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Our knowledge regarding the history of mankind and the way that led us from Africa
to Europe shows gaps in time and space, despite intensive research. Archaeological
discoveries, genetic analyzes or dating provide novel results, which, however, do not
always fit into the assumed migration process and cause controversy. To estimate
the settlement in regions and time periods without archaeological information or to
test hypotheses, numerical human dispersal models can provide answers. The expan-
sion of the Paleolithic hunter-gatherers is a complex and non-linear process influenced
by many factors, such as environmental conditions, resource occurrences, population
sizes, social components like conflict or exchange, or the presence of other species.
One crucial factor for the dispersal is the climate, which determines the living condi-
tions of humans as well as food and water resources. For the quantitative evaluation
of the settlement and spread of Paleolithic hunter-gatherers, two numerical models
are developed, the Human Existence Potential (HEP) and the Constrained Random
Walk Model (CRWM).

The HEP allows a static analysis of the habitats of a human culture under climatic
and environmental conditions. By using logistic regression, archaeological and climatic
data are combined in order to determine a spatial potential for settlement. The HEP
is then adjusted by the environmental conditions, such as the topography, glaciers or
water bodies, which influence the accessibility of the resources. In addition to the
spread, the HEP is used to determine contact probabilities and regionalizations, and
the influence of climate changes. The CRWM is a dynamic model that simulates the
dispersal of populations through the individual movement of humans. The human
movement is described by a stochastic di[erential equation, i.e. it consists of a de-
terministic drift and a stochastic component. The direction of the drift is determined
by the HEP and other humans, whose presence has both positive e [edts, since they
ensure survival, and negative e [edts, since they consume the available resources. The
stochastic movement reflects the individuality and unpredictability of human behav-
ior. In addition, births and deaths are integrated in the CRWM. The likelihood of
both depends on the size of the population and the resources available. Both models
are calibrated, validated, tested and then applied to case studies.

In a first case study, it is shown that the Solutrean in western Europe were cut o Chy
an environmental barrier from the Epigravettian in eastern Europe during the Last
Glacial Maximum. The expansion and contact within the Solutrean took place along
the coast of lIberia, with corridors opening up inland in times of favorable climate.
Another case study shows that the first phase of immigration into Europe of the mod-
ern humans of the Aurignacian came to an end in northern Iberia. The environmental
conditions prevented them from spreading further south. The Neanderthals, who
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populated the Iberian Peninsula at the time, were well adapted to the environmental
conditions there and colonized large areas of Iberia. Due to the climate change caused
by an Heinrich event, Neanderthal social networks collapsed. This particularly af-
fected the north and south of Iberia. Assuming the Neanderthals lived in significantly
lower population densities than modern humans, the Heinrich event presumably led
to a complete extinction of the Neanderthals on the Iberian peninsula. Overall, it can
be concluded that the extinction of the Neanderthals in Iberia can be attributed more
likely to the e[edts of an Heinrich event than to the appearance of modern humans.



Acknowledgements

A doctoral thesis is always a collaborative project and this is especially true for this
work. First of all, | would like to thank my main supervisor Yaping Shao, who de-
signed the research project, always stood by my side, developed and integrated many
ideas and concepts and supported me not only in research but also in my private life.
Another important support for my work was the collaboration with Gerd-Christian
Weniger, who gave advice on all archaeological questions, developed the archaeologi-
cal case studies and accompanied and promoted my research from the start.

I would particularly like to highlight the collaboration with Christian Wegener. The
discussion that took place on an almost daily basis and the joint development of the
Our Way Model was essential for the outcome of our project. Important collaborations
were also established with Isabell Schmidt, through whom many ideas were developed
and the case study on the Last Glacial Maximum was implemented, and with Patrick
Ludwig, who contributed the climate simulations and provided climatological advice.

I would like to specifically highlight the work within the Collaborative Research Cen-
ter 806 (CRC806) and thank for the fruitful collaborations and the support. Espe-
cially the collaborations with Andreas Hense, Andreas Zimmermann, Heiko Limberg,
Andreas Maier, Frank Schabitz, Jirgen Richter, Sven Ulbrich, and all PhD students
in the IRTG, actively contributed to the research through discussions and suggestions.

In particular, | would like to thank my colleagues from the Institute for Geophysics
and Meteorology, where | was able to spend four wonderful years and who certainly
influenced my research in one way or another. Special thanks also go to the employees
from the atmospheric modeling group.

Special thanks go to the supervisors of both Graduate Schools: Karin Boessenkool
from the Graduate School of Geosciences, and Daniela Holst and Hannah Hartung
from the Integrated Research Training Group of the CRC806. You gave us students
the structure to complete the doctoral thesis within the given time frame and provided
us many occasions to learn new skills and improve ourselves.

Last but not least, |1 would like to thank the most important people in my life, my
family and friends, who accompanied me during my doctoral thesis and who gave me
emotional support in di Ccult phases. Without you | wouldn’t have had the persistence
and perseverance to finish the work.






Vii

Contents

Acknowledgements \Y;
1 Introduction and motivation 1
1.1 Collaborative Research Center 806 'Our Way to Europe’ . . . ... .. 4
1.1.1 Project E6 . . . . . . . .. 5

1.1.2 OurWay Model . ... ... ... ... .. .. .. .. ..., 5

1.2 Human migration modeling . . . . . ... ... ... ... .. ... 7
1.2.1 Species distribution modeling (SDM) . . . . . ... .. .. ... 7

1.2.2 Agent based modeling (ABM) . . . . ... ... ... 8

1.2.3 Dilerential equation modeling (DEM) . . ... ... ... ... 9

2 HEP in Europe during the LGM 13
3 Impact of HE4 on human populations in lberia (2): HEP 35
3.1 Introduction. . . . . . . . . . ... 36
3.2 Results. . . . . . e 38
3.3 Discussion . . . . ... 40
3.4 Materialsand methods . . . . . ... ... ... L. 42
3.4.1 Archeologicaldata . ... ... ... ...... .. ....... 43

342 Climatedata . . ... ... ... . . ... ... 44

3.4.3 Predictor selection . . . ... ... ... ... . ... ... 44

3.4.4 Statistical evaluation . . . . . ... ... ... . . ... ... 46

4 Constrained Random Walk Model (CRWM) 49
4.1 Introduction . . . . . . . ... 49
4.1.1 Human dispersal driven by climatic and environmental conditions 50

4.1.2 Stochastic mobility of individuals . . . . ... ... ....... 51

4.1.3 Overpopulation and population clustering . . . . ... ... .. 51

4.1.4 Population growth and decline . . . . ... ... ........ 52

415 Outlook . . . .. ... 53

4.2 Mathematical description of the CRWM: Main equations . . . . . . .. 53
4.2.1 HEP based driftcomponent . . . .. ... ... .. ....... 54

4.2.2 Stochastic component . . . . ... ... ... ... 55

423 Compoundequations. . .. ... ... ... ... ... 56

4.3 Parameterization of the main equations . . . . . ... ... ...... 57
4.3.1 Drift parameters . . . . . . . .. ... .. e 57

4.3.2 Stochastic parameters . . . . . .. ... ... ... 59

4.4 Population attractiveness function . . . ... ... ... ... ..... 60
441 Defintion . ... ... ... 60

442 Example. . . . . .. e 63

45 Birthand deathmodule . . . ... ... ... ... ... ........ 63
451 Definition . .. ... ... 65

4.6 Numerical Implementation . . . . .. ... ... ... .......... 68



viii

4.6.1 Mainequations . . . . . . . . . .. . . e 68
46.2 Gradient. . . . . . ... 68
4.6.3 Population attractiveness . . . .. .. ... . . o000 69
4.6.4 Initial conditions . . . . .. ... 71
4.6.5 Boundary conditions . . .. ... ... ... . 0. 71

