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The Fisher equation is commonly used to model population dynamics. This equation allows describing
reaction-diffusion processes, considering both population growth and diffusion mechanism. Some results have
been reported about modeling human dispersion, always assuming isotropic diffusion. Nevertheless, it is
well-known that dispersion depends not only on the characteristics of the habitats where individuals are but
also on the properties of the places where they intend to move, then isotropic approaches cannot adequately
reproduce the evolution of the wave of advance of populations. Solutions to a Fisher equation are difficult to
obtain for complex geometries, moreover, when anisotropy has to be considered and so few studies have been
conducted in this direction. With this scope in mind, we present in this paper a solution for a Fisher equation,
introducing anisotropy. We apply a finite difference method using the Crank-Nicholson approximation and
analyze the results as a function of the characteristic parameters. Finally, this methodology is applied to model
South American human dispersal.
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I. INTRODUCTION

Reaction-diffusion models play an important role in the
description of population dynamics. If we consider diffusion
as a coherent movement interrupted by scattering events,
then we can make the analogy with first migrations of human
beings, which found during their dispersals different kinds of
barriers which deviated and/or reoriented their movements.
Migrations can be associated to a nonequilibrium state which
can start from a localized external perturbation �for example,
the irruption of a number of invaders at a localized point�;
then, this perturbation is spread via diffusion mechanisms to
the neighboring regions, going from a stationary state to the
propagation of a traveling wave. Thus this behavior can be
described as a diffusive phenomenon plus a term which takes
into account the rate of density population increase. Standard
models applied Fisher’s equation developed to describe the
“wave of advance” of advantageous genes �1�, generalized to
the case of animal range expansion �e.g., Williamson �2��.
The basic equation is given by �1�

dn

dt
= f�n,K� + D�2n , �1�

where n�r , t� corresponds to the local human population den-
sity �number of humans per unit area� at time t and position
r= �x ,y�. D stands for the diffusion parameter and K repre-
sents the environmental carrying capacity, which takes into
account the potentiality of an environment to support human
population on a sustained basis �3�. Both are functions of
position. Finally, f�n ,K� describes the rate at which popula-

tion increases and is usually represented, in ecology, by the
logistic function �4�

f�n,K� = �n�1 −
n

K
� �2�

with � the intrinsic maximum population growth rate.
This equation has been widely studied, specially for un-

bounded systems �e.g., Abramson et al. �5��. Being a nonlin-
ear equation, finding its solutions is in most cases a complex
task. Several analytical methods have been developed to
solve this equation. Some recent studies were discussed in
Izús et al. �6�; King and McCabe �7�; Abramson et al. �5�;
and Olmos and Shizgal �8�. The formal solution of one-
dimensional �1D� models yields traveling wave states. When
extended to two-dimensional �2D� and to three-dimensional
�3D� models, the shape of the wave front may change during
propagation and evolve to some stationary configuration. In
2D space, along with a plane wave, there exist other solu-
tions, with different velocity of propagation. In particular,
Brazhnik and Tyson �9� identified five different solutions for
an unbounded, spatially uniform medium: plane wave, a
space-oscillating propagation front, and three waves with
different shapes and velocities. However, it is not usually
possible to obtain exact analytical wave solutions, especially
when boundary conditions are considered. Brazhnik and Ty-
son �10� solved the equation for the 2D system, considering
an infinitely long stripe with no flux allowed through the
boundaries. For this particular case they found that only two
modes survive �plane and oscillating� because the front line
of the wave must approach the boundary orthogonally. In
another case, Izús et al. �6� solved the equation assuming a
linear version of the equation, subjected to partially reflect-
ing boundary conditions. Notwithstanding, for more complex
geometries, the equation must be analyzed numerically. Dif-
ferent approaches have been used, for example, by means of
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integral methods �Feng and Li �11��, finite elements �Gun-
zburger et al. �12��, and finite differences �Pao �13��.

