been compromised leading to a lower carrying capacity
and, in effect, lower population sizes.
The results presented here support the notion that population dynamics is a nonnegligible factor influencing hominin groups. Ancient demographics are an
important field of study within archaeology (e.g., Chamberlain 2006) but until
recently they have somehow been neglected in Palaeolithic Archaeology (cf.
Ashton and Lewis 2002; Bocquet -Appel and Masset 1981). This is likely because
of the dearth of common demographic proxies such as necropolises, dense
settlements, radiocarbon dates or written sources, all of which are commonly
used to infer the numbers and population structure of ancient societies (overview:
Chamberlain 2006; e.g., Crema et al. 2016; Timpson et al. 2014; Wilson 2011).
Nevertheless, more recently, establishing the size of hominin populations has
been a major focus of Palaeolithic research and a number of proxies have been
investigated to this end, from the correlation between neocortex size and the size
of an individual’s group (Dunbar 1993) to detecting the relative effective
population density from mtDNA (Powell et al. 2009). The work presented in the
Movius Line case study has also laid the foundations for an analytical framework
which combines easily obtainable proxy data (environmental information) with
parameter values derived from modern hunter-gatherer demographics to infer
population densities in different regions at different points of time in the past.
Thus, this research adds support to frameworks in which hominin population size
is estimated on the basis of the ecological landscape (e.g., Bocquet-Appel and
Degioanni 2013).
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6.2.2

The Variability Case Study

The interaction between hominins and their environments has always been a
focal point of Palaeolithic research. The sheer volume of published research on
palaeoenvironmental reconstructions via large-scale proxies such as ice cores, or
dust sequences (Kingston 2007) or more local studies using isotopes, palynology
and other quaternary science techniques reveals the importance Palaeolithic
Archaeologists place on climate and climate change. Equally, exploring the
impact of both spatial and temporal changes to these conditions has been one of
the major topics in Palaeolithic Archaeology in the last two decades (Chapter 5,
section 5.2).
Nevertheless, studies trying to match the environmental record on the one hand
and major transitions in hominin evolution on the other are scarce. This
diminishes the utility of producing detailed environmental reconstructions if we
are unsure what the changes in climatic conditions would actually mean for
hominin groups. Ecological studies (e.g., Railsback and Grimm 2010; Reynolds
1987) teach us about the dangers of assuming linear action-reaction between
climate change and the behaviour of any one species. Thus, it would be naïve to
assume that having a complete record of all past environmental changes would
be enough to understand hominin evolution.
Here, the results of the Variability case study support the notion that the
interaction between climate change and hominin evolution is far from linear and
that expecting a straightforward feedback loop between changes in hominin
behaviour and changes in their environment is unrealistic. Formal models
focusing on hominin responses to environmental change are necessary to make
full use of palaeoenvironmental data and to better understand the impact of this
important force driving hominin evolution.
The quest for understanding when, why and how the most fundamental of human
features evolved is at the core of Human Origins studies. These questions are the
engine behind Palaeolithic research because they touch upon the most interesting
question of all ‘why are we the way we are?’. When, why and how our ancestors
became bipedal, developed large brains, invented first tools, became more social,
started using fire, began creating art. As argued by Landau (1984; Chapter 2,
section 2.3.2), the narrative used to describe the process of acquiring these
‘features’ often follows the template of a folk tale. The main character
deterministically acquires useful ‘gear’ and undergoes ‘useful’ transformations
along a journey (which in our case is the dispersal). This view on hominin
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evolutionary trajectory stands in stark contrast to the rules governing the process
of evolution. The research presented in this thesis provides a differing view on
the evolutionary processes involved in human evolution, much more closely
aligned with evolutionary theory.
The Versatility model has highlighted the far from obvious trajectory of the
evolution of the versatilitist adaptations. In principle, the behaviours ascribed to
behavioural plasticity, such as culture, social networks or cognitive advancement
should always convey a strong reproductive advantage. Similarly, any factor
giving an individual the ability to quickly adapt to a change in circumstances may
be expected to replace other types of adaptations. In fact, extinction usually
occurs as a result of changes in circumstances that the species is unable to offset
quickly enough. We should therefore see these theoretically invariably beneficial
adaptations as being spread across the whole of the animal kingdom, obviously
expressing themselves in ways specific to each species.
Unless, of course, they carry a penalty factor. At no point in the model presented
here was versatilism the optimal strategy. In fact, there is always a type of
organism that surpassed the fitness of individuals carrying a versatility gene.
Nevertheless, in certain scenarios the versatility gene establishes itself in the
population and outcompetes other types of adaptation. Thus, this research
refutes one of the most vocal criticisms of the Variability Hypothesis, namely the
observation that since evolution works exclusively on the ‘here and now’, a gene
which confers a potential advantage in the future but not at this moment in time
is unlikely to survive the process of natural selection. In this simulation,
versatility ultimately takes over in the population but only under specific
circumstances of lowered selection pressure. Circumstances that are found for
example, during the dispersal.
These results highlight the importance of dispersal as a force impacting human
evolution but in a very different way than Landau’s folk tale narrative followed by
most previous conceptual models (Chapter 2, Section 2.3.2). Instead of
describing the role of dispersal in human evolution as an event enabled by the
evolution of certain hominin features, this research poses it as an event that
enabled their emergence. The use of principles of the evolutionary process in
constructing the model provides a blueprint for testing and evaluating other
hypotheses related to the origins of the fundamentally human features discussed
before.
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6.2.3

Implications for the wider field of archaeology

The impact of population dynamics, climate change or ancient migrations on past
societies is still poorly understood in archaeology despite the general academic
consensus regarding the importance of these processes for past societies.
The work presented here has highlighted the importance of demographic factors
on many aspects of early hominin dispersals and supported previous intuitions
regarding the role of climate change in shaping the history of hominins. Although
many of the processes simulated in the presented models work on time- and
spatial scales not commonly used for studying past phenomena in more recent
time periods, some of the methods and results can easily be translated to case
studies involving later periods.
For example, the role of climate change in shaping the history of past societies
has been behind such diverse research questions as the rise and fall of
civilisations (such as the Maya or Roman civilisations), the long-term robustness
of different foraging and agricultural strategies or the timing and range of human
migrations in the past. The last topic in particular could in many cases be
approached using the two models developed in this thesis. For example,
prehistory and later periods have witnessed a number of dispersals, from the
Neolithic spread over Europe, to the pastoralists’ colonisation of the vast areas of
Central Asia and beyond or the late Palaeolithic colonisation of the Americas. In
all these cases, many questions similar to those posed in this research (for
example, over the importance of changing climate or specific population
dynamics) remain unresolved. Addressing them would benefit from application of
formal modelling techniques such as simulation and agent-based modelling.
Nevertheless, it has to be stressed that the ontologies constructed here contain a
number of assumptions specific for the reality of hominin life and the scales at
which these simulations operate. This makes closely related topics (for example,
other hypotheses regarding the Movius Line) more amenable for implementation
within the already constructed frameworks. At the same time, the translation of
the simulations presented here to other research questions or time period would
be far from straight forward. To reiterate the words of Sterman (2000), we should
see a research question as a knife that cuts a simulation into a desired shape and
size. Because of this close relation, each model is unique and reusing it to
address different research questions requires a focused research effort. What is
more likely is a ‘pick-and-mix’ type of reuse involving borrowing individual
simulation elements and solutions rather than an appropriation of the full model.
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To facilitate this, both simulations have been constructed in a modular fashion,
extensively documented and made publicly available.
However, the prime goal and contribution of this research was the introduction of
the simulation methods into the standard archaeological toolbox. This research
has illustrated how even the very subtle influence of one process on another can,
over time, have tremendous consequences, for example, the timing and character
of hominin dispersal changing the trajectory of human evolution. Equally, the
necessity of building models extending beyond ‘one factor explains all’ and
including base processes driving human groups in the past has been repeatedly
stressed throughout this thesis. The two case studies presented here showcase
these points, which will be discussed in more detail in the following section.
6.2.4

Simulation as a tool for archaeological practice

Despite the fact that the first archaeological simulations were produced in the
1960s, the discipline did not make as extensive use of these techniques as other
branches of science did. Thus, despite the limitations of the available empirical
evidence (see Chapter 1, section 1.2.1), archaeology remained a heavily empirical
discipline with data analysis occupying the central role in archaeological research.
One of the aims of this research was therefore to evaluate whether the
application of such formal theory building methods could compliment and
support empirical research and whether simulation models can be deemed
‘useful’. This designation comes from a famous statement by George Box: “All
models are wrong, but some are useful”. It is worth bringing up the full quote
here: “For such a model there is no need to ask the question ‘Is the model true?’.
If ‘truth’ is to be the ‘whole truth’ the answer must be ‘No’. The only question of
interest is ‘Is the model illuminating and useful?’.” (Box 1979, 3).
Three features of simulation make them particularly “illuminating and useful” in
archaeological research contexts: formalism, capacity for complexity and
bridging theories with data.
Formalism
A major step in developing the simulations explored in this thesis was the
formalisation of the underlying conceptual models (hypotheses) and frameworks.
Formalisation enables testing of models for logical coherence and enforces a very
detailed description. The natural language in which most archaeological models
are expressed gives their authors a lot of freedom but often leaves many
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elements of the hypothesis underdefined and open to interpretation. This has
further implications for other researchers’ ability to objectively assess the
proposed hypotheses. Thus, one of the inevitable by-products of a wider use of
simulation should be improved academic discourse resulting from more tightly
specified theorizing, discussion and analysis of model elements and their
consequences.
For example, in the Movius Line case study (Chapter 4), simulation was used to
evaluate the plausibility of a hypothesis arguing that the rapid dispersal away
from the tropical zones was caused by the lack of zoonotic diseases in the
northern latitudes. The formalisation of this model showed that the exact process
of zoonotic diseases affecting hominin groups has not been fully defined. For
example, the author had to infer what would be a realistic estimate of the
difference in population growth rate between groups in and outside of the
tropics.
The underdetermination of verbal hypotheses is not the only issue counteracted
by the formalism of computational models. In addition to helping establish the
major ‘known unknowns’, simulations can also highlight the much more difficult
to identify ‘unknown unknowns’, which in other circumstances would remain
outside the research agenda. An example of such a hidden unknown was the
question posed in the Variability case study: “what are the characteristics of the
migrants?”. Despite its clear relevance to the study of Palaeolithic dispersals, it
has received almost no attention so far. Archaeology as a whole could greatly
benefit from mapping out both types of ‘unknowns’ – the underdeterminations of
conceptual models and the gaps in our knowledge hidden so deep that the
community does not even suspect their existence. Thus, the process of
formulating and implementing a simulation may act as a form of theory building,
giving rise to new theoretical models.
Finally, working within a formal computational environment encourages clear
description of verbal theories accessible to all and removes the need to ‘double
guess’ what their author had in mind. Without a doubt this makes them more
vulnerable to criticism but at the same time it ensures that other researchers
correctly understand the model and can build upon it by focusing on specific
elements and improving them.
Capacity for complexity
It is a common critique of digital methods that the phenomenon of interest to
archaeology (and humanities) cannot be broken down in constituent parts and
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analysed using computers. The main rationale for this view is often based on a
strong belief that human systems are unique in a way that makes them too
complex and non-reducible. Yet, at the same time, conceptual models proposed
to explain the archaeological record, for example the first out of Africa dispersal,
are almost universally simplistic. Something that even their authors admit, usually
by noting in passing that the driving mechanism of their theory must be one of
many factors that influenced human groups at the time but without giving any
details of the repercussions of their mutual interactions. For example, none of
the models explaining changes in hominin adaptive repertoire (such as the
invention of a new lithic technology, use of fire, etc.) consider population
dynamics of hominin groups and the effect of environmental change at the same
time, even though it is likely that their authors appreciate the importance of
these factors. This stems from the fact that it is difficult to keep track of the
interaction between multiple processes, some of which may be operating on
different scales, for example, genetic change, migration, cultural change,
population growth, etc.
Nevertheless, there is a general agreement among archaeologists that the past
was as complex as the present. It is also common in archaeological theory
building to list numerous factors influencing a given process or to agree that
multiple explanations of a phenomenon may be correct. For example, researchers
often say that migration is a multifaceted process in which environmental change,
societal structures and physical features may be playing major roles. Similarly the
ultimate demise of Neanderthals is often attributed to multiple factors acting at
the same time.
However, the quantification of the relative importance of each of such factors is
rarely undertaken. Thus it is difficult to assess the impact of each factor and their
interactions on the trajectory of change. Was climate change the main driving
force? Or perhaps the migration would have happened regardless of the
environmental fluctuations due to specific social processes? Would the
Neanderthals survive if climate change did not occur at the same time as the
appearance of Homo sapiens in their territory?
Simulation can help to address this type of complexity not only by breaking it
down into its constituent components but also by keeping track of different
mechanisms interacting in a non-linear way. The results can then be compared to
see the relative importance of each factor. For example, in the Variability case
study (Chapter 5), the population growth, and the migrations have been tested
independently and then together to determine their impact on the evolution of
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behavioural plasticity. Although population growth had a limited impact on the
rate of the evolution of versatility, it did influence the overall probability of
behavioural plasticity taking hold in the population. Such nuanced conclusions
regarding the dependencies in the system would not be possible without the use
of computational power.
Contrary to the human brain, computers have little difficulty with performing
millions of calculations per second and therefore giving us a detailed picture of
the effects of multiple parallel processes acting on human and hominin groups.
This quality of computers has been extensively exploited by other disciplines
leading to rapid advances. Archaeology could follow this path.
Bridging theory and data
Finally, the ability of simulation to test conceptual scenarios by comparing their
agreement with the data is a unique feature that holds much potential for moving
forward many entrenched debates in archaeology.
As described in the previous section, due to the complex nature of the studied
phenomena it is not easy to correctly infer the outcome of the interaction
between the many factors that influenced past societies and correctly predict how
they would have been reflected in the data. As a result, the exact data predictions
of different conceptual models are often impossible to tease out. Equally, it is
difficult to establish whether the given hypothesis can be tested using the
available data at all.
An example of such a situation is the hypothesised impact of short strait
crossings on the final shape of the dispersal data footprint. In theory, hominin
ability or inability to cross via Arabia on the way to Asia or via Gibraltar on the
way to Europe should have diametrically changed where and when we find the
first traces of their presence. However, unexpectedly, in the model presented
here the final shape of the dispersal wave differs only very slightly between the
runs with straits open and those with straits closed to hominin movement. This
indicates that the signal may be simply not present in the data consisting of site
distribution and will have to be looked for elsewhere.
Modelling as the third leg of the science stool (Chapter 1, section 1.2) enables to
directly test the implications of theoretical models against the available data. Its
ability to test and disprove theories using the data is a feature that for a long
time has been missing in archaeology. The two approaches to theory building
and testing – the conceptual and the formal paths are shown here as highly
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complementary. While the freedom of expressing ideas in natural language leads
to highly creative and original models and allows to represent researchers’
intuitions, formal modelling acts as a sieve separating these hypotheses which
are logically coherent and consistent with the empirical record from those which
are not and should be either altered or rejected.
6.2.5