A7 SUMMAIY . . . . o ot e e e e e e e e e e e e e e e 72

5 Calibration and evaluation of the CRWM 75

5.1 Calibration . . .. . ... ... 75
5.1.1 Calibration of the drift component . . . ... .. ... ..... 75
Sensitivity of the friction accordingto Dy . . . .. .. ... .. 76
Calibrationof Ggand Dy . .. ... ... ... .. .. ..... 78

5.1.2 Calibration of the stochastic component . . . ... ... .. .. 80
5.1.3 Calibration of the population attractiveness function . . . . . . 82
Calibrationof and . ... ... ... ... ... ... 83

5.1.4 Calibration of the birth and death module . . . . . .. ... .. 85
Determination of t°4 . . . ... L L 87
Determinationof . . . ... ... ... ... ... ... ... 89

5.2 Test and numerical evaluation of the equations of motion. . . . . . .. 90
5.21 Experiment Gl . .. .. .. .. . .. ... 90
522 Experiment G2 . . . . . . ... 92
5.2.3 Experiment G3 . . . . . .. ... e 94

5.3 SUMMANY . . . . e e e e 95

6 Impact of HE4 on human populations in Iberia (2): CRWM 97

6.1 Introduction . . . . . . . . . .. 97
6.2 Migration of the Aurignacian to the lberian Peninsula . . . . .. ... 97
6.2.1 Calibrationof tP9 . . ... ... .. 98
6.2.2 First experiment: the standard con guration . ... .. .. .. 99
Migration overtime . . . . . . . ... ... 100

Settlement statistics . . . . ... ... Lo 101

Source and sinkregions . . ... ... 102
Population ow . . . . .. .. .. . .. .. ... . 103

6.2.3 Parametertesting. . . . . . . .. . ... ... 104
Growthrate r . . . . . . . . 105

Maximal cultural carrying capacity max - - « « « « « -« .. .. 107

Maximal migration velocity umax and individual mobility , . 108

6.2.4 Monte Carlo experiment . . . . ... .. ... ... ....... 110
Migrationto Iberia . . . . . .. .. ... 111

Impact of the Heinrich Event4 . . . ... ... ... ...... 113

6.25 Summary . . . ... 114

6.2.6 DiSCuUSSION . . . . . ... 116

6.3 Neanderthals in Iberia during MIS 3 and the e ects of an Heinrich Event117
6.3.1 Moderate population experiment . . . ... ... ... ... .. 118
Interstadial conditions . . . . .. ... ... ... 118

Heinrich event conditions . . . . . . .. ... ... ... .. .. 120

6.3.2 Small population experiment . . . ... ... .......... 122
Interstadial conditions . . . . ... ... ... ... ... 122

Heinrich event conditions . . . . . . ... ... ... .. .... 124

6.3.3 Large population experiment . . . ... ... ... ....... 126

Interstadial conditions . . . . . . ... ... ... ... ... .. 126



Heinrich event conditions . . . . . . ... ... .. ... .... 126
6.3.4  Summary . . . ... e 128
6.3.5 DISCUSSION . . . . . . . 129
Discussion 133
Conclusions and outlook 137
Constrained random walk model 155
A.1 Mathematical de nitions . . . . . . ... ... ... . ... ... 155
A.1.1 Probabilitytheory . .. ... ... .. ... ... o 155
A.Ll.2 Markov process . . . . . . v i i e e e e e e 156
A.1.3 It0 stochastic di erential equation . . . . ... ... ... ... 157
A.2 Component equations in spherical coordinates . . . . ... ... .. .. 158
Impact of Heinrich Event 4 on human populations in Iberia 163
B.1 Climate maps . . . . . . . . i i e e e e 163
B.2 HEP estimation . . . . . . . .. .. . . . .. .. . 164
B.3 CRWMIberia . . . . ... .. 168






Xi

List of Figures

11

1.2

3.1

3.2

3.3

3.4

4.1

4.2

4.3

4.4

4.5

Project arrangement of the CRC 806 (fromhttps://www.sfb806.uni-koeln.

Geographical classi cation of the regional projects of the CRC 806 and
regions in which archaeological excavations or geological investigations
took place along the routes from Africa to Europe (fromhttps://www.
sfb806.uni-koeln.de/ ). . . . . ... L 7

HEP of the NEA for GI9 (a) and HE4 (b) conditions based on the MP

sites (white squares) and the logistic regression coe cients estimated

by the GI9 bioclimatic variables. . . . ... ... ... ......... 38
HEP of the AMHs for GI9 (a, ¢) and HE4 (b, d) conditions based on

all sites of the AUR (AUR All) (a, b) and the sites of the AUR Phase

1 (AUR P1) (c, d) and the logistic regression coe cients estimated by

the GI9 bioclimatic variables. . . . ... ... ... ... ........ 40
Topographic distributions of the archaeological sites of the Aurigna-
cian (AUR) and Middle Paleolithic (MP); left: topographic height, and

right: topographic roughness, i.e. the standard deviation of topography
around the site. . . . . . . . . .. 43
Dendogram correlation cluster of the bioclimatic variables for (a) GI9

and (b) HE4, and separation into climate groups: mean tempera-
ture (green), temperature variation (red), daily temperature variation
(blue), mean precipitation (magenta), precipitation variation (yellow)

and meandryness (Cyan) . . . . . . . ... e 44

Schematic description of the Constrained Random Walk Model (CRWM).
Blue colored are the main modules of the CRWM and yellow colored is

the model input. . . . . . ... ... ... 53
Schematic illustration of the macroscopic drift in one dimension with
friction (black line, =1 and = 0:05) and without friction (green

line, =1 and =0);depicted are the velocity (top) and the position
(bottom) for a constant HEP for 1000 time steps withu(tg) = 0, X(tg) =
0,and t=0:5 . . . ... e 56
Population attractiveness function (fpa) de ned in Eq. 4.22, based on

the population density ( ) in hms/100 km? for the parameters =1:6

and =0:4 and di erent cultural carrying capacities ( ¢). . ... ... 62
Theoretical illustration of the e ect of the population attractiveness
function (fpa) for =1:6, =0:3and max =6 hms/100 km2, consid-
ering a random HEP distribution  (top), and a randomly generated
population density in [nms/100 km?] (middle); depicted is the result-

ing available HEP calculated by 4y = fpa (bottom). . .. ... .. 64
Framework of the birth and death module. It is determined separately

for each grid cellCj; by random variables j; whether a new human is
born or a human diesinthe CRWM. . . . . ... ... .. ... .... 65



Xii

4.6 (A) Gaussian probability density p (x) with =1 and =1 used
to estimate the random variable ; the green and grey shaped areas
are the probabilities of being either positive, P( 0), or negative,
P( < 0), respectively. (B) The probabilities P( 0O)and P( < 0)
fordierentmeanvalues ... ... ... ... .. ... .. ... ... 66
4.7 Mean of the Gaussian distribution , (Eq. 4.35) de ning the proba-
bility density of the random variable j, determined by the population
density () for a cultural carrying capacity of . = 6 hms/100 km?.
Shown are di erent realization according to the growth rater with =1. 67
4.8 lllustration of the grid of the HEP ( ) based on the longitude () and
latitude (™) to better understand the numerical calculation of the gra-
dient used to estimate the drift determining the macroscopic mobility

of a human H (green diamond). . . . . . ... .. ... ... ...... 69
4.9 De nition of the area A;;; of an grid cell used to calculate the population
density. . . . . . 70

4.10 Representation of the boundary conditions used in the CRW model; the
black lines show the outer boundary of the research area, HEP values
are set to -1 for water bodies. . . . . . ... ... ... .. ... 72

5.1 Input Gaussian HEP and initial position of the human (H) used for

calibration and validation of the constrained random walk model. . . . 76
5.2 Examples for the trajectory of humanH with initial condition ( o; o)

=(2;2) and (ug, Vo) = ( 0;0) km/year determined by the drift of the

CRWM (Eqg. 5.1 and 5.2) for di erent setups determining the friction

of the model as de ned in Tab. 5.1 with unax = 10 km/yr. Black

dots indicate the position of the human in 100 year time steps. Setup

(D) delivers the desired results, a calibrated model without large-scale

overshooting. . . . . . . . . e 77
5.3 Left: Maximal absolute velocity M as de ned in Eq. 5.6 of human

H in Fig. 5.1 for di erent con gurations of umax with Dy = 2 years.