In particular, this equation was used to model Paleoindian
dispersal in North America �Steele et al. �14��. These authors
solved Eq. �1� for a 2D system using finite differences, as-
suming that the three parameters, D, �, and K could be esti-
mated from “ethnographic and archaeological information.”
D and � were maintained constant while K was varied ac-
cording to the environmental properties.

In this work we applied this formalism to model the hu-
man dispersal in South America. Specifically, we wanted to
model time and mode of human dispersion into the new en-
vironments. Recently, Lanata and García �15� proposed that
the diffusion coefficient of the different paleoenvironments
for human dispersion, together with the use of environmental
corridors, could have differentiated two metapopulations,
Andean and Amazonian. On the other hand, in the desert and
semidesert temperate lowlands of the South American South-
ern Cone and Patagonian region both populations could co-
exist in a mixed situation. This kind of evolution could not
be described using the formalism as it was applied by Steele
et al. �14�.

The reason for such a failure can be traced to the fact that
one of the main constraints of this model is the assumption
of a constant diffusion coefficient. This assumption produces
a dispersion that evolves as a radial wave front, analogous to
the dispersion in a isotropic medium. On the contrary, the
actual situation is that the diffusion should depend on the
characteristics of not only the habitat where the individuals
are but also of the neighboring places toward which they
intend to move.

This condition has not been considered previously for
modeling hominid dispersion. In fact, few analyses have
been done regarding an anisotropic behavior in Fisher’s
equation �e.g., Elmer and Van Vleck �16�; Krishnan et al.
�17�; and Lanata et al. �18��. Then, we solved the reaction-
diffusion Fisher’s equation introducing anisotropy. We ana-
lyzed the wave-front development for different characteris-
tics of the system and compared the results to those obtained
using the isotropic equation. Finally, we modeled the disper-
sion of paleoindian in South America, constraining the model
with archeological and paleoenvironmental data.

In Sec. II we describe the solution of the equation under
anisotropic conditions and we tested the approximation in a
simple model. In Sec. III we describe the anthropologic data.
In Sec. IV we show the simulations for the South American
region. Finally in Sec. V conclusions are drawn.

II. ISOTROPIC VERSUS ANISOTROPIC DIFFUSION
MODEL

The finite-difference method using the Crank-Nicholson
approximation was applied in order to solve the differential
equation; this method uses a double step in the time domain
for the calculation of spatial derivatives. The spatial deriva-
tives at time t+�t were obtained using Euler’s approach for
time t and time t+�t /2. In the time domain the method uses
a simple forward difference.

The system is divided into rectangular cells �i , j� in which
a is the length of the cell in the x direction and b is the length

of the cell in the y direction; then for each cell, Eq. �1� can be
written as

dni,j,t+�t − dni,j,t

�t
= A�ni,j,t� + B�ni,j,t,�t/2� . �3�

The first term A�ni,j,t� is associated to the population growth.

A�ni,j� = �ni,j�1 −
ni,j

Ki,j
� . �4�

The second one B�ni,j,t,�t/2� is associated with diffusion, and
in the isotropic case D is constant and then the resulting
equation is

B�ni,j,t,�t/2� =
D

a2 �ni+1,j,t − 2ni,j,t + ni−1,j,t�

+
D

b2 �ni,j+1,t − 2ni,j,t + ni,j−1,t�

+
D

a2 �ni+1,j,t+�t/2 − 2ni,j,t+�t/2 + ni−1,j,t+�t/2�

+
D

b2 �ni,j+1,t+�t/2 − 2ni,j,t+�t/2 + ni,j−1,t+�t/2�

�5�

with

ni+1,j,t+�t/2 = ni,j,t +
D�t

2b2 �ni+1,j+1,t − 2ni+1,j,t + ni+1,j−1,t� .