Particularity of archaeological simulations

Finally, it is worth looking into the particular characteristics of simulation models
that contribute the most to their ‘usefulness’ in archaeology specifically. As
described in Chapter 3 simulations can be built and run in many different ways,
none of which are inherently more ‘correct’ than the other. Many of the decisions
that have to be undertaken during the development and experiments have
already been described. I will argue here that there are three features that
particularly increase the value of a simulation in the context of archaeological
research: first, the precise definition of the research questions; second, the
strong grounding in the archaeological context; and third, the effort put into
understanding the causal chain of events in the simulation runs rather than just
reporting the results.
Precise Research Questions
Early archaeological simulations often tried to encompass “the whole world” in a
bid to introduce as much realism as possible into their models. In contrast, the
new generation of archaeological simulations that came of age in the 2000s was
more often focused on small, abstract models concerned with explanation, rather
than emulation (Lake 2014; Premo 2010). The research presented here follows
this trend, which offers a number of advantages. The limited scope of the models
allows them to be developed quickly and with much flexibility, making the
development circle (see Chapter 3. Methodology) shorter and easier to work
through several times before the model is released to the general academic
audience. Second, if we, yet again, follow the metaphor comparing research
questions to a knife used to carve the simulation: narrowly defined questions
make for a very sharp knife. As a consequence, many of the model development
decisions can be evaluated relatively easily since the clearly defined research
questions guide the choices. In addition, results of simple models can be traced
back to their original building blocks with relative ease, making interpretation
much more straightforward. Finally, the likelihood that another researcher or
research group replicates the model is higher for more simple models. Thus, this
research supports the view of van der Leeuw (2016) who recently noted that
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models should resemble a compound bee’s eye - each of the lenses focuses on a
narrow area and only together they combine into the full picture.
This is not to say that the alternative approach, that is large multi-aspect
simulations, should be dismissed since they do present certain advantages over
small, abstract models. For example, the ‘artificial data’ they produce can usually
be compared directly to the ‘real world’ empirical record rather than to a ‘stylised
fact’ as is usually the case with small, abstract models. What seems to be key for
ensuring that such models are successful is the availability of good quality data,
which can be used to parameterise, calibrate and validate the simulation. It is,
therefore, more likely that Palaeolithic archaeology will benefit more from theorydriven models, since such high data requirements are rarely met. On the other
hand, many later periods can draw from some very detailed sources to construct
more realistic and precise simulations (e.g. the written record).
Domain context
The second identified characteristic of simulations that are likely to better serve
the archaeological community at large is the strong grounding of these models in
the domain context of the research topic they investigate. This again helps with
model development as the ‘academic consensus’ can be used to justify certain
decisions. For example, the exact population growth algorithm and the migration
procedure used in the Variability case study (Chapter 5) were informed by our
current understanding of hominin lifeways. Although in theory one can test all
the possible options in parameter and algorithm sweeps, in practice being able to
fix the majority of them thanks to the information coming from domain
specialists is much more practical. Without a doubt many of the assumptions
presented in any one model may change in the future as our understanding of
the topic progresses. However, the idea that the current state of knowledge of a
research topic is, at present, a best possible guess should be the guiding
principle behind model development.
Tractability of a simulation
Third, most of archaeological simulations are likely to fall in the ‘explanatory’
category of models, making the tracking of the causal chain of events in the
simulation an important phase in archaeological model building. In many cases
simulations serving as ‘black boxes’ are perfectly acceptable, for example if the
results are used as predictions (e.g., for policy making). However, when the goal
is to illuminate relationships between system elements and their impact on the
general functioning of the system, effort has to be invested in trying to
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understand where the results came from (see Bullock 2015). For example, in the
Variability case study (Chapter 5) a significant number of additional runs had to
be performed to determine what is causing the observed pattern of the increased
rate of evolution of behavioural plasticity in a migrating population.
This observation has implications for the simulation development process, which
as a result may significantly differ from other disciplines. Where in operational
research it may be enough to show that the simulation match past data and
produce predictions, understanding why the results are the way they are is of
higher importance in archaeological research. As a result, most of the
development effort in the former case will be invested in model building, whereas
in the latter case experiment design and running different scenario is likely to
occupy the majority of time.
In sum, there are a number of advantages to using simulation in archaeological
research over the traditional methodology of constructing narratives in natural
language. First and foremost, they enforce formalisation of the existing
conceptual models - a key stage of making them comparable, replicable, testable
and improvable. Second, they allow for a more nuanced understanding of the
interactions between the system’s elements. Finally, they allow for evaluation of
the relative importance of each factor influencing the workings of the studied
system. As such, they hold great potential for archaeological theory building and
hypothesis testing and could have a significant impact on general archaeological
practice.
In addition, complexity science provides a framework that conveniently marries
the two analytical levels most commonly invoked in archaeology: the individual
and the system. Its focus on individuals, agency and relationships, stochastic
processes and historical contingency should make this theoretical approach close
to heart for most archaeologists. At the same time, the main lesson that
complexity science provides is that simple entities, simple behaviours and simple
relationships can lead to highly complex and often counterintuitive patterns on
the population-level scale. Thus simple explanations of complex phenomena and
complex explanations of seemingly simple phenomena can easily escape
scientific enquiry if approaches other than complexity science and formal
simulation methods are used.

203

Chapter 6: Discussion and Conclusions

6.2.6

Limitations of the method

So far the presented assessment of the potential of simulation techniques and
complexity science for archaeology has been unequivocally positive. However, as
is the case with any scientific method, this one also has its own limitations and
caveats. Among them its ability to test but not to prove models, its dependence
on the theory it is implementing and the data it is using, and the equifinality
issues are considered as the most important.
In the introduction to this chapter it has been argued that simulation may prove
to be the very tool that could break the impasse currently experienced in many
areas within archaeology. However, it cannot be stressed enough that in itself any
one simulation cannot and will not provide the ultimate answer to these
questions. No matter how skilfully constructed, any one computer model cannot
tell us whether hominins left Africa thanks to a shift in their technological
capacity or whether they reached East Asia prior to Europe because the
population growth shaped the dispersal wave. Instead, it is a tool that should be
used to cumulatively amass and test ideas and new theories, and compare their
predictions and coherence with the available data.
The second limitation of the method, which, I hope, has emerged throughout this
thesis, is the fact that a formal model can only be as strong as the underlying
conceptual model and the data that has been fed into it. Thus, the weakness of a
verbal hypothesis will resonate through its formal version and ultimately lead to
only moderately interesting results. In a word, a weak hypothesis will produce a
weak simulation and its outcomes will contribute to our understanding of the
past only to a very limited extent. The cumulative nature of research again comes
into play here, as stronger theories can usually only be built on the ruins of their
weaker versions.
Similarly, weakness in the input data as well as the data used to validate the
simulation results (i.e. the data the results are compared to) will have a ripple
effect on the usefulness of the simulation. Although the majority of input
information are tested within ‘reasonable’ ranges (e.g. the population growth
ranges used in the two case studies), it is not inconceivable that a fatal flaw in
our understanding of such numbers could have a crippling effect on the usability
of the output. Similarly, using ‘fake patterns’ to validate the simulation will
render even the best-devised model useless. In the latter case, researchers face
an unresolvable issue since, in theory, any data patterns could dramatically
change in the future thanks to new discoveries which cannot be predicted.
204

Chapter 6: Discussion and Conclusions

Because of the inherent incompleteness of archaeological data (discussed in
section 1.2.1), attempts to evaluate robustness of the existing data patterns are
unlikely to provide a simple answer to this problem. Thus, except for advocating
for more data collection in general and for a specifically focused data collection
that will help to develop models testing specific research questions, there is little
that can be done.
This brings us to the often invoked issue of equifinality. Although it has been
briefly discussed in Chapter 3, section 3.9), it is such a common criticism of
computational modelling that it warrants further discussion. To recapitulate, the
term ‘equifinality’ refers to the simple idea that one can never be certain that
their model is correct even if it fits the available data since there may be different
models that fit the same data even better.
There are two lines of defence against this criticism. First of all, the same notion
applies to any model, be it a verbal hypothesis or a formal computational model,
and as we saw above even data is not immune to this criticism. Thus, the
equifinality issue is not a problem limited to formal or computational models
even if it is more often used against them than against conceptual models
formulated in natural language.
Second, if each particular model was constructed in a random fashion, that is the
entities and the interactions between them were defined without any regard to
the existing knowledge of the modelled system, then the probability that another
model may describe the reality better would indeed be high. However, formal
models are constructed using all the information available to the researcher at
the time and rarely try to contradict well-known and established facts. For this
reason, the range of models that may be ‘more correct’ in the sense of fitting the
data better is actually small and most definitely not infinite.
Without a doubt, the possibility that a change in the model may align it with the
real system better or that a major paradigm shift will overhaul what seemed to be
established knowledge is something considered by modellers in all disciplines.
This is why outcomes of simulation studies are always accepted as an argument
rather than as a definitive answer to the research questions that inspired it in the
first place.
As such, equifinality is denoting a simple fact of science that we cannot predict
the future state of human knowledge and that many of our theories and data
patterns will be debunked rendering the majority of research efforts useless or at
least less useful than we would desire. Despite this seemingly unresolvable issue,
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humanity as a whole seems to be progressing in our understanding of the world
around us, and the probability that all of human knowledge will at some point be
replaced by some completely different understanding is becoming vanishingly
small.
6.2.7

Implications for the wider discipline of complexity science

Beekman and Baden (2005, 4) in the introduction to their volume on complexity
science in archaeology and anthropology argue that ‘the dynamism in nonlinear
systems theory may perhaps have most to offer archaeology, as the social science
most deeply involved with the issue of social change over time.’ Archaeology has
much to gain from complexity science and would be expected to lead the
research effort in some of its core topics.
The same authors have also proposed a convincing hypothesis as to why, despite
its apparent relevance, complexity science has made a smaller impact on
archaeology than expected. Despite clear features of a paradigm shift as defined
by Kuhn (1970, cf. Downey 2012) the revolution that chaos theory, systems
thinking and complexity science brought upon science in general had lost its
steam by the early 2000s as researchers very rapidly moved on to using new
methods to solve their research questions. As they focused on perfecting the
newly acquired tools the message promoting ‘the new type of science’ became
much weaker. This might have had a negative impact on disciplines that still had
to ‘catch up’ with this new scientific approach, such as many disciplines in the
humanities, creating an impression of a fad-like nature of these concepts and
tools among researchers rather than a realisation of their fundamental nature and
ubiquity in science at large.
The number of applications of the complexity science toolkit in archaeology is
small, despite a number of prominent studies. For example, the artificial Anasazi
(Dean et al. 2000) has led to the formation of the ‘artificial societies’ branch of
the discipline (Castellani 2009). As a result, the impact of humanities inspired
research on the core topics of complexity science is very limited. However, the
idea that there are universal rules and mechanisms that apply to physical, natural
and social systems in different contexts (e.g. because of their fractal structure, or
because they undergo phase transition type of changes) is a pervading theme of
complexity science, even if it lost a lot of its shine since the 1990s (Lewin 2000).
Thus, each model developed in the social sciences (including archaeology)
contributes a small element to the wider debate on whether processes driving
physical, life and social systems are governed by universal laws.
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The two models presented in this thesis fall within the evolutionary branch of
complexity science. One of the contributions of this thesis to the wider discipline
of complexity science, but in particular to the subfield of evolutionary models, is
the notion that under certain conditions the rule that evolution acts on the ‘hereand-now’ rather than on the long-term may be weakened. Here, the Variability
case study demonstrated how a type of adaptation that is never optimal at any
one the time but is highly beneficial over the long-term can survive in a
population and become the dominant one. The implications of this finding stretch
beyond archaeology as similar processes affected other organisms.
Similarly, although agent-based modelling is not a new technique it is relatively
rarely used in complexity science where equation-based models dominate. It is
perhaps not surprising that agent-based modelling is predominantly used in the
branches of complexity science concerned with human societies. Despite this,
social science models differ from those developed in archaeology not only due to
the subject they study but because of the function they serve. Despite being the
discipline considered the closest to archaeology, the vast majority of social
science models are built to provide predictions which are then used to inform
policymakers and other stakeholders. Social scientists often treat simulation as a
mysterious black box that gives (undeniably useful) answers to questions such as
‘how many nurses will we need in 5 years?’ or ‘what will be the impact on fishing
communities if we reduce fish quota by 20%?’. This kind of functionality is of
limited interest to archaeologists for obvious reasons.
In contrast, the focus of the majority of archaeological models is on
understanding the processes and mechanisms driving past societies. We are more
likely to aim our simulations at unravelling the internal dynamics of human
systems and to put much more effort into tracing the chains of causality that
produce the results in the simulations. Thanks to these features, models
developed in our discipline, including the ones presented here, can contribute to
building better social theories in particular those concerned with long-term
societal change. Thanks to this overlap in research interests but difference in the
methods used to study them, archaeological models may provide useful insights
into sociological theory.

6.3

Future directions

The two simulations have been developed with further extensions in mind, hence
they can be easily altered and reused to address a range of research questions
falling outside of the scope of this dissertation.
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The Movius Line simulation is currently set up for modelling a global scale
dispersal. However, it could equally be used to investigate smaller scale case
studies, for example to reconstruct possible dispersal paths on a regional scale
therefore complementing a number of highly insightful GIS studies (e.g., Field
and Lahr 2006; Holmes 2007). It would also be possible to reuse the algorithms
in a simulation concerning the evolution of cultural complexity under different
demographic regimes - currently a very topical subject of simulation and
empirical research (Andersson 2011; Collard et al. 2013; Derex et al. 2013;
Mesoudi 2011; Vegvari and Foley 2014).
The variability model in its current state is a highly abstract representation
serving predominantly as a theory building exercise. Further elaborations could
include spatial structuring into ‘hot’ and ‘cold’ regions, a gradient between them
or running the model on ‘real-world’ data, for example, on the temperature
record of the Pleistocene. Similarly, the carrying capacity of each cell is currently
homogenous. This can be changed in future experiments to investigate the
effects of spatial heterogeneity and clustered vs scattered resource landscapes
(similar to Premo 2006; Wren et al. 2013). Also, the simulation is set up for a
reorganisation of the space into a two dimensional grid. This would allow the
investigation of the impact of spatial structuring on the dispersal wave, that is,
the composition of the populations at different distances from the point of the
origins of the dispersal.
Finally, in terms of the methodological angle of the dissertation, the case studies
presented here evaluated the utility of simulation in its capacity as a theorybuilding and hypothesis-testing tool. However, there are other areas of scientific
inquiry in which simulation can be applied. For example, simulations can be used
as: “a tool for experimentalists: Support experiments (and) as a pedagogical tool:
Gain understanding of a process” (Hartmann 1996, 83).
In the category of “simulation as a tool for experimentalists” one potential
application would be behaviourally-driven predictive modelling. Currently
predictive modelling is done by finding correlations between presence/absence of
archaeological sites and different (predominantly environmental) factors, for
example southern exposure or distance to water sources. These predictions are
then used to calculate the probability of finding an archaeological site at any
given location within the studied region. However, such predictions could be
equally produced by running an agent-based model incorporating behavioural
strategies deemed representative of the past inhabitants of the region on a
realistic GIS layer. This would allow to predict site locations on the basis of
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behavioural models. Although predictive modelling has found wide application in
particular in the commercial and governmental planning sectors, it has been
criticised as being little more than a self-fulfilling prophecy and biasing the
archaeological record in the process (Wheatley 2004). However, an integration of
agent-based modelling with GIS tools could potentially remove some (although
probably not all) of the sources of criticism.
Another function of simulation - simulation as a pedagogical tool - has also
received little attention so far among archaeologists and cultural heritage
specialists. The game-like properties of simulations mean that they lend
themselves particularly well to non-academic outreach and education. Thus
incorporating simulation into outreach activities could break the barrier of written
academic communication and convey the complex narratives developed by
researchers in a playful and engaging manner. For example, the Evolving Planet
game developed by members of the archaeology simulation project Simulpast,
aims to teach a general audience about the principles of the methodology of
archaeological simulation7. From the same team comes a wonderful short
animation “Simulados” describing the project (http://bsc.es/viz/simulados).
The visual appeal of simulation could be harnessed to present even complex
archaeological research clearly and in an interesting manner. Similarly to the
revolution that 3D reconstructions brought to museums, simulation has the
potential to change how archaeologists present their theories about the past to
the general public. These themes should be further explored.

6.4

Conclusions

Almost fifteen years ago in an article describing the first simulation of the Out of
Africa dispersal, Mithen and Reed noted that “attempts at quantification and
simulation modelling appear essential. It is striking that such methods play a
central role in other disciplines dealing with long term change (...) but have been
neglected in palaeoanthropology.” (Mithen and Reed 2002, 434). With only a
handful of models published since then, it has to be concluded that the situation
has not changed significantly. This is surprising, in particular because it stands in
such stark contrast to the volume of work on hominin dispersals generated
during that time. The last two decades saw great advances made by Palaeolithic
researchers when it comes to collecting and analysing the little data there is and

7

https://play.google.com/store/apps/details?id=com.MurphysToast.EvolvingPlanet&hl=en
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a flurry of highly creative conceptual models drawing ideas from a wide variety of
other disciplines. Nevertheless, it is surprising that the discipline which praises
itself for its ability to borrow concepts, theories and techniques from different
corners of science has not picked up one of the most commonly used scientific
tools.
In this dissertation, simulation was used to further our understanding of early
hominin dispersals. Thanks to the application of simulation techniques it was
possible to reveal a number of new insights into the mechanisms behind the
dispersal, to evaluate the importance of different factors influencing the process
and to test the plausibility of previously proposed conceptual models
(hypotheses). In particular, the case studies presented here have highlighted how
subtle interdependencies between different processes affecting individuals may
result in drastically different trajectories of change on the population level. This
is supporting the notion that the “individual needs to be seen as the centre of
causality” (Gamble and Porr 2005, 12) and that with the right tools this can be
achieved in a quantitative manner.
Many of the results presented throughout this dissertation proved surprising or
even counterintuitive at first sight, demonstrating that reliance on common sense
is not enough when it comes to highly complex phenomena such as hominin
dispersals. Equally, as is often the case, a number of new questions emerged in
the research process, in particular during the formalisation phase, indicating that
while the topic of Pleistocene dispersals has been extensively studied, there are
still some significant gaps in our knowledge. This research is a step in the
direction of solving these issues, although no single simulation can offer a full
characterisation of the studied system and multiple models are needed in order
to understand broad complex topics such as hominin dispersals.
Archaeologists often find themselves asking whether their work falls under the
remit of science or humanities (e.g. Sinclair 2017). This debate has been raging
for many years with the adversaries sometimes finding themselves classified into
broader theoretical camps of processualists (archaeology is science) and
postprocessualists (archaeology is not science). From the philosophy of science
point of view archaeology, including its methods, everyday practice and aims,
belongs firmly in the sciences even if it contains elements usually associated with
arts and humanities. Dark (1992) provides a working definition of what constitute
a scientific discipline: “...sciences are those subjects in which the relative
plausibility of rival hypotheses is capable of evaluation by some form of testing,
and arts those in which subjective assessments are made. One might go further
210
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and claim that all science must be based upon mathematical principles, whereas
in arts subjects this is not so.” In theory, there is nothing inherently barring
archaeological research from fulfilling these criteria. However, in practice
although the majority of archaeologists use models based on the available data,
they often depend on subjective assessment when it comes to evaluating
competing hypotheses. Thus, the question of the scientific nature of
archaeological practice will remain open until the discipline shifts from subjective
assessments to formal testing of rival hypotheses. Simulation is a tool that has
the potential to support this process.
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Appendix A: Description of sites

1.1.
1.1.1.