Right: Combined deviation of M from umax for the dierent Umax

con gurations (2:5, 5, 7.5, and 10 km/yr) as dened in Eq. 5.7. . . .. 79
5.4 Absolute velocities for the humanH in Fig. 5.1 for di erent Umax With

Gy = 247 kmlyr, D¢y = 2 yr, and a time period of 500 years. The

maximal absolute velocity M for each con guration is specied. . . . . 80
5.5 Example of how the stochastic component is validated in the CRWM:

1000 people are randomly distributed around the Gaussian HEP; after

an initialization period of 500 years, the distance from the center of the

population is evaluated. 34% of the population is located within a 50

km radius from the center, 76% within a 100 km radius, 94% within a

150 km radius and 99% within a 200 km radius. . . . . . ... ... .. 81
5.6 Percentage of the population which are located inside circles around

the center with di erent radii de ned by the individual mobility u Of

the CRWM run, with umax =5 km/yr. For =6 yr, all four curves

exceed the 75% threshold line. . . . ... ... ... .......... 81
5.7 Shape of the population attractiveness function for di erent values of
the parameters and , for = mpax =6 humans/100 kmé. . . .. .. 83

5.8 Initial positions of the 3000 humans (left) and initial population density
(right) of the experiments used to calibrate the parameter and of
the population attractiveness function. . . . . . ... ... ... .. .. 84



5.9 Population density averaged over the 100 years of the simulation for the
initial setup shown in Fig. 5.8 for di erent values of the parameters
and . ...

5.10 Timely mean of the maximal population density per time step based
on the population attractiveness function for di erent setups of and .

5.11 Calibration of the time interval of the birth and death module ( t°9).
(A) Amount of deaths compared to the total population per year for
dierent  tP for the setup as specied in Tab. 5.5 and the Gaussian
HEP in Fig. 5.1. The straight line is the mean of the death rate
(rq), disregarding the spinup time. (B) Amount of humans modelled
for di erently resolved HEP distributions with 0:125, 0:25 and 0:5 ,
for dierent  td with the setup of Tab. 5.5 by changing max to 10
hms/100 K2, . . . . o

5.12 Modelled population growth rate roq for dierent for a chosen
growth rate of r = 0:03 yr 1; the setup of the experiment is taken
from Tab. 5.7 for the Gaussian HEP on Fig. 5.1. . . .. ... ... ..

5.13 2d Gaussian HEP distribution with 1:25 resolution used for CRWM
evaluation, encompassed by a rectangle of simulated water with HEP
L

5.14 Experiment G1 : Test of the macroscopic forces for two humans, H1
(black lines) with initial conditions x1(tg) = (10 ;10) and u4(tp) =
(0;0), and H2 (yellow lines) with initial conditions Xx2(tp) = (10 ;40)
and uy(tg) = (0;0) for 1800 years with t =0:01, and a Gaussian HEP
by switching of the random part of the CRW model. The maximal
migration velocity is chosen to beumax = 3:2 km/year,. Shown on
the upper gure is the migration trajectory in space. Depicted on the
bottom gure is the absolute velocity of both humans (Eq. 5.5) in
continuous lines, and the distance from the center af(25 ;25 ) (Eq.
5.11) in dashed lines. On both gures the dots indicate 100-yearly time
StePS. .. e e

5.15 Experiment G2 : Test of the numerical stability of the CRWM for
di erent time increments  t with umax = 3:2 km/year for human H1
of EG1; (A): absolute velocity juj and (B): distance from center; from
0 1500yr (left) and from 1500 3000yr (right). The right gures
illustrate the oscillations around the center of the HEP distribution for
dierent t, they are displayed in logarithmic scale. . ... ... ...

5.16 Experiment G3 : Test of CRWM with the model setup as in EG1 for
human H1 for similar HEP distributions with di erent resolutions: in
brown, absolute velocity for an HEP with 0:25 resolution; in black,
absolute velocity for an HEP with 1:25 resolution, in black dashed,
di erence of the distance from center of model with HEP 0:25 and
HEP 1:25 (eq. 5.14). . . . o v v vttt

6.1 Calibration of tPd by the death rate (number of deaths in relation to
the total population per year) for the AUR migration de ned by the
setup in Tab. 6.1. rq is the average death rate, disregarding the initial
phase. . . . . . . .. e

Xiii

87



Xiv

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

Dispersal of the humans of the Aurignacian based on the standard

con guration (Tab. 6.2). It shows the total number of humans and the
population density averaged over the color-coded time periods. The
marked periods are in cyan 0 - 1k yrs, in blue 16k - 20k yrs, in red
22Kk-24k yrs, in yellow 40k - 41k yrs, in green 66.5k - 71k yrs, and in
magenta 87k - 100k yrs. . . . . . .. 101
Percentage of time steps (from 16k - 100k) at which the grid points
were populated (j; > 0) based on the experiment from Tab. 6.2. Grid

cells that were populated less than 5% of the time are not shown. . . . 102
Timely averaged births minus deaths in each grid cell@;; ), while only

those time steps are considered at whichjj > 0. The source and sink
regions are indicated by red and blue circles, respectively. . .. .. .. 104
Population ow calculated by the sum of the velocities of all humans
within a grid cell in km/(yr 100 kn?), averaged over the 100k year

time period (black arrows); and the HEP of AUR AIl. . . . .. . ... 105
Percentage of time from 16k - 100k yrs in which the regions were popu-
lated by humans of the Aurignacian ( > 0), based on slightly modi ed
experiments of the CRWM to the standard con guration of the 1st
experiment (Tab. 6.2) for testing the parameter in uence, with the

modi ed parameter is shown in the caption. . . . . ... ........ 106
Number of humans in the 100k yrs CRWM simulation of the dispersal

of the humans of the AUR, for modi ed experiments to the standard

con guration (Tab. 6.2), with the modi ed parameters being listed in
thelegends. . . . . . . . . . 109
Number of humans of the 120 CRWM runs of the Monte Carlo ex-
periment (with di erent random numbers) based on the setup in Tab.