�6�

In a similar way, we can calculate the terms ni−1,j,t+�t/2,
ni,j,t+�t/2, ni,j+1,t+�t/2, and ni,j−1,t+�t/2 and then Eq. �5� can be
rewritten as

�tB�ni,j,t� = sx�1 − 4sy��ni+1,j,t − 2ni,j,t + ni−1,j,t� + sy�1 − 4sx�

��ni,j+1,t − 2ni,j,t + ni,j−1,t� + sysx�ni+1,j+1,t

+ ni+1,j−1,t + ni−1,j+1,t + ni−1,j−1,t − 4ni,j,t� , �7�

where sx and sy are given by

sx =
D�t

a2 ,

sy =
D�t

b2 . �8�

If the cell is taken square, we have that a=b=h, sx=sy=s,
and Eq. �7� adopts the form

�tB�ni,j,t� = s�1 − 2s��ni+1,j,t + ni−1,j,t + ni,j+1,t + ni,j−1,t

− 4ni,j,t� + s2�ni+1,j+1,t + ni+1,j−1,t + ni−1,j+1,t

+ ni−1,j−1,t − 4ni,j,t� . �9�

It can be shown that for s=1/6, the approximation is of
fourth order �19�, then Eq. �9� becomes
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�tB�ni,j,t� =
D

h2�
l=1

8

wl�nl − ni,j� , �10�

where, for a cell �i , j�, ni,j is the population in the cell, ni,j,l is
the population for one of the l nearest neighbors �eight
neighbors, including the diagonal cells�; h2 is the area of the
cell �i , j�, and wl is a weight factor that defines if the neigh-
boring cell l shares a side or a vertex. The migrations to the
diagonal neighbors are associated with a double migration
process, for example, a migration to the upwards-left vertex
may be given by a first migration leftward and a second
migration upwards.

We can define a normalized diffusion coefficient d= D
h2 ;

then the diffusion term in Eq. �3� results:

B�ni,j� = d�
l=1

8

wl�nl − ni,j� . �11�

The migration was normalized in such a way that all the
inhabitants of a cell migrate to the closest neighbors if they
are empty, in which case d�t=1 for a stationary population
��=0�.

To introduce an anisotropic behavior, we used the most
general form of Fisher’s equation �Eq. �1��:

dn

dt
= f�n,K� + �D � n . �12�

If we apply finite differences dividing the space into square
cells �i , j�, the anisotropy can be introduced if we think that

every lattice has associated an individual diffusion parameter
and carrying capacity. For a nine neighbor scheme centered
in cell �i , j� the arrangement is shown in Fig. 1.

Following the suggestion introduced in �14�, we define a
diffusion coefficient for each pair of cells through the follow-

ing relation: D̄l,k=�DlDk in which Dl carries information
about the local properties of cell l. This definition is consis-
tent with the case in which, if a given cell l is completely

inaccessible, Dl=0 and then all diffusion coefficients D̄l,k
pointing toward that cell are zero.

Using the nine point technique in a square mesh, the dif-
fusion term for the cell �i , j� of Eq. �12� results:

�t

2h4 ��D̄1,2D̄2,5 + D̄1,4D̄4,5��n1 − n5� + �D̄3,2D̄2,5 + D̄3,6D̄6,5��n3 − n5� + �D̄7,4D̄4,5 + D̄7,8D̄8,5��n7 − n5�

+ �D̄9,6D̄6,5 + D̄9,8D̄8,5��n9 − n5�� + D̄2,5	 1

h2 −
�t

2h4 �D̄1,2 + D̄3,2 + D̄4,5 + D̄6,5�
�n2 − n5�

+ D̄4,5	 1

h2 −
�t

2h4 �D̄1,4 + D̄7,4 + D̄2,5 + D̄8,5�
�n4 − n5� + D̄6,5	 1

h2 −
�t

2h4 �D̄3,6 + D̄9,6 + D̄2,5 + D̄8,5�
�n6 − n5�

+ D̄8,5	 1

h2 −
�t

2h4 �D̄7,8 + D̄9,8 + D̄4,5 + D̄6,5�
�n8 − n5� . �13�

If we analyze each term separately we can clearly seen that
migrations to the diagonal neighbors are associated with a
double migration; for example, migration from cell 5 to cell

1 depends on the term D̄1,2D̄2,5+ D̄1,4D̄4,5, which indicates
that there exist two ways to reach cell 1: a first one passing
through cell 2 and a second one passing through cell 4.