Africa
East Africa

One of the strongest current academic consensus in Palaeolithic Archaeology is
the observation that all of the earliest evidence for both tool making and fossils
belonging to the genus Homo have been found in Africa, and in particular in East
Africa (Stringer and Andrews 2005, 114-123; Clarke 2014)(Figure 1).

Figure 1. The spatial distribution of Lower Palaeolithic archaeological sites in East
Africa. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

Appendix A

The oldest traces of tool-like behaviour in the form of cut marks on bones are
known from the site of Dikika, Ethiopia and date to ca. 3.39Mya (McPherron et al.
2010). Though it is not possible to determine whether these marks have been left
by an intentionally modified tool or a naturally occurring sharp edge of a stone.
The assemblage found at the site of Lomekwi 3 corroborates with the early
dating of Dikika. Dated to 3.2Mya on the basis of their geological position and
palaeomagnetism, the Lomekwi lithics significantly predate all previously known
intentionally modified stones. The investigators argue that the distinctive
technological qualities of the 149 lithics knapped using bipolar and passive
hammer techniques warrant a new name for the industry - Lomekwian (Harmand
et al. 2015). The next oldest known assemblage comes from the site of Kada
Gona and was found in the same region of Ethiopia as Dikika. However, it is
almost 700ka younger (Semaw et al. 1997). The lithics have been assigned to the
Mode 1 technocomplex (Stout et al. 2010). Other early East African sites with
Mode 1 assemblages include: the Lower Omo 57, 123 in the Member F of the
Shungura Formation (2.3 Mya), Fejej Fj1A (1.9Mya), Melka Kunture (1.7Mya) and
Gadeb 2 (1.47Mya) in Ethiopia, sites around West Turkana, e.g., Lokalalei 2C
(2.34Mya), Koobi Fora FxJj1, 3, 10 (1.65-1.89Mya), and Chesowanja (1.5Mya) in
Kenya, Olduvai Bed I and Lower Bed II (1.87-1.65Mya) and Peninj (1.6-1.4Mya)
in Tanzania, Mwimbi in Malawi and Senga 5 in Kongo (2.3Mya) in (Chapon et al.
2008; Delagnes and Roche 2005; de la Torre 2004; de la Torre and Mora 2005;
Harris et al. 2013).
The earliest known Acheulean assemblage comes from the site of Kokiselei 4,
Kenya. Its chronology of ca. 1.76Mya was established using palaeomagnetism
and geological correlations with stratigraphic sequences dated with radiometric
methods (40Ar/39Ar). The lithics include a few very crude handaxes as well as other
Large Cutting Tools (LCTs, e.g. picks), flakes and cores (Lepre et al. 2011).
Slightly younger (1.7-1.3Mya) are: Olduvai (1.5Mya), and Gona in East Turkana,
(1.6Mya) Kenya, Peninj (1.5Mya) in Tanzania, Konso-Gardula (1.75Mya) in
Ethiopia (Beyene 2013; Gallotti 2013; Harris et al. 2013; Kuman 2014).
Assemblages of a ‘transitional nature’ (e.g. Chesowanja, Peninj), i.e. largely
consisting of Mode 1 but with a small proportion of crude bifacially worked tools,
are commonly classified as ‘developed Oldowan’ or ‘early Acheulean’ (de la Torre
et al. 2008).
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1.1.2.

South Africa

In South Africa the two earliest Lower Palaeolithic sites, Sterkfontein and
Swartkrans were found in the Gauteng Province. Both sites provided long and well
dated stratigraphic sequences enabling researchers to trace the cultural change
in lithic production throughout the Lower Pleistocene (Figure 2).

Figure 2. The spatial distribution of Lower Palaeolithic archaeological sites in South
Africa. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

The long sequence in the Sterkfontein complex starts with the lower layers with
numerous remains of Australopithecus africanus (Members 2 and 4) dated to 3.32.6Mya. These layers are overlaid by the earliest deposits containing artefacts Member 5 and Member 5 west. The level containing Mode 1 is dated to 2.1Mya
(Granger et al. 2015), and the earliest level with a Mode 2 assemblage to 1.71.4Mya on the basis of ESR dating and faunal correlations (Kuman and Clarke
2000; Schwarcz et al. 1994). The nearby site of Kromdraai provided a set of
relatively small assemblages dispersed throughout its deposits: Kromdraai A and
B. About 100 artefacts recovered from Kromdraai A has been classified as
developed Oldowan or Early Acheulean (Kuman et al. 1997). Its dating to ca.
1.8Mya is based predominantly on faunal comparison (McKee et al. 1995). It is
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still to be demonstrated if the single Oldowan artefact found in Kromdraai B is in
situ. However, in light of the finds at Sterkfontein, the combination of its date
(2.0Mya) and the classification of the artefacts as Mode 1 makes the site
uncontroversial (Braga et al. 2016).
In Swartkrans, the earliest layers comprise of Member 1 dated to ca. 1.8Ma. This
chronology has been established using U/Pb, ESR as well as extensive faunal
comparison (Balter et al. 2008). The faunal analysis is said to be the more reliable
due to the problems of both radiometric techniques related to the complex
karstic environment of the cave (Kuman 2014, 9). A large collection of
Paranthropus robustus and early Homo fossils in Member 1 (Pickering et al. 2012)
was accompanied by a Mode 1 assemblage. The first instances of Acheulean were
discovered within Member 2 dated to ca. 1.36 and Member 3 dated to ca. 0.83.
The artefacts show strong affinities with East African assemblages.
Another early occurrence of Acheulean in South Africa is represented by
assemblages collected from the alluvial deposits of the lower Vaal River Basin in
the Rietpus Formation (Gibbon et al. 2009). It was dated using a new dating
technique: Al/ Be (Shen et al. 2012; Ivy-Ochs and Kober 2008), which calculates
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the radioactive decay of rare nuclides in quartz produced by high-energy cosmic
radiation when nodules are exposed on the surface. The date of 1.57±0.22Mya is
comparable with the early Acheulean of East Africa. A later occurrence has been
recorded at the site of Elandsfontein (Archer and Braun 2010; Klein et al. 2007).
Although the site is broadly dated to 700-400kya on the basis of faunal
correlations and paleomagnetism, the Acheulean bearing layers are estimated at
ca. 600kya (Klein et al. 2007). Finally, the Acheulean assemblage at Maropeng
has been tentatively dated to >1.0Mya (Pollarolo et al. 2010).

1.1.3.

North Africa

Despite the favourable climatic condition prevailing in the region for most of the
Early and Middle Pleistocene, the North African record is surprisingly poor. Most
of the finds related to the Lower Palaeolithic come from unsystematic field
surveys and lack a secure context or chronology (Aouraghe 2006; Sahnouni
1998). The notable exceptions are Aïn Hanech, El-Kherba and Tighenif in Algeria
and the Casablanca sequence in Morocco (Figure 3).
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Figure 3. The spatial distribution of Lower Palaeolithic archaeological sites in North
Africa. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

The sites of Aïn Hanech and El-Kherba situated a few hundreds metres from
each other represent the oldest known traces of human presence in North Africa.
Aïn Hanech has been tentatively dated to 1.7-1.8Mya on the basis of faunal
analysis and a correlation with the Olduvai subchron. However, this early date has
been questioned and an alternative age of 1.2-1.0Mya has been suggested
(Geraads et al. 2004). The sites have produced simple core and flake
assemblages with no traces of bifacial working (although multiple handaxes have
been found in the environs of the site (Sahnouni 2006)) and were classified as
Mode 1 (Sahnouni 1998; Sahnouni et al. 2010).
The recently reported site of Mansourah has been tentatively dated to the same
age as Aïn Hanech on the basis of faunal similarities. The recovered lithics are
also comparable and were classified as Oldowan (Chaid-Saoudi et al. 2006).
In Algeria, the Acheulean site of Tighenif (formerly Ternifine) has been dated to
0.7Mya using faunal correlations and paleomagnetic analysis. Its most famous
discovery were hominin remains recovered in 1954-56 by Camille Arambourg and
named Atlanthropus mauritanicus. The species attribution has since been
changed to Homo erectus. The site has also produced a rich assemblage
classified as Mode 2 as well as some bone implements (Geraads et al. 1986).
The so-called ‘Casablanca sequence’ in Morocco comprises a series of
paleontological and archaeological locations stretching over the last 5.5 Ma
including a number of important Lower Palaeolithic sites: Thomas Quarry I, the
Hominid Cave and the Rhinoceros Cave (Raynal et al. 2002).
267

Appendix A

Unit L at the site of Thomas Quarry (original: Carrière Thomas I) is the oldest
level at which traces of hominin presence were preserved. Its age has been
estimated on the basis of animal remains to 1.0Mya and roughly corroborates
with OSL dates, although the latter has large error margins (200-400kya). The
lithic assemblage was identified as Acheulean (Geraads et al. 2004; Raynal et al.
2002a; 2002b).
Another Casablanca location is the Hominid Cave named after the discovery of a
mandible and four teeth attributed to Homo erectus. Chronometric dating (OSL,
ESR and laser ablation ICP-MS) indicate the age of ca. 360-470kya. The lithic
assemblage includes a number of handaxes attributable to Mode 2 (Raynal et al.
2010).
The Rhinoceros Cave in the Oulad Hamida 1 Quarry (formerly Thomas III)
produced a rich lithic assemblage (> 3000 artefacts) containing multiple bifacially
worked tools which placed it firmly within Mode 2 (Raynal et al. 1993; 2002b). Its
original dating of 279-476kya based on faunal comparison and ESR dates
(Rhodes et al. 1994) has more recently been confirmed to be around 500kya
thanks to the new OSL dating (Rhodes et al. 2006).

1.2.

Asia

1.2.1.

The Levant

Thanks to decades of intensive work the Levant is a well archaeologically
surveyed area. It is also a key region for the study of dispersals as the majority of
routes from Africa and into Asia and into Europe cross through the region.
Finally, it is a natural extension of the African Rift Valley, therefore affording
good conditions in terms of sites preservation and visibility. As a result, the
number of Lower Palaeolithic sites in the region is significant (Figure 4).
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Figure 4. The spatial distribution of Lower Palaeolithic archaeological sites in the
Levant. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

The site of Ubeidiya, Israel is unquestionably the most prolific and well studied
locality in the Levant. Recently re-dated to 1.5Mya on the basis of a combination
of paleomagnetism and an extensive faunal correlation (Martínez-Navarro et al.
2009) it produced a rich set of assemblages attributed to either ‘developed
Oldowan’ or ‘Early Acheulean’ depending on the frequency of handaxes (BarYosef 1998). The investigators initially reported a number of living floors,
however, they have been explained away as a result of natural processes related
to episodic changes in the ancient lake margins (Mallol 2006). A number of
human remains, predominantly teeth, classified as Homo erectus were also
identified (Belmaker et al. 2002).
Bifacially worked tools, divided by the investigators into ‘archaic’ and ‘Acheulean’
groups, have been collected from a number of find spots in the area of Nahal
Zihor, Israel (Ginat et al. 2003). Although none of them was found in situ, Ginat
and colleagues (2003) argue that at least some of them were likely to erode from
the sediments related to the ancient lake system - Lake Zihor, dated to >1.4Mya.
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If proven correct, this would make the finds the oldest handaxes outside of
Africa.
The site of Yiron, Israel yielded a few in situ artefacts and a larger surface
collection that might have eroded from the same gravel. The K/Ar dating of the
overlying basalt layer indicates the age of >2.4Mya (Ronen 2006). The lithics
assemblage is very small and consists of a few flakes and cores, which do not
allow for a secure technological attribution (Ronen 1991). The second potentially
oldest site in the region is Erq el-Ahmar, Israel, where a small assemblage of
worked pebbles and flakes was dated to 1.75-1.95Mya using K/Ar and
palaeomagnetism (Ron and Levi 2001). However, both the artefactual nature of
the finds, and the reliability of the dating are controversial (Shipton and Petraglia
2014). The Evron Quarry, Israel produced two distinctive sets of lithics. The
excavated assemblage consists of flakes and cores classified as ‘small tools’
tradition, whereas the material collected on the surface and in the quarry dumps
includes handaxes (Ronen 2003). The investigators associated both groups of
artefacts, arguing that this division may reflect the spatial structuring of the site.
The excavated assemblage has been dated to ca. 1.0Mya on the basis of faunal
correlations, palaeomagnetism and chronometric dates obtained by ESR and TL
(Porat and Ronen 2002; Ron et al. 2003).
There seems to be a chronological gap in the Levantine record between Ubeidiya
and the next oldest site of Gesher Benot Yaaqov (GBY), Israel dated on the basis
of palaeomagnetism to the time period close to the Brunhes/Matuyama boundary
(Goren-Inbar et al. 2000). The site was waterlogged, which resulted in an
extraordinary preservation of the organic matter (Goren-Inbar et al. 2002) and
traces of fire use (Goren-Inbar et al. 2004). The lithic industry is dominated by
LCTs, in particular cleavers, and classified as Acheulean (Saragusti and GorenInbar 2001).
Of similar age is the site of Bizat-Ruhama, Israel dated with a combination of
palaeomagnetism and ESR dates to 0.85-0.99Mya. The lithic assemblage has been
attributed to the small tools tradition on the basis of such characteristics as the
uniformly small size or the flakes and cores, heavy retouch and lack of bifacially
worked tools (Zaidner et al. 2003). However, the only locally available high quality
raw material consists of small pebbles, which might have restricted knappers’
choices and impact the technological characteristics of the assemblage. The
documentation of the nearby site of Nahal Hesi, Israel has unfortunately been
lost but the ‘classic’ Acheulean look of the lithic industry as well as the
composition of the faunal assemblage have led the investigators to attribute it to
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the Middle Pleistocene (Yeshurun et al. 2011). In contrast to most Lower
Palaeolithic sites in Levant and beyond, both Bizat-Ruhama and Nahal Hesi were
located at the fringes of a desert in a semi-arid environment.
The site of Latamne, Syria excavated by Clark in the 1960s, belongs to the
younger horizon. Dated to either 0.55-0.6 or 0.7-0.9 on the basis of TL dates and
faunal correlation respectively it produced a Mode 2 assemblage (Bar-Yosef 1994;
Dennell 2009, 275; Bar-Yosef and Belmaker 2011). Another rich findspot in Syria
is the oasis of El Kowm. At the recently excavated site of Aïn al Fil researchers
identified a large (800 pieces) Mode 1 assemblage below a palaeomagnetic
reversal interpreted as the Oldown subchron. The dating of ca. 1.8Ma is
supported with faunal analysis. The site of Hummal produced Mode 1 and Mode
2 assemblages. The age of the bottom layers containing an Oldowan assemblage
has been estimated at 1.6-1.2Mya on the basis of geological and faunal analysis
and K/Ar dates (La Tensorer et al. 2011; 2015).
A number of surface finds have been reported from the Levant, for example Joub
Jannine II, Borj Quinnarit, Kefar Menachem, and Khattab, but they lack secure
chronometric dates (Bar-Yosef 1994).

1.2.2.

Arabia

Despite the recent surge in archaeological survey activity in the Arabian
Peninsula, the number of stratified sites and assemblages with secure dating in
the region is low (Figure 5).
An even smaller number of sites have been tentatively attributed to the Lower
Pleistocene, for example the site 201-49 near Shuwayhitiyah in Saudi Arabia. The
site was dated on the basis of the characteristics of the lithic assemblages which
was attributed to the ‘developed Oldowan’ due to the low frequency of bifacially
worked tools (Petraglia 2003). However, since the assemblage comes from a
deflated site with frequent occurrences of artefacts of clear holocene origins the
dating remains provisional. Other assemblages previously attributed to the Lower
Pleistocene have recently been re-evaluated and turned out to consist of geofacts
(Groucutt and Petraglia 2012). There are more instances of sites with Acheulean
assemblages in Arabia. Two sites excavated in the area of Dawādmi in Saudi
Arabia (previously referred to as Saffaquah) produced rich Acheulean
assemblages related to 8 well-defined functional areas where different activities
took place (Bar-Yosef 1994). The sites are dated with U/Th to >200kya. Of similar
age (ca. 200kya with U/Th dating) is a concentration of surface finds at Wadi
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Fatimah, on the western coast of Saudi Arabia. The assemblage is also attributed to
the Acheulean (Groucutt and Petraglia 2012).