6.3 (black lines), and the ensemble mean of the 120 runs (yellow line).
After 7000 years the HEP changes to the conditions of HE4. . . . .. 110
Di erent time steps of the simulated migration of the AMH to Iberia

based on the Monte Carlo experiment with 120 runs and the setup in

Tab. 6.3. Shown are the averaged population density at that point in

time for all model runs in which the population density of the cells are
unequal zero (colored grid cells), and the population spread in percent-
ages of model runs, in black> 95%, in grey > 75%, in cyan > 50%, in
magenta> 25%, in pink > 5% and in green> 1% (contour lines). . . . 112
Same as in Fig. 6.9 with times after the HE4. It occurs after 7k years

and within 100 years and remains until the end of the 10k year time
SEIBS. o o 114
Number of Neanderthals for the 100 runs of the moderate population
experiment, i.e. max =5 hms/100 km? (Tab. 6.4), and the ensemble
mean (yellow). The interstadial HEP conditions apply for the rst 20k

years, these are then changed within 100 years to the HEP conditions

of the Heinrich event and simulated for a further 10k years. . .. ... 119
Settlement probability and population density of the Neanderthals in
Iberia during MIS 3 depending on the 100 runs of the moderate pop-
ulation experiment with the same coloring as in Fig. 6.9. Shown are

time segments at the beginning of the experiment, after 1k years, at the
steady state of the interglacial conditions, after 20k years, immediately

after the onset of the Heinrich event, after 20.2k years, and at the end

of the time series, after 30k years. . . . .. ... ... ... ...... 120



XV

6.13 Settlement dynamics of the Neanderthals represented by the popula-
tion ow (black arrows) and the coe cient of variation (CoV) of the
population density (colored grid cells) averaged over the 100 runs of
the moderate population experiment and over the time period (A) of
10k - 20k years (interstadial steady state) and (B) of 25k - 30k years
ago (Heinrich event steady state).

6.14 Time-averaged births minus deaths per grid cell for the time period of
(A) 10,000 - 20,000 years (interstadial steady state) and (B) 25k - 30k
years (Heinrich event steady state), averaged over the 100 runs of the
moderate population experiment. Pronounced or noticeable source and
sink regions are marked with red and blue circles, respectively. . . . . 122

6.15 Same as in Fig. 6.11 but for the small population experiment (max =
4 hms/100 km?).

6.16 Same as in Fig. 6.12 but for the small population experiment (max =
4hms/100 Km2) . . . . 124

6.17 Same as in Fig. 6.13 for the small population experiment fax =
4 hms/100 km?) for the time period (A) 10,000 - 20,000 years (inter-
stadial steady state) and (B) of 25k - 30k years ago (Heinrich event
steady state). . . . . ... 125

6.18 Same as in Fig. 6.14 but for the small population experiment (nax =
4 hms/100 km?) for (A) 10k - 20k years (interstadial steady state) and

(B) 20.2k - 30k years (Heinrich event steady state). . . . ... ... .. 125
6.19 Same as in Fig. 6.11 but only one run and for the large population
experiment ( max =7 hms/100km?) . . . . .. ... ... ... .... 127

6.20 Timely averaged population density of the large population experiment

( max = 7 hms/100 km?) for (A) interstadial conditions, from 10k - 20k

years, and (B) Heinrich event conditions, from 25k - 30k years. . ... 127
6.21 Same as in Fig. 6.13 but for only one run and the large population

experiment ( max = 7 hms/100 km?) and over the time period (A) of

10k - 20k years (interstadial steady state) and (B) of 25k - 30k years

ago (Heinrich event steady state). . .. ... ... ... ........ 128
6.22 Same as in Fig. 6.14 but for only one run and the large population ex-

periment ( max = 7 hms/100 km?) for (A) 10k - 20k years (interstadial

steady state) and (B) 25k - 30k years (Heinrich event steady state). . 128

A.2.1(A) Change of the unit vector i according to the longitude . (B)
Division of i into the northward and vertical components depending

on the latitude . Both gures are from Holton and Hakim (2013). . . 159
A.2.2(A) Longitudinal change of the unit vector j. (B) Latitudinal change

of unit vector j . Both gures are from Holton and Hakim (2013). . . . 160
B.1.1Annual mean temperature (Biol) . . . .. ... ... ... ....... 163
B.1.2Temperature seasonality (Bio4) . . . . ... .. ... ... ....... 163
B.1.3Precipitation seasonality (Biol5) . .. ... ... ... ... ...... 164
B.1.4Precipitation of wettest quarter (Biol6) . ... ... ... ....... 164
B.1.5Precipitation of driest quarter (Biol7) . .. ... ... .. ... .... 164

B.2.1Climatic conditions at the presence and absence points based on the
sites distribution of the Aurignacian (AUR All) and Middle Paleolithic
(MP) technocomplexes for the GI9 climate simulation. Human pres-
ence is considered in a radius of 20 km around each archaeological site,
human absence everywhere else



XVi

B.2.2MP HEP derived by the bioclimatic variables Bio 1/4/19/15/18 (a)
and (b) and Bio 1/4/12/15/18 (c) and (d) for GI9 (a) and (c) and HE4
(b) and (d) estimated by the GI9 bioclimatic variables. Deviation the
HEP Bio 1/4/16/15/17 (Fig. 1) from the mean of the three runs for

Gl9(e)and HE4 (f). . . . . . . . . . . . e 166
B.2.3Aur HEP derived by the bioclimatic variables Bio 1/4/19/15/18 (a)
and (b) and Bio 1/4/12/15/18 (c) and (d) for GI9 (a) and (c) and HE4
(b) and (d) estimated by the GI9 bioclimatic variables. Deviation the
HEP Bio 1/4/16/15/17 (Fig. 1) from the mean of the three runs for
Gl9(e)and HE4 (f). . . . . . . . . . . 167
168

B.3.1Same as in Fig. 6.18b but calculated from 25k - 30k years. . ... ..



XVii

List of Tables

3.1

3.2

4.1

51

5.2
5.3

54

5.5
5.6
5.7
5.8

59

6.1

6.2

6.3

6.4

Variance in ation factor (VIF) of the bioclimatic variables from the
mean temperature (T mean), temperature variation (T var), mean pre-
cipitation (P mean), precipitation variation (P var), and mean dryness
(D mean) groups. The upper four factors correspond to the GI9 and

the lower ones to the HE4 climate. . . . . . ... ... ... ...... 46
Area under a receiver operating characteristics curve (AUC) and Brier

skill score (BSS) for the HEP ts shown in Fig. 3.1 and 3.2. . . .. .. 46
Key parameters of the CRWM. . . . . . .. ... ... ... ...... 73
Experimental setup of Fig. 5.3 to test the friction component of the
CRWM. . . . e e 77
Calibrated parametersD; and Ggq. . . . . .. .. ... ... ...... 79

Percentage of the population (averaged from years 500 to 1000) that is
located within the circle (PiC) with radius r around the HEP center in

Fig. 5.1, with a starting population of 1000 humans that are randomly
distributed around the center with a Gaussian probability and a stan-

dard deviation of 2 . In the CRWM, the parameters unax and  are
speciedinthetable,and =6 yr.. ... ... ... .......... 82
Experimental setup to calibrate the population attractiveness function
(fpa). Further parameters are de ned as: Dy = 2 yrs, Gy = 247 km,

and =6 YIS, . . .. e e e e e e 84
Experimental setup to calibrate t?@ in the the birth and death module. 87
Experimental setup to calibrate in the the birth and death module. . 89
Experimental setup to calibrate in the the birth and death module. . 90
Experiments with di erent model setups based on di erent HEP dis-

tributions to evaluate and test the equations of motion. . . . . .. .. 90
Order of convergence, error in position and runtime of the CRWM based
on the time increment t for Upax =3:2km/year. . . ... ... ... 94

Experimental setup to calibrate t°d for the simulation of the AUR

dispersal. . . . . . . .. e 99
Parameter of the standard con guration to model the Aurignacian dis-
peral. . ... e e e 99
Parameters of the Monte Carlo experiment to model the Aurignacian
disperal. . . . . . . 110