To see the effect of anisotropy in a simple case, we solved
the equations for a three-layer model. We assumed a rectan-
gular space formed by three parallel bands, each one with
different values of the diffusion constant D. Keeping in mind
that our goal was the modeling of human dispersion, we

assigned to the parameters of the model values related to this
application. The external borders of the cell are such that no
flux occurs across them. On the other hand, migration across
the inner borders is allowed. The reaction focus is an initial
population located at a center point close to the left border.
We assumed �=0.03, which means a 3% annual growth rate
and a constant carrying capacity K=20.

We first performed the calculations for the isotropic for-
mulation �Eqs. �3�–�11��. In this case, a value of d=0.5 was
assigned to di,j. In Fig. 2 we show the development of mi-
gration with time. We can see that the wave front evolves as

i,j

21 3

4 5 6

7 8 9

FIG. 1. Nine neighbor scheme for a lattice centered in a �i , j�
cell.
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a radial wave up to the time in which one of the outer bor-
ders is reached. From there on, it monotonically advances
until the whole region is filled.

We then used the anisotropy formulation �Eq. �13�� for a
model characterized by the sequence D1=400, D2=200, and
D3=300 from top to bottom �these values are related to typi-
cal paleopopulation densities for America �14��. See Fig. 3.

The results of such a calculation are displayed in Fig. 4.
Comparing the resulting evolution patterns with those ob-
tained for isotropic diffusion, we can see that the main dif-
ference appears in the velocity in advance of the front wave;
migration is delayed in regions of lower D values, producing
a distortion in the shape of the wave front modifying the way
in which each rectangular space is populated.

The next step is the inclusion of corridors. We design
them as narrow layers parallel to each interface, along which
migration is favored. To better visualize these effects we
show in Fig. 5 the difference in the advance of the wave
front, with and without corridors.

For the example shown here, differences became notice-
able from approximately 400 years, when the effect of lager
velocities along the corridors produce a clear difference in
the migration pattern close to the interfaces. These results
indicate that, with an adequate set of parameters, different
models for dispersal of population can be built up.

III. DATA AND MODELING PARAMETERS

The evidence of human dispersal in North and Central
America indicates that hunter-gatherer populations entered
through Beringia, the terrestrial bridge which joined Asia and
America at different periods during the Late Pleistocene, pre-
viously to 18 000 rcybp �radiocarbon years before present�.
This is based on the evidence provided by the Broken Mam-
moth site, located in Alaska, and by other sites of the region.
On the other hand, the dispersion in South America, accord-
ing to present data, could only take place through Darien in

FIG. 2. �Color online� Calculations for isotropic media.

FIG. 3. Arrangment used for anisotropic calculations.

FIG. 4. �Color online� Calculations for anisotropic media. D1

=400, D2=200, and D3=300.

FIG. 5. �Color online� Obtained pattern for the difference in the
wave front between simulations with and without corridors.
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Panama. From the population dynamics perspective, Costa
Rica and Panama acted like bottlenecks in such a way that
the entrance of humans in South America constituted a kind
of starting point for dispersal in a new continent �see �20� for
an extensive revision of paleoindian sites�.

The available South American archeological information
came from excavations performed across the continent.
Though controversies appear regarding the time when human
dispersal began, it is generally aged between 18 000 and
14 000 rcybp �there are a few sites with radiocarbon dating
previous to 18 000 rcybp, but they are still not reliable�
�20,21�. In Table I the archeological data available at present
is shown; the sites, with their correspondent actual location
and the oldest dating found in each of them, are included.