Figure 5. The spatial distribution of Lower Palaeolithic archaeological sites in Arabia.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red triangles flake industries.

1.2.3.

Anatolia

Although Anatolia holds a rich record of surface finds attributed to the Lower
Palaeolithic, the number of assemblages recovered from secure contexts is low
(Kuhn 2002). The earliest trace of hominin presence is a single flake recovered
from an alluvial terrace of the Gediz River in western Turkey and dated to 1.241.17Mya (Maddy et al. 2015). The only stratified sites currently known are Dursunlu, the
Yarımburgaz Cave, the Karain Cave and Kaletepe Deresi (Figure 6).
The artefact bearing sediments from the site of Dursunlu in Turkey have been
exposed during lignite mining activities and therefore could not be excavated
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following a standard archaeological methodology. Instead, large blocks of lignite
hoisted up from a depth of about 10m were examined on the surface after the
mining operations ceased. The advantage of the unusual location is a remarkable
preservation of animal remains which together with a paleomagnetic analysis
suggest the tentative dating of 0.77-0.99Mya (Güleç et al. 2009). The small
sample (135 specimens) of lithics recovered from the site contains no traces of
bifacial working and was therefore assigned to Mode 1.

Figure 6. The spatial distribution of Lower Palaeolithic archaeological sites in Anatolia.
Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red triangles flake industries.

The Yarımburgaz Cave in Turkey yielded a rich lithic assemblage, although its
dating is problematic. ESR analysis on suboptimal samples of bear teeth indicated
a wide spread of dates ranging from OIS6 to OIS9, limiting the age determination
to the latter half of the Middle Pleistocene (Kuhn 2002). The characteristics of the
lithic assemblage, such as a high proportion of heavily retouched flakes,
predominantly denticulates and notches as well as a general small size of the
lithics, place it in the small tool tradition more commonly associated with Central
and Eastern European sites (Kuhn and Stiner 2010), although the composition of
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the assemblage is said to be heavily influenced by the quality of locally available
raw material (Kuhn 2002).
The Karain Cave in Turkey provided a long sequence of occupation horizons
among which the levels A-E contain Lower Palaeolithic remains. Although the
higher units have been dated with a series of ESR dates, the age of the bottom
five layers is only estimated, based on their stratigraphical position, to >350kya
for level A and 350-300kya for levels B-E (Çetin et al. 1994). The lithic assemblage
from level A is said to strongly resemble the finds from Yarımburgaz which led
the investigators to attribute it to the ‘clactonian’. Levels B-E contained a set of
much more exquisitely crafted stone tools, in particular scrapers, much akin to
the High Lodge assemblage. It has been associated with the ‘charentian’
tradition. No traces of bifacial working have been found despite the availability of
good size raw material (Kuhn 2002; Otte et al. 1998).
The most recently excavated site of Kaletepe Deresi 3 in Turkey produced the
first well dated in situ open air site with lithic assemblages attributable to the
Lower Palaeolithic in the Anatolian Peninsula. The fission-track and K/Ar dates
corroborate at around 1Mya providing a terminus post quem for the Lower
Palaeolithic assemblages (Slimak et al. 2008). The lithics in units IV-XII show clear
Acheulean affinities with numerous thinning flakes and bifacial preforms (Slimak
et al. 2004; 2008).
Finally, a recent discovery of a Homo erectus cranium at Kocabaş, Turkey (Alçiçek
2014; Kappelman et al. 2008) dated to 1.3-1.1Mya (Lebatard et al. 2014) has
provided evidence for hominin presence on the Anatolian Peninsula at the time
more consistent with the early dates of Dmanisi and Ubeidiya. An interesting
observation is that although only one stratified site (Kalepe Deresi 3) yielded an
Acheulean assemblage, surface finds of handaxes are common throughout the
Anatolian peninsula (Kuhn 2002).

1.2.4.

Modern day Iran and Iraq

There are no known stratified Lower Palaeolithic sites in the modern day Iran
(Biglari et al. 2000; Biglari and Shidrang 2006; Biglari pers. comm. 2014). A
number of surface finds have been collected in the past, mostly consisting of less
than 100 pieces and with no associated faunal remains or other means of dating
them (Figure 5).
Some of the assemblages seem to be either Middle Palaeolithic or at least mixed
and the chronology of the ones most convincingly attributed to Mode 2, for
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example from the sites of Ganj Par and Kashafrud, cannot be verified (Biglari
and Shidrang 2006; Dennell 2009, 116-8; overview: Davoudi et al. 2015).
The two most probable Lower Palaeolithic localities in Iraq are the sites of Barda
Balka (Bar-Yosef 1994), excavated in the 1950s, and recently surveyed Mar
Gwergalan Cave (Davoudi et al. 2015). However, in both cases the age of the
sediments has been questioned and the attribution to the Middle Palaeolithic
seems more likely.

1.2.5.

Caucasus

The Lower Palaeolithic record of the Caucasus, a region often called ‘the Gates of
Europe’ (e.g. Dean and Delson 1995; Lordkipanidze 1999), is dominated by the
spectacular discoveries at the site of Dmanisi, although other localities, such as
the Trieugol’naya cave bear witness of a continuous hominin presence during the
Lower and Early Middle Pleistocene (Figure 7).
Discovered in 1983 during the excavation of a medieval complex (Vekua and
Lordkipanidze 2010), the site of Dmanisi in Georgia furnished a rich collection of
hominin remains classified as early Homo erectus and a newly defined species
Homo georgicus (Gabunia et al. 2000; Gabunia et al. 2002). Among them, a
toothless specimen (Lordkipanidze et al. 2005) is often cited as the earliest
evidence for altruistic behaviour among early hominins (e.g. Spikins et al. 2010).
The site has been securely dated using a range of chronometric techniques to
1.85-1.77Mya (de Lumley et al. 2002; Ferring et al. 2011). The lithic assemblage
has been classified as Mode I or Oldowan sensu lato although the investigators
compare it to the earliest stone tools in Africa (termed the ‘Pre-Oldowayen
horizon’) characterised by the dominance of choppers and chopping tools and
the lack of standardised retouched flakes (de Lumley et al. 2005).
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Figure 7. The spatial distribution of Lower Palaeolithic archaeological sites in the
Caucasus. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

There is a vast chronological gap between Dmanisi and the second securely dated
Lower Palaeolithic site in the Caucasus - the Trieugol’naya Cave in Georgia
(Doronichev 2000). The age of the site was determined using paleomagnetism,
ESR dating and faunal studies (Blackwell et al. 2005). The bottom layer (7a) was
dated to ca. 500kya while the units 5a-c and 4a-d were attributed more widely to
OIS13 (430/455-360/365kya). The assemblages from the two lowest artefact
bearing units (7a and 5a-c) are small (18 and 27 pieces) and non-distinctive. The
higher level 4d is larger and contains flakes and cores sharing many similarities
with the small tool tradition commonly associated with Central and Eastern
European assemblages. No traces of bifacial working have been found at any level
(Doronichev 2000).
The site of Akhalkalaki (also known as Amiranis Gora) has furnished 20 andesite
artefacts attributed to Acheulean. Although the dating of the site to 980-780kya
based on palaeomagnetism and faunal correlations, the artefacts recovered
during excavation have been found exclusively in disturbed contexts caused by
animal burrowing. Since they resemble surface material recovered in the vicinity
of the site it is likely they have been redeposited and their association with the
dated sediments is contentious (Tappen et al 2002). Equally controversial are
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finds from the Kudaro Cave, Georgia. Doronichev (2008) and Ljubin and Bosinski
(1995) mention 11 flakes from Stratum 8a dated to 560kya with TL. However, no
details are published beyond its assignment to Acheulean. Other lithic bearing
levels in the Kudaro complex are much younger in age. Finally, although over 200
lithics have been reported from the levels VII-X at the Azykh Cave, Azerbaijan
their artefactual nature has been heavily disputed (Ljubin and Bosinski 1995). The
palaeomagnetic analysis placed them around the Matuyama/Brunhes reversal
780kya. Doronichev (2008) argues that five of them are real stone tools but he
questions the integrity of the context they were found in. The rich Acheulean
assemblages from upper levels of the cave belong to the second part of Middle
Pleistocene.
A very small assemblage has been reported from the Weasel Cave (Mishtulagti
Lagat) in Northern Osetia. Although relatively securely dated with Ar/ Ar
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to >500kya the very small number of lithics restricts any typological attributions
(Doronichev 2008; Hidjrati et al. 2003). Some preliminary results of excavations
at the sites of Darvagchai I, Rubas I and Aynikab in Dagestan indicate human
presence in the region around 800–600kya during the Baku transgression of the
Caspian Sea. Both assemblages have been classified to the Central European
small tool industry (Derevianko et al. 2006), although their artefactual nature and
the homogeneity of the assemblages has been questioned (Doronichev and
Golovanova 2010; Doronichev 2008). Finally, a number of surface finds of
Acheulean provenance has been reported throughout the region (overview: Ljubin
and Bosinski 1995). However, their dating remains problematic.

1.2.6.

South Asia

The number of sites in South Asia comparable in age to the Caucasian, South-East
Asian or Chinese record is small. This is particularly surprising given that
environmentally the region was supposed to belong in the Pleistocene to a wide
belt of hominin-friendly conditions - Savannahstan (Dennell and Roebroeks 2005).
Equally, the undisputable evidence of human presence at least 1.4Mya from both
China and Southeast Asia indicates that sites of equal age would be expected in
South Asia. In addition, Petraglia (2010, 169-170) highlights that in this case the
history and intensity of research does not explain the scarcity of sites as a
significant number of archaeological surveys have been conducted in India and all
of them failed to locate any convincing early sites with Mode 1 assemblages.
Equally, the Deccan Plateau does not have geological features (cf., the thick loess
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mantle covering the Chinese Plateau) that would suggest strong taphonomic
factors obscuring the visibility of sites in archaeological surveys (Figure 8).

Figure 8. The spatial distribution of Lower Palaeolithic archaeological sites in South
Asia. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

There are two instances of potential early sites in the region: Riwat and Pabbi
Hills, Pakistan. The lithic assemblage at the site of Riwat consists of a quartzite
core and a few flakes picked up from an eroding layer dated to >1.9Mya on the
basis of its geological position. A richer sample of 607 artefacts in total was
collected from the three Upper Siwalik stratas of the Pabbi Hills dated to 0.91.2Mya, 1.2-1.4Mya and 1.7-2.2Mya. However, none of these finds come from a
secure stratigraphic context (Chauhan 2009; Dennell 2009). Both sites are
currently situated in the foothills of the Himalaya, although as Dambricourt
Malassé (2008) points out 2.0Mya these areas would not exceed 500m in altitude.
The earliest instance of Acheulean in the region are the findspots of Dina and
Jalalpur in Pakistan tentatively dated to >0.78 on the basis of their geological
position (Petraglia 2011). However, the assemblages are very small (1 handaxe in
Dina and 14 artefacts including 2 handaxes in Jalalpur) and their not in situ
position hampers more reliable chronological assessment precluding further
interpretation (Dennell 2009; Petraglia 2010).
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For decades, the hallmarks of the early occupation of the Deccan were the ‘soan’
industries. Compared to Mode 1 or developed Oldowan due to rare bifacially
worked tools and the distinctive lack of ‘classic’ handaxe assemblages attributed
to the soan culture were considered to be a chronological marker of the Early
Pleistocene. Recently, however, the soan series were re-analysed and
reinterpreted as belonging to the late part of the Middle Pleistocene (Chauhan
2008; Dambricourt Malassé 2008; Petraglia 2010).
The majority of Mode 2 sites in the region group around the 0.7Mya mark in
Pakistan and >350-200kya in India (Petraglia 2010) with an exception of the sites
of Isampur, Bori and, recently reported, Attirampakkam, India. The latter was
dated to 1.57Mya by means of Al/ Be and palaeomagnetism. The large
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assemblage of Attirampakkam contains numerous handaxes and a few cleavers
unequivocally placing it in Mode 2 (Pappu et al. 2011). In the Isampur Quarry in
India the Mode 2 assemblage knapped on limestone slabs has been dated to
1.2Mya based on the ESR dates on two mammalian teeth (Paddayya et al. 2002).
This date has recently been questioned and an alternative interpretation of the
ESR dates based on the early uptake rather than linear uptake model was
suggested revising the date to 0.73Mya (Petraglia 2011). The site of Bori, India
has also produced a Mode 2 assemblage (Gaillard 2006). Its chronology, however,
remains uncertain. The initial estimate of 1.38Mya based on K/Ar dating has been
shown to be erroneous. The site was subsequently dated to 670±30kya with
Ar /Ar , to 538kya with K/Ar, and to 640kya with fission track (Gaillard 2006;
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Petraglia 2011). Finally, a Mode 2 site - Singi Talav, India is tentatively dated
to >0.8Mya on the basis of geological correlation with another stratigraphic
sequence located nearby (Gaillard 2006). Again, the reliability of this date has
been heavily criticised (Petraglia 2011).
A number of other localities where Mode 2 implements were found include the
Bhimbetka and Adamgarh shelters. The sites from the Raisen District, Kaladgi and
Kortallar Basins and Hunsgi, Baichbal and Gunjana Valleys have no age
attributions while others, such as Morgaon and Chirki Nevasa, are tentatively
dated to <0.78Mya (Chauhan 2009; Sangode et al. 2007) based on
palaeomagnetism. However, they are highly controversial due to the unclear
association between the lithic bearing layers and the sampled stratigraphic
columns that produced the dates (Petraglia 2011). In general the South Asian
sites are rich in handaxes and cleavers, especially found in surface clusters but
their dating seems to be relatively young, ca. 200-150kya (Chauhan 2009;
Petraglia 2006). This in conjunction with a virtual absence of Early Middle
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Pleistocene assemblages in some key areas connecting the Near East with the Far
East (e.g. Hazarika 2012) have led some researchers to consider the possibility of
an occupational hiatus in India or at least a very low population density in the
region during the early stages of the Middle Palaeolithic (e.g. Petragilia 2010).

1.2.7.

Central Asia

Despite serving as a dispersal corridor to China and having the optimal for early
Hominins environmental conditions similar to these of East Africa, Central Asia
furnished only a handful of sites (see Glantz 2010) (Figure 9).

Figure 9. The spatial distribution of Lower Palaeolithic archaeological sites in Central
Asia. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

The site of Kul’dara, Tadjikistan has been found within a loess sequence and
thanks to the Matuyama-Brunhes reversal event identified in a layer above can be
dated to close to 0.78Mya for the lower units and 0.57-0.62Mya for the main
artefact bearing layer. Unfortunately, the lithic assemblage consists of only 40
pieces. Although the investigator used the SLA methodology to describe the
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lithics, therefore avoiding taxonomic classifications (Ranov et al. 1995), the lack
of bifacially worked tools places the site in Mode 1.
The nearby sites of Karatau and Lakhuti in Tajikistan have been found in a long
loess and paleosols stratigraphical sequence which enabled the researchers to
push back the initial TL dating of ca. 130-200kya to a much older date of 500600kya (Davis and Ranov 1999). The lithics assemblages were classified as
‘pebble-tool industry’ or Mode 1. Some of the flakes were knapped using the
quartier d’orange technique known predominantly from the site of Isernia in Italy.
The assemblage from Lakhuti contains flakes resembling proto-Levallois and
Levallois debitage (Ranov and Davis 1979).
The age of the recently reported sites of Koshkurgan 1–2 and Shoktas 1–3,
Southern Kazakhstan, has been estimated to 250-500kya for the former and 420500kya for the latter with a series of ESR dates and faunal correlations. The lithic
assemblages of the two sites are very similar and fall into the flake industries
class. However, Koshkurgan’s assemblage include some Levallois elements while
the Shoktas lithics are dominated by heavily retouched flakes 2-7mm in size
which led the investigator to attribute them the the small tools tradition
(Derevianko 2006; Derevianko and Shunkov 2014, 5485).
Vast collections (numbers such as 600 000 artefacts have been claimed) of
surface finds have recently been reported from Kyzyltau also in Southern
Kazakhstan. However, as they were not found in situ their attribution to the
Lower Pleistocene is based only on technological characteristics of the lithics. The
preliminary description makes no mention of bifacial working suggesting the
finds belong to Mode 1 or the small tool tradition (Taimagambetov et al. 2013).
Further analysis is needed to verify whether the finds do not represent naturally
occurring stones.
A number of surface finds containing handaxes have been identified in
Kazakhstan and Turkmenistan. However. as they are not in situ their chronology
is uncertain leading researchers to consider them as Middle Palaeolithic localities
(Dambricourt Malassé 2008; Davis and Ranov 1999; Glantz 2010).
In Afghanistan a surface collection collected on the shores of the Dasht-i-Nawar
lake comprising quartzite scrapers and pebble tools has been reported as a
potential Lower Palaeolithic site (Davis 1978). The site is located in a high energy
environment likely to produce geofacts and there are no means of dating the
finds. This vast region is one of the last large ‘unexplored’ areas with a high
potential for Palaeolithic sites related to the earliest hominin dispersals (Glantz
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2010), however, the high risk of landmines hinder the feasibility of an
archaeological survey.