Setup of the three Neanderthal experiments, the moderate population
experiment (M), the small population experiment (S) and the large
population experiment (L), with T, being the time frame of the inter-
stadial and Ty the time frame of the Heinrich event, and the other
parametersasinTab. 6.2 . .. .. .. ... ... ... .. .. .. ... 118






XiX

List of Abbreviations

ABM
AMH
AUC
AUC
BIO
BP
BPP
BSS
CoV
CRCB806
CRWM
DEM
EHC
Gl
GS
HDM
HE
HEP
LGM
MIS
MP
NEA
PMIP
SDE
SDM
VIF
WRF

Agent Based Model

Anatomical Modern Human

Area Under the Receiver Operating Characteristics (ROC) Curve
Aurignacian

Bioclimatic variable

Before Present

Best Potential Path

Brier Skill Score

Coe cient of Variation

Collaborative Research Center 806
Constrained Random Walk Model

Di erential Equation Model

Environmental Human Catchment
Greenland Interstadial

Greenland Stadial

Human Dispersal Model

Heinrich Event

Human Existence Potential

Last Glacial Maximum

Marine Isotope Stage

Middle Paleolithic

Neanderthal
Paleoclimate Modelling Intercomparison Project
Stochastic Di erential Equation

Species Distrtibution Model
Variance In ation Factor
Weather Research and Forecasting model






Chapter 1

Introduction and motivation

The evolution of humans and their spread over the earth, up to the settlement of Eu-
rope by modern humans, was a non-linear process of expansion that span over more
than a hundred thousand years. Even though much is known about "Our Way to
Europe”, new archaeological discoveries and research ndings often lead to controver-
sies and reinterpretations of history. What seems certain is that the origin of modern
humans lies in Africa. Through genetic analysis, the cradle of humankind could be
located in South and East Africa (Ramachandran et al., 2005; Henn et al., 2011). The
exact dating of the emergence of modern humans, however, as well as the time of the
exodus from Africa and the migration to Europe, are anything but proven facts but
rather controversial. For example, a discovery from Hublin et al. (2017) moves the
origin of Homo sapiens 100,000 years into the past to 315,000 years before present
(BP) and relocates the place of origin from Ethiopia to Morocco. Two published dat-
ings of modern humans outside of Africa from Misliya Cave in Israel, dated to 177,000
to 194,000 years BP (Hershkovitz et al., 2018), and from Apidima Cave in Greece,
dated to about 220,000 years BP (Harvati et al., 2019), were signi cantly older than
previous datings and give rise to speculation. Diverse and interdisciplinary research
helps to shed more light on our history. Scienti c methods, such as genetic analysis
and migration modeling, are gaining relevance in archeology and enabling investiga-
tions that were previously not possible. As a result, hypotheses can now be tested
and analyzes carried out from time periods and regions in which no archaeological
data are available.

Even though our assumptions about history are constantly changing and may con-
tinue to do so in the future, it is undisputed that the climate and its changes have

a signi cant in uence on humans and their migration. For instance, phases in which
the Sahara was green, made it possible to migrate through (Larrasoafia et al., 2013),
and phases in which the Bering Strait was glaciated, made the settlement of North
America possible in the rst place. The climate on our planet is determined by an
interplay of processes within and between the atmosphere, cryosphere, lithosphere,
biosphere and hydrosphere. The main source of energy and driver of these processes
is solar radiation. As shown in geological studies (so-called proxy data) and proven
by physics, the climate is subject to constant uctuations, which can mainly be at-
tributed to changes in solar radiation. Due to the gravitational in uences of several
orbital bodies, the Earth's movement is not periodic but changes with time. It is
thereby characterized by three time-variant parameters, the eccentricity, describing
the distance of the Earth's orbit around the sun, the obliquity, the angle between
the rotating axis of the Earth and the orbital axis, and the precession, the direction
at which the Earth's rotating axis is pointing. Changes in those parameters lead to
permanently uctuating glacial and interglacial periods, the so called Milanchovich
cycle (Berger, 1988).

In addition to this cycle, there have been short-term climatic uctuations that strongly
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shaped the conditions over centuries or millennia, the Dansgaard-Oeschger cycle. This
cycle was discovered in the Arctic ice and leads to a constant change of stadials (cold
phases) and interstadials (warm phases) as a result of changes in the thermohaline cir-
culation (Dansgaard et al., 1993). In some stadials there were also so-called Heinrich
events, in which large icebergs drift into the North Atlantic, melt there and signi -
cantly change the climate in Europe for centuries. The change of the climatic phases
between glacial and interglacial as well as stadial and interstadial could be classi ed
by proxy data in marine istope stages. These periods are also mostly used in arche-
ology and assigned to certain archaeological events. Climate changes have di erening
e ects from region to region (Voelker, 2002) and the e ects on humans are not always
clear. A milder climate can lead to a deterioration of the conditions for humans. The
interaction between climate and humans is anything but trivial and must be viewed
both in the overall picture and regionally.

Hunter-gatherers in the Paleolithic lived in close coalescence with their surroundings.
The resources they used and consumed were provided by the environment which is for
the major part governed by the climate, mainly by the temperature and precipitation.
Moreover, humans are very exible and able to adapt to various environments. Due
to this adaptability the anatomical modern human (AMH) managed to populate the
whole planet from tropical and subtropical regions at the equator to polar regions
close to the poles. The adaptation of AMH to new conditions needed time; the AMH
did not populate the Earth all at once. Archaeological ndings indicate that the col-
onization took place in several migration waves (e.g., Bae et al., 2017). In addition to
the step-wise migration process of alternating adaptation and exploration phases, hu-
mans experienced several phases of precarious conditions that forced them to retreat
to refugia or, in extreme cases, led to the extinction of populations (e.g., Bradtmoller
et al.,, 2012). In most cases, these changes in conditions can be correlated to climatic
change and subsequent environmental change scenarios (Hublin and Roebroeks, 2009;
Morgan, 2009; Hamilton et al., 2016; Grove, 2018; Raia et al., 2020).

In my doctoral thesis, models are developed with which the interaction between hu-
mans of the Paleolithic and the climate can be quanti ed and the migration of the
humans can be calculated with climate / environment being the driving factor. The
study is interdisciplinary and combines concepts and theories from archeology, an-
thropology, meteorology and physics. The models developed here are consistent with
the repeated replacement model by Bradtmoller et al. (2012) and integrate results
from ethnological case studies on hunters-gatherers (mainly from Binford, 2002; Kelly,
2013). Moreover, concepts from uid dynamics, machine learning and probability the-
ory are used. The results are based on extensive data analysis using archaeological site
and climate modeling data. The developed models and presented studies could only be
implemented in cooperation with many colleagues, especially from archeology, hence
it was very fortunate for me to have written my doctoral thesis in the Collaborative
Research Center 806 "Our Way to Europe”. Since the work within the CRC806 made
the doctoral thesis possible in the rst place, the structure and the goals are brie y
presented in the following (Sec. 1.1), with a special focus on the project E6 "Palaeo-
climate and Palaeoenvironmental Reconstructions Using a Computational Regional
Environmental Modeling System and Statistical Methods" in which my doctoral the-
sis is to be classi ed. Furthermore, there are of course other studies that have used
similar procedures and methods to quantitatively determine the migration of humans
and their adaptation to environmental conditions. This includes species distribution
models, agent based models and di erential equation models, which will are brie y
presented below (Sec. 1.2).

The doctoral thesis can roughly be divided into two parts. In the rst part the human
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existence potential (HEP) is developed, which acts as a driving force in the constrained
random walk model (CRWM) developed in the second part. The HEP re ects the
adaptation of humans to the given environmental conditions and assigns each region
a suitability score that de nes the potential settlement. The HEP is calculated using
machine learning methods and data from archaeological sites, climate models and en-
vironmental reconstructions. The development of the HEP was realized with several
colleagues and has already been published, in the paper "Human Existence Potential
in Europe during the Last Glacial Maximum" (Klein et al., 2021) which is presented
in Chapter 2, in which | am the main author and did the data analysis and wrote a
large part of the text. The case study highlights the di erent adaptations during the
LGM of the hunter-gatherers of the Solutrean techno-complex in Western Europe and
the Epigragravettian techno-complex in Eastern Europe. In addition, through the
integration of settlement core areas, it is classi ed whether regions were continuously
populated, such as Franco-Cantabria and the Iberian coast, or only in intermittent
phases of changing climate, such as central Iberia or regions close to the Scandinavian
Ice Seet in Eastern Europe. Chapter 3 presents another HEP study from an unpub-
lished manuscript being the basis for the CRWM calculation in Chapter 6. In this
manuscript, | am the main author and have carried out the data analysis and written

a large part of the text. There, the archaeological history of the Neanderthals on the
Iberian Peninsula during Marine Isotope Stage 3 and the immigrating modern humans
of the Aurignacian are illuminated and evaluated using the HEP. The adaptation to
interstadial conditions and the e ects of a Heinrich event on the human populations
are examined.

The CRWM is then presented in Chapter 4. In contrast to the static approach of
the HEP, in the CRWM the dynamics of populations is determined by simulating the
movement and reproduction or death of humans. The HEP is the driving factor that
in uences both the human movement and the growth or decrease of the population.
The CRWM is mainly based on random processes that re ect the individuality of
humans as well as the unpredictability of behavior and environmental factors. The
human movement is solved mathematically by a stochastic di erential equation, so
it represents a random walk with a drift in the direction of good HEP conditions.
In addition, the population attractiveness function integrates the presence of other
humans into the simulated movement. As a result, population clustering occurs, but
also the dispersal of humans due to local population pressure is implemented in the
CRWM. Whether humans are born or die is treated separately in the model and
is a random factor. The probability for this depends on the size of the population
and the environmental conditions. The individual model components are introduced
conceptually and mathematically in Chapter 4 and the numerical implementation is
explained. In addition to the key parameters that signi cantly determine the out-
come of the CRWM, some secondary parameters are de ned, which are calibrated in
Chapter 5 on the basis of idealized experiments. Care is taken to ensure that the
model provides physically as well as archaeologically meaningful and comprehensible
results. In addition, in Chapter 5 the model is validated for numerical stability and
convergence.

In Chapter 6, an extensive case study of the modern humans of the Aurignacian who
immigrated to the Iberian Peninsula and the Neanderthals residing there at the time
is carried out with the CRWM. Determined thereby are which areas were potentially
populated by the two human species, in which time period the migration took place,
where the mobility was particularly high so that there was contact between neighbor-
ing settlement areas, and where noticeably many people were born (source regions)
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or died (sink regions). Furthermore, the e ects of the Heinrich event on the hunter-
gatherers of both species who adapted to interstadial conditions is evaluated. Since
the CRWM is a stochastic model, the same starting conditions can lead to di erent
results due to random processes. In order to cover all random uctuations, the simula-
tion time periods in the experiments are chosen to be very long. In addition, a Monte
Carlo experiment is carried out for both populations: The same experiment (with
identical input parameters) is repeated 100 times and both the ensemble mean of all
runs and the deviations are used for the evaluation. Since the choice of parameters
has a decisive in uence on the results, experiments with di erent input parameters
are carried out for the two populations. For the modern humans of the Aurignacian,
the dependency on all key parameters are tested and a Monte Carlo experiment is
carried out with a con guration that give realistic results based on the archaeological
history. Since the parameter dependencies from the Aurignacian experiments can be
transferred to the Neanderthals, the analysis is limited to the parameter "cultural car-
rying capacities". This parameter de nes the size of the population and thus largely
determines the results. Three Monte Carlo experiments are carried out with small,
moderate and large populations and e ects on settlement behavior during interstadial
conditions and the e ects of the Heinrich event are evaluated.

Finally, Chapter 7 discusses modeling in general and HEP and CRWM in particular.
In Chapter 8, the modeling approaches and results are summarized, conclusions are
drawn and an outlook on possible follow-up studies and model extensions is given.

1.1 Collaborative Research Center 806 'Our Way to Eu-
rope'

The main goal of the CRC 806, which started in 2009 as a joint project of the Univer-
sities of Cologne, University Bonn and the RWTH University Aachen, was to bring
together experts from various elds in archeology, natural sciences, anthropology and
philosophy in order to be able to draw a comprehensive picture of the migration his-
tory of modern humans from Africa to Europe. This joined approach resulted in a
number of collaborations which led to many sub-projects and interdisciplinary work-
ing groups. The general structure of the 3rd phase of the CRC is shown in Fig. 1.1,
whereby the projects are divided into regional and superregional groups or assigned to
the timelines and central tasks group. The human history in parts of Europe, Africa
and the Levant was processed in various regional subgroups through archaeological
excavations and analyzes. The superregional systems combined the regional results
and placed them in a larger-scale context in terms of space and time. The dating of
material were provided by the timeline groups, conceptual and overarching consider-
ations were sought in the central task group.

The natural scientists involved in the CRC provided expertise in the areas of dat-
ing (luminescence, radiocarbon, archaeomagnetic), proxy and stratigraphy analyzes
and climate modeling. In addition to the climate simulations, terrestrial and aquatic
archives were recorded and evaluated in a number of eld studies in order to recon-
struct the environmental conditions and the climate history along the route to Europe
(Figure 1.2). All data that were collected within the CRC were also made available
to the public in an online database. With the completion of the CRC, it will be
remembered as a very successful project after 12 years of research through numer-
ous highly ranked published papers, many organized conferences and workshops, and
other outreach activities, such as a jointly written book.

https://icrc806db.uni-koeln.de/start/
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Figure 1.1: Project arrangement of the CRC 806 (from https://
www.sfb806.uni-koeln.de/ ).

1.1.1 Project E6

My project was embedded in the superregional system E6. The aim of this subsector
in the rst two phases was to provide reliable climate modeling and environmental
data for the CRC study domains to support the research on the movement of the
modern humans from Africa to Europe. The research resulted in publications on paleo-
climatic conditions (Ludwig et al., 2016, 2017, 2019; Weitzel et al., 2019), aeloean
dust transport and loess deposition (Scha ernicht et al., 2019; Nett et al., 2021), and
environmental reconstructions (Shao et al., 2018; Miebach et al., 2019). In the further
course of the CRC, the focus of the E6 evolved towards the development of numerical
models for the dispersal and settlement behavior of early humans, with a special focus
on the development of the Our Way Model.

Without the collaboration with many colleagues within the CRC, the work would
not have been possible. The collaboration consisted of the exchange of data as well
as theories, concepts and hypotheses. An important collaboration arose with the
E1l and D4 projects. Through the exchange of many ideas and the integration of the
archaeological data, the publication Klein et al. (2021) was created, which is presented
in Chapter 2. Another relevant collaboration arose with the C1 project resulting in
the unpublished paper presented in Chapter 3 and the case study presented in Chapter
6. Furthermore, many basics for the development of the CRWM were worked out.