1.2.8.

East Asia

East Asia has a rich record of Palaeolithic localities. For many years, the majority
of them were highly controversial as their dating was primarily based on
geological correlations. Nowadays, with well developed loess-palaeosol sequence
and extensive program of radiometric dating the East Asian record is better
established (Figure 10).

Figure 10. The spatial distribution of Lower Palaeolithic archaeological sites in East
Asia. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

Currently the oldest known trace of hominin presence in China is the Homo
erectus cranium found at the site of Gongwangling, Lantian Province, North
China. Originally dated to 1.1Mya, it has been recently proposed that the actual
date of the fossil is >1.62Mya (Zhu et al. 2015). About 200 lithics attributed to
Mode 1 have been reported from 27 localities in the province, 20 of which can be
directly associated with the skull (Leng 1998). A more controversial claim has
been made for the site of Renzidong dated to 2.4Mya on the basis of its
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geological position alone (Shelach-Lavi 2015, 22). A small assemblage recovered
during excavation has been attributed to Mode 1 (Hou and Zhao 2010). Similarly
contentious is the site of Longgudong, Hubei province. Here a much larger
possible Mode 1 assemblage has been tentatively dated to 1.0Mya using
palaeomagnetism combined with faunal analysis (Hou and Zhao 2010).
The most prolific area for early sites in the region is the Nihewan Basin in North
China. It contains a continuous record stretching to 2.0Mya of loess layers and
sandwiched between palaeosols. The oldest lithic assemblage has been
uncovered at the site of Shangshazui. 24 finds in total were recovered from a
layer dated to 1.7-1.6Mya on the basis of paleomagnetism and associated fauna
(Ao et al. 2013). The site of Majuangou is of similar age to Gongwangling. The
lithics coming from four distinctive layers dated to between 1.66 - 1.32Mya were
attributed to Mode 1 (Zhu et al. 2004). In the environs a number of early finds
have been brought to light among which the site of Donggutuo has been studied
most intensively. Dated to 1.1Mya on the basis of palaeomagnetism (Wang et al.
2005) the lithic assemblage consists of flakes and cores and has been attributed
to Mode 1. Although given the size of the lithics it was also considered as a
‘small tools’ industry, these characteristics are most likely a reflection of the poor
quality of the available raw material (Dennell 2009, 168; Keates 2003; Shen and
Chen 2003). The site of Xiaochangliang produced another large (3113 pieces
plus 812 from the most recent excavations) assemblage, although it is only since
the 1998 that it has been recorded following the standard archaeological
methodology of recording finds in three dimensions. The lithic assemblage
consists of cores and flakes and has been classified as Mode 1. As in the case of
Donggutuo, the small size of the lithics probably reflects the character of the
local raw material (Keates 2003; Shen and Chen 2003). The chronology of the site
has been estimated to 1.36Mya on the basis of its geological location and a
palaeomagnetic analysis. However, due to the discontinuous nature of the strata
in the area it remains controversial (Dennell 2009, 170). The age of the recently
reported site of Goudi (previously known as Majuangou III) in the Nihaven Basin is
tentatively estimated to between 1.36-1.66Mye on the basis of its geological
position. However, this chronology depends on the dating of the nearby sites, in
particular Xiaochangliang (Gao et al. 2005), therefore remaining provisional.
Another small assemblage (33 pieces) has been excavated at the nearby site of
Xiantai and dated to 1.36Mya using the geological correlations with stratigraphic
sequences in the area (Deng et al. 2006). Finally, another Nihaven locality, the
Maliang site, was dated using palaeomagnetism to ca. 0.78Mya (Wang et al.
2005). The relatively small (200 pieces) assemblage belongs to Mode 1.
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A small (32 pieces) assemblage has been found at the site of Xihoudu in North
China. The layer in which the artefacts were found is dated to 1.27Mya on the
basis of palaeomagnetism. However, the finds have been questioned and may
represent geofacts (Dennell 2009, 177; Zhu et al. 2003). Finally, the famous site
of Zhoukoudian (Locality 1) has been recently redated to 0.68-0.78Mya using
the cosmogenic Al/ Be method (Shen et al. 2009). The abundant lithic
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assemblage is composed predominantly of small flakes and has been variously
attributed to Mode 1 or small tools industries (Burdukiewicz 2003; Shen et al.
2016).
In South China the finds from the Longgupo Cave have been a source of much
academic debate (Weiwen and Pu 2007). A layer dated to 1.78-1.96Mya using ESR
and faunal analysis was said to contain remains of Homo erectus with an
associated small lithic assemblage. However, both the fossils and the lithics have
been contested: the hominin remains are likely to belong to a large ape whereas
the lithics are now considered geofacts (Bar-Yosef and Belfer-Cohen 2001).
Dennell (2009, 180) who re-evaluated the assemblage suggested that one of the
finds, a hammerstone, may be intentionally worked (used) which raises the
possibility that Longgupo has furnished the first excavated evidence of tool-using
among non-hominin primates. Another South locality is Youanmou, Yunnan
Province. The site has furnished a small assemblage (22 pieces) and human
incisors dated to either 1.7Mya or 0.6Mya depending on the interpretation of the
geological sequence (Hou and Zhao 2010; Wu and Wang 2016). Equally, the
association between the hominin fossils and the artefacts are controversial
(Shelach-Lavi 2015, 26).
A number of East Asian sites produced mode 2 assemblages. Among them the
most widely cited is the Bose Basin, South China dated to 0.8Mya using Ar/ Ar.
40
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The assemblage consisting of 991 lithics is dominated by unifacial and bifacial
LCTs exhibiting all of the technological features attributed to the Acheulean
(Yamei et al. 2000; Xie and Bodin 2007). A recently reported locality of
Sanmenxia Basin, has an even earlier date of 0.9Mya obtained from a combined
palaeomagnetic and geological correlation with the Chinese loess-paleosol
sequence (Li et al. 2017). The assemblage was excavated in the 1960s and has
only recently been reevaluated. Out of 94 pieces excavated and collected from
the surface three are considered bifacially worked (one handaxe and two
cleavers). Similarly, the assemblage from Luonan Basin in China includes LCTs,
especially a significant number of cleavers. However, the lithics were collected
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from the surface and their dating to the Middle Pleistocene derived from their
geological position remains provisional (Petraglia and Shipton 2008; Gao 2013).
The recently reported surface finds attributed to Mode 2 in Danjiangkou
Reservoir Region in central China have been dated to 0.5-0.6Mya using the ESR
(Kuman et al. 2014; Li et al. 2014a). An excavated in situ assemblage from the
site of Shuangshu in the Danjiangkou Reservoir belongs to the same terrace and
is characterised by the presence of 13 LCT including 10 handaxes, leading to its
attribution to Mode 2 (Li et al. 2014a; 2014b).
A number of sites containing both Mode 1 and Mode 2 industries are known from
China, (e.g., Miaohoushan, Dingcun, Jinniushan, Dali, Zhoukoudian 15, Xujiayao,
Lingjing, Jigongshan, Sanxia, Dadong, Guanyindong) but their chronology is
much younger - 400-150kya (Gao 2013).
There are no securely dated Lower Palaeolithic sites known from Mongolia. A
number of surface scatters have been identified as possibly Lower Palaeolithic
according to their technological characteristics, e.g. Torgalyk A and Nariin Gol 17
(Derevianko and Shunkov 2014; Zwyns et al. 2014). The only stratified site with a
possibly Lower Pleistocene assemblage is the Tsagaan-Agui Cave, tentatively
dated to ca. 0.52Ma with RTL (Derevianko et al. 2000). However, the method is
likely to severely overestimate the age of the deposit due to the residual signal
carry-over bias. The assemblage is crude in appearance and although it is said to
include bifacially worked tools, their description and illustrations indicate that
they are not typologically comparable to Acheulean handaxes. The presence of
some form of bifacially worked tools but not ‘classic’ handaxes places the
assemblage in the ill-defined category of developed Oldowan. However, that
attribution would only stand if the RTL time determination is correct (Derevianko
et al. 2000).
The Pleistocene assemblages containing infrequent handaxes from the
Imjin/Hantan River Basin (IHRB) on the Korean Peninsula (Norton et al. 2006)
date to 350-300kya and have also been classified typologically as a variant of
Mode 1 or developed Oldowan. The oldest known traces of human occupation in
the Japanese Archipelago are much younger: the site of Kanedori - layer 4, dated
to 80kya by identification of an overlying tephra layer (Shen and Gao 2014,
2306). Some scholars argue, however, that the first dispersal into the islands
should be correlated with MIS6 when a land bridge connecting them to mainland
Asia was present for the last time (Matsufuji 2011).
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1.2.9.

Southeast Asia

A rich set of hominin fossils collected in Java in the 1930s constituted for a long
time the only evidence for the presence of hominins in Southeast Asia during the
Lower Palaeolithic. However, their early discovery and retrieval using now
outdated methods means that their stratigraphic position had to be painstakingly
reconstructed to evaluate their age. Equally, no lithic material associated with the
finds has been recognised (Figure 11).
The early age Modjokerto skull initially dated it to 1.8Mya (Swisher et al. 1994)
sparkled a lot of controversy. However, a recent evaluation indicates that the date
of ca. 1.45 is a more likely estimate (Huffman et al. 2006; Morwood et al. 2003).
Similarly the very early date of 1.83Mya for a handaxe from Bukit Bunuth,
Malaysia was not confirmed (Sémmah et al. 2014, 3910). The other finds, such as
the Homo erectus remains from the Trinil H.K. layer and the Sangiran fossils are
dated to between 1.5-1.0Mya (Dennell 2009, 155-6).
Some surface collected lithics and one in situ assemblage from the site of Dayu
have been reported from the environs of Sangiran. However, their dating of ca.
0.73-0.9Mya is based on the stratigraphical provenance alone (Simanjuntak et al.
2010; Widianto et al. 2001). Other javanese evidence are limited to shell cut
marks at the site of Bukuran reported by Choi and Driwantoro (2007) and dated
to 1.5-1.6Mya.

286

Appendix A

Figure 11. The spatial distribution of Lower Palaeolithic archaeological sites in
Southeast Asia. Green pentagons - Mode 1 sites, red diamonds - Mode 2
sites, red triangles - flake industries.

In general, although the surface finds of potentially Lower Palaeolithic artefacts in
Southeast Asia are numerous, the number of stratified localities is very low. In
Myanmar and Laos a number of undated assemblages and possible hominin
fossils have been reported with a broad dating of Middle Pleistocene (Schepartz
et al. 2000). In Thailand a small assemblage (three pieces) discovered at the site
of Mae Tha has been dated with palaeomagnetism and potassium-argon to 0.80.6Mya (Schepartz et al. 2000). However, the association of the finds with the
dated sediments is uncertain (Marwick 2008). Similarly small assemblage from
Kao Pah Nam was attributed to Middle Pleistocene thanks to the associated
faunal evidence (Marwick 2008). Hominin remains in form of teeth and cranial
fragments of potentially considerable age, that is ca. 500kya, have been
identified at a number of sites in the region: Had Pu Dai, Thailand, Tham Kuyen
and Lang Trang, Vietnam (Marwick 2008; Schepartz et al. 2000). Recent
discoveries on the Island of Flores, Indonesia brought to light the first well dated
and in situ lithic assemblage in Southeast Asia. At the site of Mata Menge over
500 lithics were excavated from a deposit dated to 0.8-0.88Mya using the fissiontrack method (Brumm et al. 2006; Morwood et al. 1998). The lithic assemblage
consists of cores and flakes and can be classified as Mode 1 (Brumm et al. 2010).
So far there have been no convincing Mode 2 assemblages found in the region as
the earlier claims over the dating of a handaxe from Ngebung proved
unsubstantiated (Choi and Driwantoro 2007; Forestier et al. 2014).

1.2.10. North and Northeast Asia
This area has always been considered too inhospitable for early hominin
occupation. Equally, large swaths of land would have been covered by the
continental ice sheets during glacial periods, destroying any potential
archaeological localities. As a result, there are not many sites in the region and
the ones reported often lack secure chronologies and/or are composed of small
and controversial assemblages (Figure 12).
This makes the site of Karama, Russia in the Altai Mountains the oldest trace of
human occupation of the region (Zwyns 2014). It was dated to 0.6-0.8Mya with
two RTL dates on the sediments in a higher level and supported by faunal
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analysis. The lithic assemblage attributed to Mode 1 consists of pebble tools,
flakes and cores, but with a significant proportion of carinated scrapers
interpreted as a sign of a more ‘progressive’ technology in the upper most levels
(Derevianko and Shunkov 2009; 2014). Another site located in the Altai
Mountains is Ulalinka, Russia. The artefact-bearing horizon was assessed as early
Middle Pleistocene or 0.4-0.6Mya in age on the basis of geological correlations
with the known stratigraphical sequences in the area (Derevianko and Shunkov
2014, 5477). The lithics are made on quartzite and include pebble tools and
scrapers. However, the use of a raw material notoriously difficult to interpret,
frequent use of ‘-like’ conditionals in the description of the artefacts (‘e.g. corelike’, scraper-like’, etc.) as well as the lack of flakes and flake tools makes the
artefactual character of the assemblage questionable.

Figure 12. The spatial distribution of Lower Palaeolithic archaeological sites in North
Asia. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

Until recently there was no evidence of human presence in Siberia prior to the
onset of the Late Pleistocene (Yi and Clark 1983). More recently, a steady trickle
of reports on newly discovered sites has challenged this view. Nevertheless,
Siberian assemblages are still rare and predominantly poorly dated (for full
environmental and archaeological overview: Chlachula 2014 and Derevianko and
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Shunkov 2014). In addition, many of the earlier reported sites (Yi and Clark 1983)
are thought to consist of geofacts.
The site of Mokhovo or MK1 in South Siberia yielded a few flake artefacts broadly
dated to pre-OIS9 on the basis of geological correlations (Derevianko and
Shunkov 2014, 5478). In the southern part of Middle Siberia, at the site of Razlog
2 a small (60 pieces) assemblage of Mode 1 type artefacts was collected from the
surface. The proposed Middle Pleistocene dating is based solely on the
technological characteristics of the worked pieces (Derevianko and Shunkov
2014, 5479). Another site in Middle Siberia is Zasukhino, located on the eastern
shore of Lake Baikal. Four small assemblages were recovered from an
investigated stratigraphic section. However, their artefactual nature and exact
dating remain problematic (Derevianko and Shunkov 2014, 5481). Even more to
the north, at the site of Diring Yuriakh in Yakutia 51 clusters excavated over a
large area produced a set of assemblages (in total >5000 pieces) attributed to
Mode 1. The original estimates of very early late Pliocene dates associated with
the lithics have been refuted by a new geological analysis and its OIS8 dating was
further supported with TL dates (267±24 and 366±32kya) of the over- and
underlying sediments (Waters et al. 1997).

1.3.

Europe

Due to a long history of research and extensive funds dedicated to archaeology
Europe is more intensively surveyed than any other region. Nevertheless, the
number of very early sites is small and only grows rapidly after 0.5Mya (see
Roebroeks 2006). This overview follows the spatial division into 9 areas proposed
by Gamble (2002) (Figure 13).
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Figure not shown due to copy rights restrictions.

Figure 13 The spatial division of Lower Palaeolithic Europe, image source: Gamble
2002, figure 3.1, page 66.

1.3.1.

East Mediterranean

Lower Palaeolithic finds from Greece are scarce (Figure 14). Apart from the
spectacular find of an almost intact Homo heidelbergensis skull in Petralona most
of the finds come from surface surveys. So far they comprise a handful of isolated
handaxes and a small (~100) assemblage collected at the site of Rodia, which
shows affinities to Central European small tools industries (Gowlett 1999, 49;
Runnels and Van Andel 1999, 217-8). Another locality, Marathousa 1, assigned
to Mode 1 sensu lato has been provisionally dated to the middle part of Middle
Pleistocene on the basis of the faunal finds (Panagopoulou et al. 2015).
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Figure 14. The spatial distribution of Lower Palaeolithic archaeological sites in East
Mediterranean. Green pentagons - Mode 1 sites, red diamonds - Mode 2
sites, red triangles - flake industries.
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1.3.2.

Central Mediterranean

Contrary to the cast part of the Mediterranean zone, the territory of modern day
Italy is rich in Lower Palaeolithic sites (Figure 15).

Figure 15. The spatial distribution of Lower Palaeolithic archaeological sites in Central
Mediterranean. Green pentagons - Mode 1 sites, red diamonds - Mode 2
sites, red triangles - flake industries.