1.1.2 Our Way Model

The main goal of our working group in the last phase of the project was to develop
a prognostic model for human dispersal. The Our Way Model simulates the disper-
sal of humans through the combination of the social, biological and climatological
dimensions and the integration of concepts from the natural and social sciences. By
using archaeological and climate / environment data, the aim is to integrate model
and data. With the Our Way Model we are trying to implement a complex model
from simple assumptions by combining and integrating multiscale models. The human
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dispersal model (HDM) simulates the large-scale expansion of population densities,
while the constrained random walk model (CRWM) simulates the mobility of individ-
ual humans. Both models are inherent in that they use the human existence potential
as the main driving force for migration. The Our Way Model framework is a platform

to test archaeological hypotheses, such as the e ects of climate change on populations
or the adaptations of people to given conditions. Due to the di erent approaches in
relation to scales and times, population dynamics analysis can be carried out and thus
the possible reasons for the spread of humans can be studied more profoundly. The
Our Way Model is continuously in development and the integration of new data and
concepts can signi cantly improve model performance in the future.

Both the CRWM and the HEP are the subject of this doctoral thesis, so the concept
and the functionality of the Our Way Model will be further elaborated in the course

of the thesis. The HDM was mainly developed within the doctoral thesis of Christian
Wegener and should be brie y mentioned here. The overview is limited to the main
components of the model. The dispersal of humans in the HDM is simulated by the
two-dimensional Fisher-Kolmogorov Equation of a time-dependent population density

( (xy):
d

dt
with the movement speed and directionv(x;y), diusion coe cient K (x;y), and
sourcesB (x;y) and sinksD(x;y). The equation describes a temporal change in the
population density, caused by an advection-governed population migration, a popu-
lation di usion and a population growth and decrease. The directional movement, so
the migration velocity, is determined by the available human existence potential ():

r (v)+r(Kr )+ B D (1.1)

y(t;) = r; 1.2)

with a parameter de ning the migration speed. The available HEP integrates en-
vironmental preferences and population features and is also part of the CRWM and
de ned in Chapter 2 and Chapter 4. With the cultural carrying capacity calculated
from the accessible HEP ( 4cc) and the parameter maximal cultural carrying capacity

( max):
c= max  aco (1.3)

the available HEP is calculated using the scaled Weibull function with the scaling
parametersC, and :

exp
Cc Cc

(1.4)

This implements two processes in : (1) humans who are already in the area reduce
the available resources and thus reduce the attractiveness of the area for other humans;
and (2) low population densities are unattractive as they make survival much more
di cult. Population growth or population decrease is implemented in the model by
the following function:

B D= rg 3exp 2 ; (1.5)

2 ¢

with the parameter population growth rate (rg).
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Figure 1.2: Geographical classi cation of the regional projects of the

CRC 806 and regions in which archaeological excavations or geological

investigations took place along the routes from Africa to Europe (from
https://www.sfb806.uni-koeln.de/ ).

1.2 Human migration modeling

In archaeological and anthropological research there were several approaches that dealt
with the modeling of human migration. A distinction can be made between two types
of modeling, agent-based modeling (ABM) and di erential equation modeling (DEM).
While the ABM primarily deals with microscale phenomena, the DEM usually acts
on the macro scale. The Constrained random walk model developed here can be seen
as a kind of interface between the macro and micro scale. There, the movement of
individual agents is modeled based on stochastic di erential equations, so concepts
from both ABM and DEM are integrated. Therefore, a brief overview of the general
functionality of ABM and DEM is given here and the latest and most important pub-
lications in both areas in the eld of archaeology are presented.

The human existence potential is based on concepts from Species Distribution Model-
ing, in which observation data are coupled with environmental and climatic data using
machine learning methods in order to obtain a prediction of the spatial distribution

of the species. The concept of the modeling and studies in the eld of archeology are
also presented below.

1.2.1 Species distribution modeling (SDM)

The so-called species distribution modeling (SDM), also known as habitat suitability,
ecological niche or climate envelope modeling is a tool from the eld of biology for
determining the distribution and adaptation of species in an environment. The aim
of the models is to determine a relationship between local data points or observations
and environmental data, convert it into a score and extrapolate it onto a map. The
environmental data can be of a climatic or topographical nature, whereby in many
studies so-called bioclimatic variables are used, covering the mean temperature and



8 Chapter 1. Introduction and motivation

precipitation values as well as their variations and seasonal characteristics. On the
basis of the observations, the presence and absence data sets are determined and thus
the climatic / topographical range is determined to which the species are adapted.
Since the connection between climate and observation is usually not trivial, but is
made up of several predictors, machine learning methods are used, such as regres-
sion methods, random forest, support vector machines or MaxEnt (Elith et al., 2006),
whereby an ensemble of methods can also be used (Araujo and New, 2007). However,
there are some pitfalls of the SDMs, so it must be ensured that the predictors used
hardly correlate (Braunisch et al., 2013) and are not colinear (Dormann et al., 2013),
that there the data points and the number of predictors are su cient so that the result

is not over tted, and that there is no spatial autocorrelation between the observation
data, which would also lead to falsi ed results (Boria et al., 2014). Each SDM result
must rst be statistically evaluated in order to determine whether the model result is
meaningful. For this purpose, the input data is split up into a training and test data
set, the latter being used for evaluation. For evaluation, e.g. the Brier Skill Score
or the area under the receiver operating characteristic curve (AUC) are calculated.
The results of the SDM can then determine the e ects of climate change on certain
species by extrapolating to other climatic conditions or the spread of invasive species
by extrapolating to other regions (Elith and Leathwick, 2009).

With the assumption that humans are a species whose survival is strongly in uenced
by external conditions, the methodology can be transferred to archeology. The pres-
ence / absence distribution is obtained either from archaeological sites (e.g., Banks
et al., 2008; Burke et al., 2017) or from ethnological data (Tallavaara et al., 2015). The
climatic predictors come from climate models, with a distinction being made between
global and regional models with higher resolution. The simulations of the Paleocli-
mate Modelling Intercomparison Project (PMIP) (Braconnot et al., 2012), which is
now in the 4th phase (Kageyama et al., 2018), are mostly used for climate reconstruc-
tion. There, in addition to the pre-industrial conditions, the climate of the phases
Mid Holocene, Last Glacial Maximum and the Last Interglacial are reconstructed
with global climate models. Especially for the Last Glacial Maximum, a large number
of SDM studies have been published (Burke et al., 2014, 2017; Banks et al., 2006,
2008, 2009; Tallavaara et al., 2015). Furthermore, climate simulations were carried
out to enable SDM studies on other settlement phases (Banks et al., 2006, 2013; Gi-
ampoudakis et al., 2017) and other human species such as the Neanderthal (Banks
et al., 2008; Benito et al., 2017). Due to the increase in paleoclimatic reconstructions
through projects such as PalMod, archaeological SDM studies are likely to gain in
importance in the future. Finally, SDM results were also used as input for further cal-
culations, e.g. to determine migration routes through least cost paths (Kondo et al.,
2018) or as an environment for agent-based models (Wren and Burke, 2019, see the
next Sec. 1.2.2).