The oldest currently known trace of hominin occupation in the central part of the
Mediterranean basin is the site of P13 at Pirro Nord, Italy. Dated to 1.6 - 1.3Mya
on the basis of extensive faunal correlation and palaeomagnetism (López-García
et al. 2015) the lithic assemblage has been classified as Mode 1 and constitutes
the oldest known site in Europe (Arzarello et al. 2009; 2014). Before the discovery
of lithics at Pirro Nord the site of Monte Poggiolo, Italy was considered as the
most ancient Palaeolithic site in the region with dates reaching 1.0Mya (Falguères
2003). However, the recent reassessment of the age of the lowermost levels
using faunal and geological correlations as well as ESR dates led to the correction
to ca. 0.88Mya (Muttoni et al. 2011). The lithic assemblage, which consists of
1319 lithics found in situ and a much larger sample of surface collected artefacts,
is classified as Mode 1 (Bernal and Moncel 2004).
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Until recently the oldest known hominin remains in the region - a calvarium from
the site of Ceprano, Italy was dated to 0.7-0.8Mya. New geological analysis, has
moved the date to MIS 11 (Manzi et al. 2010). The very small lithic assemblage
consisting of a few flakes and cores was originally classified as Mode 1 on
chronological grounds but its size precludes any technological attribution
(Ascenzi et al. 1996). In general the Latium region is dotted with finds attributed
to Early Middle Pleistocene (overview: Segre and Biddittu 2009). One of the best
known is Fontana Ranuccio. Dated to 0.46 Mya with Ar/K and palaeomagnetism
(Muttoni et al. 2009) it has furnished a mode 2 assemblage and a number of
acheulean-like bifaces made out of elephant long bones (Segre and Ascenzi
1984).
The site of Isernia la Pineta, Italy produced large faunal and lithic assemblages.
Dated to ca. 0.6-0.5Mya by a set of chronometric methods (Amino Acid, K/Ar,
Ar /Ar ) and palaeomagnetism (Coltorti et al. 2005; Palma di Cesnola 1996, 52).
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The lithic assemblage is known for the particular small size of the cores and
flakes and the extensive use of the quartier d’orange knapping technique (Longo
et al. 1997). The site is also known for the stone pavement in the t.3.a sector
made out of limestone blocks and travertine slabs (Giusberti et al. 1991). Of
similar age to Isernia are the lower deposits from the Venosa Valley: Notachirico
and Loreto (Lefèvre et al. 2010). The dating of the tephras Notarchirico to ca.
620kya is based on TL and ESR methods and faunal correlations and indicates
that the site has yielded one of the oldest Mode 2 assemblages in Europe. The
Mode 2 levels, e.g. level F, are interstratified with levels containing core and
flakes assemblages classified as tayacian, i.e., a flake industry (Piperno 1999).
The nearby Venosa Loreto site is younger, with the lowermost deposit - level A dated to 0.5Mya (Lefèvre et al. 2010). The assemblage consists of flakes and
cores and was classified as ‘ancient tayacian’, i.e. a flake industry (Mussi 2002,
27-29). Finally, recently reported nearby site of Atella is dated to 480kya using
tuff correlations. Its assemblage is similarly to Loreto’s attributed to flake
industries although one possible biface was also identified (Abruzzese et al.
2016). A similar cultural attribution has been given to the site of Visogliano in
the north of Italy. Dated to 0.46-0.3Mya with U/Th and ESR methods it furnished
a large lithic assemblage composed predominantly of small flakes (Grifoni and
Tozzi 2006). A number of sites with Mode 1 type assemblages are known from
Latium, especially from the vicinity of Rome, including Arce, Castel di Guido,
Castel del Volsci, Colle Marino, Cava Pompi or Fontana Liri. Their age estimates
are based on the geological correlations of different river terraces and go as far
as 0.7Mya (Palma di Cesnola 1996, 35).
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1.3.3.

West Mediterranean

Many of the oldest sites in Europe cluster in the western part of the
Mediterranean zone (Figure 16).
The complex of sites in the Orce basin, Barranco León and Fuente Nueva, until
recently constituted the oldest dated evidence for hominin presence in Europe.
Both sites are dated to 1.3-1.2Mya by a combination of palaeomagnetism and
faunal analysis (Oms et al. 2000). The site of Barranco León produced a small
(359 pieces) assemblage attributed to Mode 1. The Fuente Nueva assemblage is
larger (3381 pieces) which allowed the investigators to reconstruct the chaîne
opératoire aimed at production of small flakes (Bernal and Moncel 2004). The
recently reported site of Vallparadís, was found within a well dated (combination
of palaeomagnetism, ESR/U-series and faunal correlations) stratigraphical
sequence spanning from 1.0 to 0.6Mya (Madurell-Malapeira et al. 2010). Although
the lithic assemblage coming from level 10 is dated using several different
methods the interpretation of its chronology varies from 0.79Mya (Duval et al.
2011), 0.83Mya (Madurell-Malapeira et al. 2010) to 0.98Mya (Martínez et al.
2014). The site’s geologists contested the legitimacy of the lithics citing the signs
of water transport as an evidence of their non-artefactual character (MadurellMalapeira et al. 2012). However, this critique seems to be unsubstantiated in
light of the presence of refittings as well as cut marks on bones (Garcia et al.
2012). The assemblage has been attributed to Mode 1 (Martínez et al. 2010). The
only other Mode 1 assemblage in the region is El Aculadero, although its age is
uncertain (Querol and Santonja 1983). More difficult to classify are the finds from
Cullár Baza, where a small assemblage of 8 pieces has been dated to ca. 500kya
on the basis of faunal comparison with other sites in the region (Agustí et al.
2000; Raposo and Santonja 1995). Similarly the assemblage from Cueva Victoria
dated to Early Pleistocene is too small to be reliably attributed to any particular
industry. However, Carbonell et al. (1981) associate it with flake industries
(clactonian). The finders have also reported extensive bone industry and possible
hominin remains in form of a phalanx (Palmqvist et al. 1996).
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Figure 16. The spatial distribution of Lower Palaeolithic archaeological sites in Western
Mediterranean. Green pentagons - Mode 1 sites, red diamonds - Mode 2
sites, red triangles - flake industries.

At the recently reported site of Baranc de la Boella the find of two large cutting
tools (possible cleaver and a pick) has led the researchers to tentatively attribute
it to Mode 2 (Mosquera et al. 2016). If accepted this would make it the oldest
acheulean site in Europe with a date of 0.96-0.78Mya (Vallverdú et al. 2014). A
nearby site of La Cansaladeta has also furnished a Mode 2 assemblage but with
much younger dates of ca. 350-400kya (Ollé et al. 2016). The oldest sites with
unequivocal Mode 2 assemblages in the region are Solana del Zamborino and
perhaps the nearby site of Estrecho del Quipar previously attributed to the
second part of the Middle Pleistocene on the basis of the technological
characteristics of the lithics. Recent reanalysis using palaeomagnetism and faunal
correlation pushed the sites’ chronology to 0.75Mya and 0.9Mya respectively
(Scott and Gilbert 2009 but cf. Jimenéz-Arenas et al. 2011). Solana del Zamborino
produced an unequivocal Mode 2 assemblage (González and Freeman 1998, 64).
In contrast, the lithic assemblage at Estretcho del Quipar has only one instance of
a bifacially worked tool and it has been suggested to classify it as ‘developed
Oldowan’ (Walker et al. 2013).
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The site of Alto de las Picarazas, Spain is another locality in the region. It has
been dated to 1.6-1.2Mya. However, the small lithic industry consisting of seven
pieces can only provisionally be classified as Mode 1 (Gabarda et al. 2016).
Similarly dated, the site of Bois-de-Riquet has furnished a very small assemblage
(13 pieces) tentatively attributed to Mode 1, although the artefactual nature of
the finds is questionable (Bourguignon et al. 2016).
The lower deposits at La Caune de l’Arago are only slightly younger than Solana.
Dated to between 0.69-0.4Mya with the ESR method combined with extensive
faunal correlation (Falguères et al. 2004), level P yielded an extensive lithic
assemblage with numerous bifacially worked tools (Barsky 2013).
Other Mode 2 sites (e.g., Torralba and Ambrona) are considerably younger, ca.
350-300kya (Falguères et al. 2006; Jara 1996). A number of sites in the region
contain Mode 2 assemblages but have no secure dates associated with them, for
example Budiño (Echaide 1971), Cabo Busto (Rodríguez Asensio 1999), La Maya
and Pinedo (González and Freeman 1998). There are also a number of potentially
Middle Pleistocene sites identified on the terraces of rivers, such as Puig d’en
Roca, Guadalquivir T6 and T8, Pinedo (overview: Raposo and Santonja 1995),
which, however, either come from an insecure context (surface finds) or their
artefactual character is controversial. Further to the west, along the Atlantic coast
of the Iberian Peninsula multiple surface locations have been identified as
possibly Middle Pleistocene on the basis of their geological context and the
technological characteristics of the lithics. Potential Mode 1 and Mode 2
assemblages have been reported from various fluvial sequences in Portugal but
they lack secure radiometric dating, e.g., Portomaior, Marinho, Casal do Azemel
or they are dated to the later part of Middle Pleistocene, e.g., Galeria Pesada or
Ribera da Ponte da Pedra (overview: Oosterbeek et al. 2010).

1.3.4.

South West

This is a particularly prolific area for Lower Palaeolithic sites. It also comprises the
flagship of the European Lower Palaeolithic - the complex of sites at Sierra de
Atapuerca in the Burgos province, northern Spain (Figure 16). The most recently
uncovered finds at the site of Sima del Elefante (also known as Trinchera
Elefante) are also the oldest ones. Dated to around 1.2-1.3Mya on the basis of
palaeomagnetism and extensive faunal correlation, the site has provided rich
faunal and lithic assemblages (Rosas et al. 2001). The lithic industry from the
lower levels (Lower Red Unit - mostly layer TE9) was classified to Mode 1, while
finds coming from middle levels dated to ca. 300-250kya were assigned to Mode
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2 (Lombera-Hermida et al. 2015; Páres et al. 2006). A hominin mandible
attributed widely to the genus Homo sp. has also been found at the site
(Martinón-Torres et al. 2011). The “Aurora Stratum” or level TD6 at the site of
Gran Dolina has brought to light a combination of lithic and faunal evidence
together with hominin remains. The lithic assemblage from TD6 (lower levels
contain only a few artefacts) has been classified as Mode 1 (Carbonell et al.
1999a). Almost 100 hominin remains have been unearthed, belonging to at least
six individuals leading the investigators to propose a new species Homo
antecessor (Bermúdez de Castro et al. 1997). The most recent age estimate for
the TD6 level is 0.9-0.95Mya on the basis of ESR, U-series and TL chronometric
dates, palaeomagnetism and faunal correlation (Berger et al. 2008). The other
two Atapuerca sites: La Galeria and Sima de los Huesos are much younger, 0.50.2Mya (Bischoff et al. 2007; Stringer 2012).
The site of Soleilhac, France was initially dated to the Lower Pleistocene ca.
0.9Mya (Bonifay 1989, 39) on the basis of palaeomagnetism and faunal
correlation. More recently, a much younger age of 0.5-0.6Mya (Raynal et al. 1995)
was suggested by TL, and Ar/ Ar dating. No bifacially worked pieces have been
40

38

found leading to the interpretation of the assemblage as Mode 1, however, the
investigators point out the similarities between the lithics at Soleilhac with the
‘small tool’ tradition further to the east (Bracco 1991). There are a number of
other surface finds and small assemblages in the region (overview: Turq et al.
2010), but they lack secure stratigraphic context and reliable dating.

1.3.5.

North West

Despite its location up north, this area provided a number of early Palaeolithic
sites. Equally, the general density of archaeological finds in the region is very
high thanks to decades of extensive archaeological survey (Figure 17).
The oldest potential site in the British Isles is currently Happisburgh 3 (UK). A
small assemblage of Mode 1 artefacts has been found on the site and dated to
0.99-0.78Mya on the basis of palaeomagnetism and faunal correlation. An
alternative dating, to MIS 15 (ca. 0.62Mya) has been proposed by Westaway
(2011). The good preservation of organic matter allowed the investigators to
reconstruct the local climatic conditions indicating that the site was at the edge
of the boreal zone (Parfitt et al. 2010). The site of Pakefield (UK) is dated to 0.68
or 0.75Mya depending on the geological interpretation of the site. The lithic
assemblage is small (32 pieces) and has been attributed to Mode 1 (Parfitt et al.
2005).
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In contrast, the nearby site of Happisburgh 1 (UK) yielded a single handaxe
among other artefacts, leading the investigators to attribute it to Mode 2 (Ashton
and Lewis 2012). The age of the deposits containing the artefacts is controversial
and oscillates between MIS 17 and MIS 13-12, with the latter currently being
accepted as more likely (Ashton and Lewis 2012; Hosfield 2011). The chronology
of other Mode 2 sites in the region corroborate with this age.
The site of Boxgrove (UK) has produced a large in situ assemblage as well as
hominin remains. The site has been dated to 0.5Mya on the basis of its geological
position and faunal correlations. The lithics, classified as Mode 2, were found in
several undisturbed knapping scatters some of them associated with a butchered
carcass (Roberts and Parfitt 1999). The hominin remains consist of a tibia and
teeth (Hillson et al. 2010; Stringer et al. 1998). Of similar age is the site of High
Lodge (UK). Dated on the basis of its geological position to 0.5Mya (although this
dating has recently been questioned by West et al. 2014), the site has produced a
rich Mode 2 assemblage (Ashton et al. 1992; Brumm and McLaren 2011).
The oldest site in the Somme Valley, Cagny-la-Garenne, in France is dated to ca.
0.5-0.4Mya (Antoine et al. 2013) using ESR. The lower levels Lj and CA produced
rich Mode 2 assemblages (Tuffreau et al. 1997). Finally, in Central France an
extensive survey of the Middle Loire Valley (Despriée et al. 2005; 2010)
produced at least 6 sites dated to 1.0-1.2Mya consisting of Mode 1 artefacts.
Among them there are Pont-de-Lavaud, where a large assemblage was found
below a basalt deposit dated to 1.1Mya and la Terre-des-Sablons, where
artefacts have been recovered from two units dated to 1.1Mya and 0.93Mya. The
Middle Loire Valley has also numerous sites with assemblages classified as Mode
2 and dated to 0.7-0.5Mya using ESR and geological correlations (Voinchet 2010).
For example, the site of La Noira has a series of ESR dates oscillating around
0.65 Mya. Three lithic assemblages identified at the site contain numerous
bifacially worked tools and preforms, and has been classified as Mode 2 (Moncel
et al. 2016). Other sites with similar assemblages and age include la Genetière
and la Plaine-de-la-Morandière, while mode 2 assemblages from Les Grouais-deChicheray’, Saint-Firmin-des-Prés and la Morandière are dated to 0.4-0.5Mya
(Despriée et al. 2010).
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Figure 17. The spatial distribution of Lower Palaeolithic archaeological sites in North
West Europe. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites,
red triangles - flake industries.

In this region a number of Mode 2 assemblages have been dated to the 400250kya, e.g., Planguenoual, Gouzeaucourt, Pa d’la l’iau and Cagny-l’Epinette
(Lamotte 1995). Other contain no bifacially worked tools, for example the Azé
Cave (Moncel et al. 2001) or large cutting tools make up only a small proportion
of the assemblages leading researchers to attribute them to such cultural units
such as clactonian or colombian (Monnier et al. 1994; White 2000).

1.3.6.

South East

The oldest traces of human activity in the Balkans have been reported from the
Kozarnika Cave in Bulgaria. On the basis of micromammalian evidence and
palaeomagnetism the age of the lowermost layers was estimated to 1.4-0.9 Ma
for the layers 13-11c, ca. 800-600 ka for 11b and 600-400 ka for 11a (Guadelli et
al. 2005), later pushed back to 1.6-1.4Mya for the lowest units (Sirakov et al.
2010). All assemblages coming from the lower levels were identified as Mode 1
(Sirakov et al. 2010) (Figure 14).
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The only well dated stratified Pleistocene sequence in the northern part of the
Balkans is located at the site of Korolevo, in Transcarpathian Ukraine (Figure 19).
Unfortunately, a large number of lithics collected from the surface was
incorporated into the sample excavated from the in situ deposits obscuring any
potential analysis. As a result only a fraction of two (out of seven) assemblages,
excavated after the departure of the early investigators, can be analysed.
Assemblage VII, representing a simple flake and core industry, has been located
below a Matuyama/Brunhes reversal detected in the sequence. However, the
artefactual nature of the lithics has been questioned (Doronichev 2008) and the
description of some of the debitage by authors supports the uncertainty.
Assemblage VI, classified as the small tools industry, has been tentatively dated
to ca. 0.55Mya (Koulakovska et al. 2010; Koulakovska and Usik 2011a) although
this date is controversial (Doronichev 2008). Despite earlier reports no Acheulean
material has been recovered from the site. The supposed Lower Palaeolithic
handaxes were in fact Upper Palaeolithic admixtures (e.g., a fragment of bifacially
worked leaf-point) coming from higher units (Doronichev 2008). The same
applies to the previously reported (Gladiline and Sitlivy 1990) evidence of early
use of the Levallois technique (Koulakovska and Usik 2011b).