1.2.2 Agent based modeling (ABM)

ABMs are computer models to investigate how the individual parts of a coherent
system function and interact, whereby the individual parts are referred to as agents
(Wurzer et al., 2015). They are used in many specialist areas such as philosophy,
history or social science (Klein et al., 2018), whereby "agents" stands for di erent
subjects, such as individual humans or a car in a tra ¢ jam, or more abstract struc-
tures, such as states or companies, depending on the application. For applications in
archeology, it is mostly used with individuals, groups or tribes. The principles and

Zhttps://www.palmod.de/
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methodology of ABMs presented here are largely based on Wurzer et al. (2015). The
agents are located in an arti cial environment, mostly characterized by climatic or
environmental conditions, and their behavior within the environment is determined
by certain conditions. In addition, conditions are de ned that integrate the interac-
tions between the agents in the model. What type of interaction depends entirely on
the model study and can look very di erent, such as environmental change through
resource consumption by agents or climate change, group formation, reproduction
through births and deaths, or learning and memorizing about the environment. In
Macal and North (2006) and Wurzer et al. (2015), some rules that must apply to
agents in ABMs have been de ned, which re ect the functionality of ABMs well: an
agent has to 1) be uniquely identi able, 2) cohabitate an environment with other
agents, and be able to communicate with them, 3) be able to act targeted, 4) be
autonomous and independent, and 5) be able to change its behaviour. The great
advantage of ABMs is that they are able to map heterogeneous populations (Klein
et al., 2018), despite being computationally expensive. Furthermore, a distinction is
made between deterministic and stochastic ABMs and between discrete and continu-
ous environments.

In the study by Wren and Burke (2019), an ABM is combined with a habitat suit-
ability (HS) model to create an environment in which the "agents”, here families of
hunters and gatherers, interact to study the regionalization of material cultures in
Western Europe during the Last Glacial Maximum. The HS environment determines
the birth and death rate and the movement of the agents, which is a random walk
that is weighted by the HS score and the distance to the next uninhabited grid cell.
In addition, a gene code is assigned to each agent, which represents the region from
which it comes and which is passed on to o spring, this being made up of the gene
codes of two agents at random. They came to the conclusion that the increased popu-
lation growth in south France and north-east Spain led to continuous emigration from
these regions, which led to genetic homogeneity in Western Europe.

In the ABM study by Cucart-Mora et al. (2018), the Upper to Middle Paleolithic
transition, i.e. the transition from Neanderthals to modern humans, was simulated
on the Iberian Peninsula. The agents, groups of 25 people, move in a random di-
rection within a speci ed mobility range and reproduction takes place when there is
enough space, depending on the birth rate. The parameters de ning the mobility and
reproduction in the model are obtained from ethnographic studies and adapted to the
Neanderthal population. Each agent is assigned a gene code that identi es them as
Neanderthals, modern humans or hybrids. The authors come to the conclusion that
the extinction of the Neanderthals can be related to a lower growth rate compared to
modern humans, or to a higher mobility; and that cultural barriers prevented inter-
speci ¢ reproduction. This enabled them to reproduce the archaeological history of
the Iberian Peninsula and show that there is little introgression of the Neanderthal
genes in the genome of modern humans.

1.2.3 Dierential equation modeling (DEM)

A good summary of DEM in archaeology can be found in Steele (2009), | will give a
brief overview of his results here. The human dispersal in a DEM is usually simulated
by a reaction-di usion equation (Eq. 1.6, the notation is adapted to the notation of the
doctoral thesis) which has rst been applied to population studies by Skellam (1951).
The dispersal of populations is governed by two processes, a population growth and
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a spatial spreading, by estimating the timely change of a population density :

@
@t
with D being the Di usion coe cient. The function f(;r;K ) determines the popula-

tion growth or decline and is usually de ned by the logistic growth law, rst established
by Verhulst (1838):

=f(;rnK )+ Dr ?; (1.6)

f(;rK)= r 1 K: @a.7)

The parameter r is the maximum population growth rate and the parameterK is
the carrying capacity and de nes a threshold for population growth. The quantity K
can be speci ed according to the environmental conditions. A simple application of
the model can be found in Young and Bettinger (1995). There, the spread of modern
humans from Africa across world was simulated for di erent parameter con gurations.
Somewhat more complex models determine the parameters using archaeological data,
such as radiocarbon dating (Mellars, 2006), or ethnographic studies of today's hunter-
gatherer groups (Fort et al., 2004). Ammermann and Cavalli-Sforza (1979) developed
the "wave of advance model" from the reaction-di usion equation (Eq. 1.6) to esti-
mate the spread of the Neolithic in Europe by tting the parameters with radiocarbon
data. However, both radiocarbon and ethnographic data have certain pitfalls that can
lead to incorrect assumptions, such as the inaccuracy of the dating or the in uence of
sedimentary people on the lives of today's hunters and gatherers.

Other studies have added additional components to the reaction-di usion equation
that have made the model more realistic, but the increasing complexity also increases
the degrees of freedom in the model. In Lewis and Kareiva (1993), an additional term
is introduced to depict the Allee e ect, which states that the population decreases
at low densities. Other studies integrated anisotropy in the population propagation
either through spatial or temporal heterogeneity of the parameters (Steele et al., 1998;
Martino et al., 2007) or by including an advection term (Davison et al., 2006). Advec-
tion accelerates the dispersal in the direction of more favorable regions, which means
that less favorable regions are more likely to be avoided. In Davison et al. (2006),
this was used to accelerate the Neolithic migration along rivers in the model. An
advanced DEM was published by Timmermann and Friedrich (2016). They simulated
human dispersal by assuming the di usion to be isotropic, while population growth
and mortality are functions that depended on climatic variables. Through a global
climate simulation of the last 300,000 years, they were able to simulate the entire pre-
historic migration of modern humans. Many of the simulated arrival times in di erent
parts of the world correspond to the archaeological dates, with some deviations being
explained by interactions with other human species. However, their model depends on
many parameters and it is at least questionable whether the results are representative
or if the model is over tted.

Another important factor that plays a role in migration is, in addition to the human-
environment interaction, the interaction between humans. The human interaction
was integrated, for example, by simulating the propagation of two di erent groups of
people and including interaction terms in the Fisher-Skellam equation, such as in Fort
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et al. (2008):
@1 2 1
—==D + 1 = + 2; 1.8
ot aF " 1+r11 K1 1 4 (1.8)
@ _pr2,4r,, 1 2 12 (1.9)

@t K>

In Fort et al. (2008), population 1 represents the Mesolithic hunter-gatherers and
population 2 the Neolithic farmers. The interaction parameter determines the tran-
sition from hunter-gatherers to farmers. They found that both populations can coexist
stably if the hunter-gatherer birth rate is high enough to compensate for the internal
loss rate of farmers (Steele, 2009). Another two-population model was developed by
Timmermann (2020) to simulate the extinction of the Neanderthals ( ) in interaction
with modern humans ( s), whereby both competitive and interbreeding terms were
included in the equations:

@n nt NS s

—— =71 (Dqr +r 1 —

@t~ " (Pl ) To Kn (1.10)
+ 1 [rns( n s) Tfsn( s nl;

@s st sN n

— =71 (Dgr +r 1 —_—

@t (Dsr s) s s K. (1.11)

+ gt s( n s) Tfsn( s n)l

The parameters ns and sy control the e ectiveness of food exploitation of a species
in comparison to the other species, which integrates food competition between Ne-
anderthals and modern humans in the equation. The interbreeding is governed by
the Heaviside-function , while the parameter | is the average interbreeding factor.
When both species populate the same grid cell, the larger group grows by interbreed-
ing, while the o spring comes from the shrinking smaller group. The parameter® s,
r:s and Kns in Eg. 1.10 and 1.11 are also climate dependent. The main outcome of
the study is that Neanderthal extinction could occur when Homo sapiens were more
e ective in exploiting glacial food resources in comparison to Neanderthals.
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