1.3.7.

Alpine

The earliest known traces of hominin presence in the region come from the
Vallonnet cave. The very early dates of the site, 0.95-1.0Mya, were obtained
using the ESR method (Yokoyama et al. 1988). The small (90 pieces) assemblage
has been attributed to Mode 1 (Bernal and Moncel 2004) (Figure 15).

1.3.8.

North Central

Further north, the earliest securely dated sites on the great European Plain are
not older than OIS 13, e.g., Rusko 42, Bilzingsleben and Schöningen
(Burdukiewicz 1994; Mania 1990; Thieme 1997). Although a number of sites have
been tentatively dated to much earlier times, in all cases either the dating or the
artefactual nature of the recovered pieces have been questioned (Figure 18).
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Figure 18. The spatial distribution of Lower Palaeolithic archaeological sites in North
Central Europe. Green pentagons - Mode 1 sites, red diamonds - Mode 2
sites, red triangles - flake industries.

At Dorn Durkheim, Germany three potential artefacts have been found in a
deposit located below the Matuyama/Brunhes reversal, i.e. 0.78Mya. However,
both the dating and the artefactual nature of the pieces have been questioned
(Fiedler and Franzen 2002). In the long sequence at Kärlich, Germany layers A
and B predating the Matuyama/Brunhes furnished a few pieces, recognised by
some researchers as artefacts. The finds from layer H dated to between 618452kya and layer G - dated to 500kya are more convincing (Bosinski 1996, 81;
Haidle and Pawlik 2010). The very small assemblages (26 and 14 pieces
respectively) contains a core and several flakes so can be tentatively attributed to
Mode 1. Of similar age (600kya) is the site of Mauer (Wagner et al. 2010; 2011),
Germany where the type fossil of Homo heidelbergensis - the Mauer Mandible was found. There are about 30 lithics associated with the hominin remains
classified, equally tentatively as in the case of Kärlich, as Mode 1 (Fiedler 1995).
Finally, the site of Miesenheim, Germany has been tentatively dated to 500kya on
the basis of an 40Ar/30Ar date coming from a layer of pumice found above the
archaeological layers F and G (Turner 2000). The small assemblage was attributed
to flake industries, namely the clactonian (Bosinski et al. 1988). A few other
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localities have furnished possible Middle Pleistocene artefacts but in most cases
either the dating or the finds are controversial (overview: Haidle and Pawlik
2010).
A number of sites in Moravia with a very early chronology have been reported, for
example Brno Červený kopec and Brno Černovice, Mladeč and Přezletice (Oliva
2005, 8-11; Valoch 1986). The most convincing evidence in the region is the
stratigraphic sequence at Stránská Skalá in the Czech Republic. Dated to 0.550.65Mya on the basis of faunal correlations the very small assemblage consists of
a few flakes and two choppers (Valoch 1999).

1.3.9.

North East

Northeastern Europe is a key region for understanding the colonisation of Europe
as it provides the most convenient route into the continent. The steppe-like
conditions of the region, the absence of natural barriers and the proximity to the
oldest traces of the Out of Africa dispersal in Dmanisi raise the expectation of
Lower Pleistocene sites. However, due to the geological setting (Romanowska
2012) the region lacks well-dated stratified sites with non-controversial lithic
assemblages (Figure 19).
A number of find spots of potentially early age has been reported from the
southern part of the Russian Plain including: Garasimovka (Praslov 1995),
Bogatyri-Sinaya Bialka, Kinjal Mountain, Medzhibozh (Stepanchuk 2009), Pogreby
and Dubossary, and most recently Krecheshti (Anisyutkin et al. 2013) and Bairaki
(Anisyutkin et al. 2012a, b).
The three sites from the Taman Peninsula: Bogatyri-Sinyay Balka, Rodniki and
Kermek are located within 200m of each other (Shchelinsky et al. 2010; 2016).
Their assemblages have been classified as a new type of Mode 1, termed
‘Tamanian industry’. However, it has to be noted that the artefactual nature of
the finds has been questioned (Doronichev 2008) since all of them have been
picked up from vast outcrops of natural raw material in relatively geologically
active environments where geofacts are most likely to form. Similarly, their very
early dates in range of 1.7-1.1Mya are not based on fully reliable methods
(Muttoni et al. 2013).
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Figure 17. The spatial distribution of Lower Palaeolithic archaeological sites in North
East Europe. Green pentagons - Mode 1 sites, red diamonds - Mode 2 sites, red
triangles - flake industries.

The lithic assemblage from Krecheshi, Moldova looks more convincing but its
dating to >1Mya is based only on the geological setting of the Dniester terrace it
was found on (Anisyutkin et al. 2013). Similarly, the small (40 pieces) assemblage
of the nearby site of Bairaki has been dated on the basis of its geological
position to MIS 19-21 or 0.78-0.86Mya. The lithics consist of flakes and cores and
have been attributed to Mode 1 (Anisyutkin et al. 2012a, b).
The assemblages of Pogreby and Dubossary, Moldova come from surface
collection and are tentatively dated on the basis of their geological situation and
a small sample of faunal remains to OIS 9-11 with a stronger indication towards
the former. In addition, the lithic collection from Pogreby is likely to contain an
Upper Palaeolithic admixture further obscuring the analysis. Both sites have been
classified as the small tools industry (Doronichev 2008; Preslov et al. 1995). The
site of Medzhibozh, Ukraine tentatively dated to MIS 11 on the basis of its
geological position and associated fauna as well as TL dates of an overlying layer,
produced only about 40 lithics attributed to the small tools industry. The
assemblage is said to also comprise a number of bone implements (Stepanchuk
et al. 2012).
The two stratified Lower Palaeolithic localities on the Russian Plain are the sites of
Khryashchy and Mikhailovskoe. However, only a few of the artefact have been
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recovered from an in situ position (Hoffecker 2002, 47-8). In addition, on the
basis of geological location and associated pollen spectra both sites are dated to
OIS 7 or earlier (Doronichev 2008). This early date together with the
characteristics of the lithic assemblages place them within the Middle Palaeolithic
period (Hoffecker 2002, 47-8).
Finally, the earliest traces of human presence at the eastern border between
Europe and Asia - the Ural Mountains - are known from the basin of the upper
Kama River in Russia for example at the site of Elniki (Pavlov 2008). The
assemblages lack secure dates and have been tentatively associated with the
favourable conditions of the Late Middle Pleistocene (Chlachula 2010). A number
of potential Lower Palaeolithic localities have been reported in the region, mostly
located through fieldwork surveys, (Stepanchuk and Rakovets 2010; Stepanchuk
2006) but their dating is highly uncertain.
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Appendix C

Pseudocode. Movius Line Case Study
For each timestep, t:
Determine the friction map to be used in the time step
For each cell, c:
Do Migration:
Determine number of cells agents can disperse to (non-water cells), Cd
Calculate the number of migrants, Mc
Divide Mc by the number of cells available for dispersals
Update Nt+1 of the available neighbouring cells with Mc /Cd
For each cell, c: Do Growth:
Calculate population growth according to Eq. 2
Update Nt+1
If higher than cc, cap Nt+1 to the carrying capacity of the cell
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Appendix C

Pseudocode. Variability Case Study
For each timestep, t:
For each cell, c:
Do Growth:
For each type of individual, x:
Calculate a score for x according to Eqs 4-9
For each individual, i:
Calculate their score based on their type x
Add their score s to the roulette wheel:
Calculate how many people total, N , we need for the next timestep
t+1

Spin roulette wheel N

t+1

Add a new person to the list of children in cell c
For each cell, c:
Do Migrate:
For each child, i, in the list:
Calculate their fitness based on their type x according to Eqs 4-9
Allocate them a score representing their probability of migration, P
depending on their fitness and/or pop density
(m between zero and 1)
Option 1: P = m * (1-fitness)
m

Option 2: P = m * (1-fitness) * N/CC
m

Option 3: P = m * N/CC
m

Compare a random number to P

m

If lower (agent migrates):
Calculate agent’s fitness for each adjacent cell
320

m,

Appendix C

Allocate each cell a score, C , depending on their fitness
f

Option 1: C = fitness
f

Option 2: C = fitness * (1-(N/CC))
f

Option 3: C = 1-(N/CC)
f

Pick the cell with the highest score (split ties randomly)
Move agent to the chosen cell
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Appendix D: Development Notes

Movius Line null scenario
The Movius Line case study null scenario has been run to provide a benchmark for all subsequent
experiments and reported results. The null scenario is characterised by:
the simplified growth equation (same as in the 'disease scenario' and the 'straits scenario';
no changes to the underlying map throughout the simulation. That is, instead of a sequence of
maps only one is used;
no environmental zones - the values used to parametrise the simulation (carrying capacity,
population growth rate and diﬀusion rate) are the same for all environemental zones (except for
the non-accessible 'water/ice'). Thus in the simulation the world (the friction map) looks like the
following:
In [6]:
from IPython.display import Image
Image(filename='/Users/iar1g09/Downloads/map.png')
Out[6]:

Please note that in the visualisation, the undrlying image has been maintained so the existing
environmental zones are still visible in the figures even if they have no impact on the simulaiton results.
Thus, the dispersal should have a smooth circular distribution equal in all directions (see Model 1
(“homogeneous”), in Callegari et al. 2013). This shape should only be disturbed along the coasts and
should repeatedly reoccure after any geographical bottlenect (e.g., the landbridge out of Africa via the
Levant).
The results show, as expected, that the dispersal wave is roughly circular in shape.

In [9]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/final/Modelling-Hominin-Dispers
als-Using-Agent-based-Modelling/code and pseudocode/Chapter4_Movius/results/fu
ll_run.png')
Out[9]:

In [10]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/final/Modelling-Hominin-Dispers
als-Using-Agent-based-Modelling/code and pseudocode/Chapter4_Movius/results/0.
png')
Out[10]:

In more details, one can see that the circular shape emerges at the start point (time 510) and after each
bottleneck: at the Sinai Peninsual landbridge (time 390-370), when entering Europe, crossing over to
Central Asia south of the Caspian Sea and towards north between the Caspian and the Black Sea (time
310-290).
The only results pertinent where the spatial shape of the dispersal wave (in the x, y dimensions, that is,
it's geographical extend in cardinal directions) may be of importance is the 'straits scenario'. In all other
cases what has been reported are the changes in the demographic structure and population levels (i.e.,
the z or vertical dimension of the front of the dispersal wave).

In [12]:
Image(filename='/Users/iar1g09/Downloads/spatial structure.png')
Out[12]:

The following two figures show the straits scenario run on the null model. Similarly to the results reported
in the thesis, the opening and closing of the straits has limited impact on the final extent of the dispersal
wave.

Straits closed
In [13]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/final/Modelling-Hominin-Dispers
als-Using-Agent-based-Modelling/code and pseudocode/Chapter4_Movius/results/st
raits.png')
Out[13]:

Straits open
In [14]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/final/Modelling-Hominin-Dispers
als-Using-Agent-based-Modelling/code and pseudocode/Chapter4_Movius/results/no
_straits.png')
Out[14]:

There are some small diﬀerences compared to the results reported in the thesis, namely, a slightly earlier
arrival in western Europe (by about 20ka within a 2Ma long simulated period; compare Time 270 in both
figures). However, this is caused by the removal of environmental zones - in this case, the large area of
desert would have slowed down the population. This had little impact on the reported results since what
was compared was the diﬀerence between runs with and without the straits accass while the
environmental zones (as well as their changes) have been the same for all scenarios.

Figures algorithm
This notebook details the procedure undertaken to produce figures presented in the first part of the
results section of the chapter.
The base figure comes from Grove (2011, p.311, fig.3). The original version looks like this:
In [1]:
from IPython.display import Image
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/notebooks/images/Grove2011.png')
Out[1]:

To make the graph clearer the lines were coloured using graphic software.

In [5]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/notebooks/images/clean_graph.png')
Out[5]:

The results were visualised using a scatter plot function of matplotlib (see Appendix xxx.Code and
pseudocode). Since the size of the axis was known, the images were generated maintaining the same
proportion and size. This his how the results looked like:

In [6]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/notebooks/images/replication.png')
Out[6]:

The two were ther manually overlayed using the border as a guide. Additional elements were added in
the graphic software resulting in the following figure:

In [7]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/notebooks/images/Replication_full.png')
Out[7]:

In [ ]:

The Migration function
The general form of the logistic function
f (x) =

L
1 + e−k(x−x0 )

, where

L - the maximum (in our case 1)
k - the steepness of the curve (the sign flips it, more below)
x0 - the midpoint of the curve - if the range is symmetrical towards 0 then it's dropped

This is a coded and plotted version:
In [2]:
from __future__ import division
import math
import matplotlib.pyplot as plt
import numpy as np
import pandas as pd
pd.options.display.mpl_style = 'default'
%matplotlib inline
/Users/iar1g09/anaconda/lib/python2.7/site-packages/matplotlib/__i
nit__.py:892: UserWarning: axes.color_cycle is deprecated and repl
aced with axes.prop_cycle; please use the latter.
warnings.warn(self.msg_depr % (key, alt_key))
/Users/iar1g09/anaconda/lib/python2.7/site-packages/matplotlib/__i
nit__.py:872: UserWarning: axes.color_cycle is deprecated and repl
aced with axes.prop_cycle; please use the latter.
warnings.warn(self.msg_depr % (key, alt_key))

In [3]:
for k in range(-5, 6, 2):
log_fig = plt.figure(1, figsize = (14, 4))
plt.plot(map(lambda x : 1 / (1 + math.e**(k*x)), [x / 10.0 for x in range(
-10, 11, 1)]), label = k, linewidth = 2)
plt.legend(bbox_to_anchor=(0.95, 1), loc=2, title = "value of k")
#plt.tick_params(labelbottom='off')

Plugging the fitness values - range between 0-1, k is set to 5
In [4]:
k = 5
plt.plot(map(lambda x : 1 / (1 + math.e**((k)*(x-0.5))), [x / 10.0 for x in ra
nge(0, 10, 1)]), label = x, linewidth = 2)
plt.tick_params(labelbottom='off')

The lower the fitness the higher the chance of migrating. We can also swap it over by changing the sign
of k.

In [5]:
k = -5
plt.plot(map(lambda x : 1 / (1 + math.e**((k)*(x-0.5))), [x / 10.0 for x in ra
nge(0, 10, 1)]), label = x, linewidth = 2)
plt.tick_params(labelbottom='off')

Population density
Now adding the population density component. The more people the higher chance of migrating in
general.

In [6]:
cc = 100
k = 5
for people in range(0, 100, 10):
plt.plot(map(lambda x : (people/ cc) * (1 / (1 + math.e**(k*x))), [x / 10.
0 for x in range(0, 10, 1)]), label = people, linewidth = 2)
plt.tick_params(labelbottom='off')
plt.legend(bbox_to_anchor=(0.95, 1), loc=2, title = "population density %")
Out[6]:
<matplotlib.legend.Legend at 0x10a705dd0>

An additional term can be used for experiments in which we vary the migration rate (the y-axis shows the
diﬀerence).

In [7]:
cc = 100
k = 5
mig_const = 0.5 #halving the migration rate
for people in range(0, 100, 10):
plt.plot(map(lambda x : mig_const * (people/ cc) * (1 / (1 + math.e**(k*x)
)), [x / 10.0 for x in range(0, 10, 1)]), label = people, linewidth = 2)
plt.tick_params(labelbottom='off')
plt.legend(bbox_to_anchor=(0.95, 1), loc=2, title = "population density %")
Out[7]:
<matplotlib.legend.Legend at 0x1087daf50>

Considering individual fitness in respect to the average fitness
x=

fi − f¯
, where
f¯

f(i) - fitness of an individual i
f dash - average fitness in the population
with a positive value for the k parameter (e.g., k=5):
very negative x values (i.e., below average fitness) will give migration probabilities that get close
to m x N/C
very positive x values (i.e., above average fitness) will give migration probabilities that get close
to 0 (but never get to zero)
zero x values (i.e., exactly average fitness) will give migration probabilities of m x N/C x 0.5

In [8]:
people = 50
cc = 100
k = 5
# test 10 values of fitness from 0.0 to 1.0 every 0.1
fitnesses = [x / 10.0 for x in range(0, 11, 1)]

# mean fitness (= 0.5)
m_fitness = reduce(lambda x, y: x + y, fitnesses) / len(fitnesses)
# migration constant of 1
mig_const = 1
a = []
b = []
c = []
for fitness_value in fitnesses:
x = (fitness_value - m_fitness) / m_fitness
a.append(mig_const * (people/ cc) * (1 / (1 + math.e**(k*(x)))))
b.append(mig_const * (people / cc) * 0.5)
c.append(mig_const * (people / cc))
plt.plot(a, label = 'fitness')
plt.plot(b, label = 'mig_const * N / cc * 0.5')
plt.plot(c, label = 'mig_const * N / cc', color = 'red')
plt.ylim([0.0, 0.6])
plt.legend(bbox_to_anchor=(0.95, 1), loc=2)
Out[8]:
<matplotlib.legend.Legend at 0x10aa038d0>

Flipped over

with a negative value for the k parameter e.g., k=-5)
very negative x values (i.e., below average fitness) will give migration probabilities that get close
to 0 (but never get to zero)
very positive x values (i.e., above average fitness) will give migration probabilities that get close
to m * N/C
zero x values (i.e., exactly average fitness) will give migration probabilities of m N/C 1/2
In [11]:
people = 50
cc = 100
k = -5
# test 10 values of fitness from 0.0 to 1.0 every 0.1
fitnesses = [x / 10.0 for x in range(0, 11, 1)]
# mean fitness (= 0.5)
m_fitness = reduce(lambda x, y: x + y, fitnesses) / len(fitnesses)
# migration constant of 1
mig_const = 1
a = []
b = []
c = []
for fitness_value in fitnesses:
x = (fitness_value - m_fitness) / m_fitness
a.append(mig_const * (people / cc) * (1 / (1 + math.e**(k*(x)))))
b.append(mig_const * (people / cc) * 0.5)
c.append(mig_const * (people / cc))
plt.plot(a, label = 'fitness')
plt.plot(b, label = '1/2 max: m * N / C * 0.5')
plt.plot(c, label = 'max: m * N / C', color = 'red')
plt.ylim([0.0, 0.6])
plt.legend(bbox_to_anchor=(0.95, 1), loc=2)

Out[11]:
<matplotlib.legend.Legend at 0x10b0a1550>

Finally for k = 0
with k set to 0
all individuals will have an "average" migration probability = m x N/C x 0.5 irrespective of their
fitness

In [63]:
people = 50
cc = 100
k = 0
# test 10 values of fitness from 0.0 to 1.0 every 0.1
fitnesses = [x / 10.0 for x in range(0, 11, 1)]
# mean fitness (= 0.5)
m_fitness = reduce(lambda x, y: x + y, fitnesses) / len(fitnesses)
# migration constant of 0.1
mig_const = 1
a = []
b = []
c = []
for fitness_value in fitnesses:
x = (fitness_value - m_fitness) / m_fitness
a.append(mig_const * (people / cc) * (1 / (1 + math.e**(k*(x)))))
b.append(mig_const * (people / cc) * 0.5)
c.append(mig_const * (people / cc))
plt.plot(a, label = 'fitness', linewidth = 2)
plt.plot(b, label = 'm * N / C * 0.5', color = 'red')
plt.plot(c, label = 'm * N / C')
plt.ylim([0.0, 0.6])
plt.legend(bbox_to_anchor=(0.95, 1), loc=2)
Out[63]:
<matplotlib.legend.Legend at 0x13d61ef0>

Testing the 1st set of experiments
In [2]:
from IPython.display import Image
Tasks:
1. Check the experiments with migration: 2b and 2c
2. Unravel why the migration decreases time to fixation

Check on the migration experiments
The migration graph looked suspecious as some of the settings did not produce even one successful (i.e.
versatilist fixating) run. So the whole set was re-run to make sure there was no error in the setup of the
experiments. In addition, in Experiment 2c (pop growth + migration ON) two elements change 1. the
population growth is switched on and 2. the initial population size is set to 1/10th of the cc, i.e., 1 000. To
ensure only one variable is changed at each time, it was run with a starting population of 1 000 and then
again with a starting population of 10 000. There was no significant diﬀerence between the results.

Experiment 2b
First, the migration is switched on but there is no population growth (the population starts on the cc level
and at every time step it is topped up to that level).
Population growth Migration Initial Pop size
NO

YES

10 000

In [7]:
from IPython.display import Image
from IPython.display import display
x = Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_ca
se_study/mig_on.png')
y = Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_ca
se_study/mig_check.png')
display(x, y)

Experiment 2c
Then, we re-run the experiment with both migration and population growth switched on with an initial
pop size = 1000.
Population growth Migration Initial Pop size
YES

YES

1 000

In [6]:
x = Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_ca
se_study/both_on.png')
y = Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_ca
se_study/both_on_check.png')
display(x, y)

Experiment 2c - modified

Then we run the experiments with both population growth and migartion switched on but with a starting
population of 10 000.
Population growth Migration Initial Pop size
YES

YES

10 000

In [9]:
x = Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_ca
se_study/both_on.png')
y = Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_ca
se_study/both_check_start10k.png')
display(x, y)

There is a diﬀerence between the original experiment (start on 1000) but it's not significant.

Unravelling the faster rate of fixation for versatilists gene if
migration is on
In all the subsequent experiments population growth and migration are both on. What we are interested
in is:
Why is the versatilists fixating faster if the migration is switched on?
The dominant hypothesis is that as we switch the migration on, more specialists migrate (because some
of them are at the bottom of the pile), leaving more space in the original cell, which increases the
chances of the versatilists to produce more descendants. In short migration helps agents of suboptimal
fitness because it weakens the winners and removes the loosers faster so that it takes them more time to
climb up and less time to loose ground when the conditions change.
To test the above:
1. k was flipped to -k
2. a flatline scenario was run

Test one: the logistic curve used to determine migration probability
flipped

k = -5 as opposed to k = 5 in the original experiment). Now the agents with the highest fitness are the
most likely to migrate. The specialists are symetrical (i.e., it doesn't matter if it's a hot or cold specialist one of them will be at the top of their fitness curve while the other one will be at the bottom). Thus, if we
are correct this change should produce no significant diﬀerences in the results.
In [12]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/both_on_flipped_comp.png')
Out[12]:

The results are virtually the same. This indicates that the migration weakens specialists, giving more
space to sub-optimally adapted individuals (agents with lower fitness), therefore increasing the level of
diversity in the population.

Test two: random agents migrate, but still the same no of migrants
Finally, to test it even further we have drawn the migration and the stay-put populations at random. We
expect that migration should still increase the diversity but this time it will have lesser eﬀect as the
specialists are not particularly picked on.

In [14]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/both_on_flatline(random_migration).png')
Out[14]:

Migration is still doing it's job of weakining whoever is the dominant gene at the time but less well hence the results are closer to the 'original' (the replication) base scenario.
In [ ]:

Analysing and visualising who's dispersing and when
This concerns the 1st set of experiments - the zero dimensional runs. The question is who is most likely
to disperse and how does it diﬀer throughout a sine cycle. So how do we measure this? One possibility
would be to calculate the absolute numbers of genes in the migrant wave (so, the migrant wave is
composed of, say, 30% hot, 30% cold and 40% versatilist). Another would be to look at what proportion
of the gene migrates (so, at each check point, say, 20% of hot, 10 % of cold and 70% of versatilist
genes present in the population migrated).
I have rerun the simulation (50 seeds) but this time collecting data every 10 time steps (the base run
collected them every 100 steps). Collecting every 100 means we'd only pick the signal at the beginning
of a full environmental cycle (the cycle is 50 steps). I thought it may bias the results but actually it made
no diﬀerence.
In [1]:
from IPython.display import Image

Absolute numbers
The graph below shows the composition of the dispersing wave broken down by gene type (hot, cold,
vers). The y-axis shows the percentage of each gene among the dispering front, the x-axis shows
diﬀerent levels of environmental fluctuations (low numbers - high level of fluctuations, high numbers - low
level of fluctuations). There is a large gap between the specialists in scenarios with high level of
temperature fluctuations - this is because these runs are much shorter (they go in tens or low hundreds
rather than thousends) so the intial conditions (we start with a hot regime) play a much higer role (the hot
specialist gain an advantage early on but the run ends before this is oﬀset).

In [5]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/whosDispersing1.png')
Out[5]:

To even it out, I plotted both specialists as one line (using the mean of their values). Either way, the
versatilists are at the forefront of the dispersal. (Note that the lines are symmetrical - this is a good sign
because, in principle, they need to add up to 1).

In [3]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/whosDispersing.png')
Out[3]:

Relative numbers
Now, this is the same data, but what we plot here is 'what percentage of the entire population of a given
type migrates?' So if there are, e.g., 10 versatilists what percentage of these 10 versatilists migrates.

In [9]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/whosDispersing_relative1.png')
Out[9]:

Proportionally the specialists send more migrants away. I think this is because they reach much lower
and much higher in their fitness so when the conditions change the eﬀect can be much stronger on a
larger number of agents. The initial conditions are again playing up here a bit - as it evens out for longer
runs and in the cold specialist, which has the most diﬃcult start, is particularly badly aﬀected.
Below, we take an average of the specialist values.

In [10]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/whosDispersing_relative.png')
Out[10]:

In [ ]:

In [2]:
from IPython.display import Image

Who's dispersing and when
To see how the dispersal wave changes over a course of one run we scaled down on the variables
plotted:
middle value of the fitness booster
all values for the environmental fluctuations

POPULATION CHANGES
In [1]:
from IPython.display import Image
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_pop_all.png')
Out[1]:

MIGRATION CHANGES IN THE DISPERSING WAVE
This scenario is set up in such a way that the probability of migrating is inversly correlated with the
fitness. That is the weakest agents migrate.

In [4]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_migr_all_k5.png')
Out[4]:

Let's zoom in. This is a graph of the migration during moderately strong environmental fluctuations.
In [5]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_migr0.85.png')
Out[5]:

It obviously closely mirrors the population graph. Although there are some diﬀerences in the shape when
you look at the transition periods.

In [6]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_pop0.85.png')
Out[6]:

This scenario is set up in such a way that the probability of migrating is directly correlated with the
fitness. That is the strongest agents migrate.
In [5]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_migr_all_k-5.png')
Out[5]:

This scenario is set up in such a way that the probability of migrating is NOT correlated with the fitness.
That is the random agents migrate.

In [6]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_migr_all_random.png')
Out[6]:

MIGRATION: CHANGES IN THE DISPERSING WAVE AS A PROPORTION OF
POPULATION
Now let's look at the relative migration. So, what proportion of the population with a given gene
migrated.

1. weakest agents migrate.
In [9]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_relative_all_k5.png')
Out[9]:

And let's zoom in.

In [15]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_relative_all_k5_cropped.png')
Out[15]:

2. strongest agents migrate.
In [12]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_relative_all_k-5.png')
Out[12]:

3. random agents migrate.
In [14]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/change_relative_all_random.png')
Out[14]:

In [ ]:

In [2]:
from IPython.display import Image

Which types are over- and underrespresented in the migration
wave
This is a plot of for each type: frequency_migrants / frequency_population. So values higher than 1
indicate that they type of gene is overrepresented in the dispersal wave. When averaged over the full
period of one run, the specialists migrate more.
In [5]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/WhosDispersing1_diff_MigByPop_All.png')
Out[5]:

Or just summarised (specialists grouped together). The x-axis is the amplitude of the environmental
fluctuations. Higer values (like 0.95) indicate LOWER amplitude (that's why the runs take longer).
However, the high amplitude runs (alpha = 0.60, 0.65) are also much shorter and there are less runs that
fixated so it's less robust.

In [6]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/WhosDispersing1_diff_MigByPop.png')
Out[6]:

Now let's look at the same thing but over the period of the run.
First, which type of genes is over- and under- represented changes with the environmental fluctuations.
In [4]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/diff_migr_allQuarter_k5_sine.png')
Out[4]:

Now, let's zoom in properly. These figures show ONLY the first 25% of the simulation. Plus I also added a
sine curve (in purple) to visualise where exactly things happen.

In [8]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/diff_migr_firstQuarter_k5_sine_cropped.png')
Out[8]:

So it looks like the versatilist gene goes overrepresented at the end of an environmental fluctuation and
then drops drammatically at the beginning of the next environmental change. The specialist have simular
pattern but much less pronounced.
All of this changes further down the road when versatilists become established in the population. These
graphs show the 3rd quarter of the runs (from 50%-75% of the total time - the last 25% is not that
helpful because there're 2-3 outlier runs where one of the specialists does not die for a long time).

In [10]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/diff_migr_3rdQuarter_k5_sine_cropped.png')
Out[10]:

It looks like the versatilist gene becomes very stable so the population pumps a steady proportion into
the dispersal wave. This is also the case for low emplitude of the environmental fluctuations - you can
see that for settings with alpha 0.90 (low fluctuations) the graph is generally flatter than for 0.70 (higher
fluctuations).
I have also checked what happens when the log curve we use to determine the probability of migration is
steeper (k = 10 instead of k =5). Not much happens in fact; everything is a bit more extreme. I guess
everyone is aﬀected in a similar fashion.

In [12]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/diff_migr_allQuarter_k10_sine.png')
Out[12]:

In [13]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/diff_migr_allQuarter_k10_sine_cropped.png')
Out[13]:

In general it makes very little diﬀerence to the overal results.

In [3]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/figures_final/WhosDispersing1_diff_MigByPop_k10.png')
Out[3]:

In [2]:
from IPython.display import Image

Barrier experiments
The research question: Does the composition of the population becomes aﬀected if the dispersal
wave comes accross a barrier? A barrier is defined as an area inhospitable for hominins because they
are not adapted to it.
So far we tried to:
Compare the population before and after the barrier immediately after it is crossed.
There is no significant diﬀerence
Compare the population before and after the barrier throughout the run. The run stops when the
end of the world (10 cells further on) is reached.
There is no significant diﬀerence
See if there is a diﬀerence in the versatilist's time to fixation on the final cell of the world
between runs with and without a barrier.
There is no significant diﬀerence
Compare the population before and after the barrier throughout the run. The run stops when the
versatilist fixates in the last cell.
There is no significant diﬀerence
Compare the population on the first cell (this cell is never 'dispersed into) and after the barrier
throughout the run. The run stops when the agents reach the last cell.
There is no significant diﬀerence
Compare the population on the first cell and after the barrier for a larger barrier (3 instead of 1
cell). The run stops when the agents reach the last cell.
There is no significant diﬀerence
Compare the population on the first cell and after the barrier for a larger world (100 cells) and
larger barrier (10 instead of 1 cell). The run stops when the agents reach the last cell.
There is no significant diﬀerence

Diﬀerence in the versatilist's time to fixation on the final cell of the world.
Plotted: runs with a barrier and runs without barrier

In [2]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/last_cell_time_to_fixation.png')
Out[2]:

Population before and after the barrier throughout the run. The run stops
when the versatilist fixates in the last cell.
100 seeds run. We display the distribution of frequencies of each gene pre-barrier minus post-barrier. So
values around 0 mean no change.
First, with no barrier.
In [6]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/around_barrier_allNoBarboxplot.png')

Out[6]:

Then with a barrier.

In [7]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/around_barrier_allBarboxplot.png')
Out[7]:

Population on the first cell and after the barrier throughout the run. The run
stops when the agents reach the last cell.
In [4]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/1stAndPostBarBar_short_boxplot.png')

Out[4]:

In [5]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/1stAndPostBarNoBar_short_boxplot.png')
Out[5]:

Larger barrier - 3 cells instead of 1.
In [4]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/1stAndPostBar_bigBar_Bar_boxplot.png')

Out[4]:

In [6]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/1stAndBar_bigBar_allBar_boxplot.png')
Out[6]:

This is the only one that seem to have a tiny bit of a pattern. Most of the medians are over the zero line
but nothing to be writing home about. So I extended the world hoping for a stronger eﬀect.

Larger world - 100 cells incl. 10 barrier cells at the beginning.
In [10]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/1stAndPost_bigChain_allBar_boxplot.png')
Out[10]:

For the piece of mind I checked if the migration on its own does anything. This is population on the 1st
cell compared to the population on a cell BEFORE the barrier.
In [12]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/1stAndPreBar_bigBar_allBar_boxplot.png')
Out[12]:

In [1]:
from IPython.display import Image

2 Dimensional scenarios - dispersing over a chain of cells
In this experiment we check the sensitivity of the model to the initial conditions. The sine curve
representing the fluctuating environmental conditions can impose significant bias in short runs. Thus the
simulation was started at diﬀerent places on the sine curve. The full cycle is completed in 50 steps, the
numbers indicate the starting time out of the 50.
This is where we disperse the population along a chain of cells (2D scenarios), the middle of which is a
'barrier' cell, i.e., it has cc of 1/10th of the other cells. We then record the composition of the population
before and after the barrier cell.
In all cases the pattern look completely random.
In [2]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/figures/barrier_scenarios.png')

Out[2]:

When broken down to each gene, it doesn't look any better. This is an example (start time 31 from a
range of 0-50).

In [3]:
Image(filename='/Users/iar1g09/Dropbox/IZA/PHD/case_studies/variability_case_s
tudy/2D_all_sep_start31.png')
Out[3]:

Conclusion: given the current experiment design no significant
trends have been detected.