It is interesting to remark that it is also possible that the
dispersion could have been much quicker if we consider, for
example, some early datings obtained at Monte Verde, lo-
cated in the Patagonian Pacific coast �20�. This increase in
the rate of advance could be explained with the assumption
of the Pacific Ocean environmental corridor �15�, in addition
with a better use of marine resources �22�; but due to the rise
of sea level during the Holocene, all archeological evidence
should remain buried under the Pacific Ocean and then no
archeological evidence could be obtained to support that as-
sumption. Nevertheless, it is a hypothesis that is worthwhile
to consider when performing the simulations.

The human dispersal depended on the characteristics of
the environment, then adequate reconstructions are needed to
perform the numerical modeling. We used the paleoenviron-
mental maps obtained by Adams �23�. This author recon-
structed the paleovegetation distribution for different periods
between the Last-Pleistocene and Early-Holocene �Fig. 6�.

Those paleoenvironmental maps recognize 18 different
habitats. To assign the corresponding carrying capacities, we

performed an analogy with similar actual characteristics,
considering also that the density population varies from one
habitat to another, in a way similar to the corresponding re-
cent South American native populations �24,25�. Using this
procedure, we assigned a density of 1.8 inhabitants per
100 km2 in the Patagonian desert, 19.9 in the Venezuela
fields, and 51.3 in the Matto Grosso forest. The complete
ranking for the 18 habitats is displayed in Table II.

Following the principles of Patch theorem �26� a popula-
tion stays in a habitat while they have sustained resources

TABLE I. Early archeological sites in South America.

Archaeological site Actual location Date in rcybp

El Jobo Venezuela 14 000

Taima Taima and Muaco Venezuela 14 000

Pedra Furada and Sitio do Meio Brazil 14 000

Monte Verde Chile 13 700

Piedra Museo Argentina 12 700

Cerro La China Argentina 12 300

Lagoa Santa and Lapa Vemelha Brazil 12 000

Lapa do Boquete Brazil 12 000

Santana do Riacho Brazil 11 900

Cueva del Medio Chile 11 500

Fell’s Cave Chile 11 000

Turrialba Costa Rica 11 000

Madden Lake Panama 11 000

Quebrada Jagauy Peru 11 000

Pedra Pintada Brazil 11 000

Quebrada Tacahuay Peru 10 700

Tres Arroyos Chile 10 600

El Inga Ecuador 9000

Toca da Esperanca Brazil 6500

18,000 rcybp 15,000 rcybp 13,000 rcybp

10,000 rcybp11,000 rcybp

Mosson
Rain Forest
Savanna

R Forest - Savanna Mosaic
Savanna

Dry Steppe

Grasslands

Desert
Semidesert
Temperate Desert
Temperate Semidesert

Temperate Forest

Puna
Low Mountain
High Mountain
Tundra
Ice

References

FIG. 6. Paleovegetation maps of South America at 18 000,
14 000, 12 000, 11 000, and 10 000 rcybp.

TABLE II. Values for coefficients K and D for each habitat.

Environment Carrying capacity
K

Normalized diffusion
constant D

Rain forest 16 700

Mosson 15 550

RFSMa 17 600

Savanna 18 800

Semidesert 2 100

Desert 1 50

Scrub 12 450

Grasslands 14 800

Dry steppe 11 250

Temperate forest 13 500

Temperate semidesert 3 150

Temperate desert 4 100

Low mountain 8 300

High mountain 5 400

Puna 7 200

Tundra 6 350

Ice 0 0

aRFSM: Rain Forest Savanna Mosaic.
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and begin to migrate when these resources diminish. During
the initial steps of dispersal, or occupation of new habitats,
inhabitants can migrate before arriving at the limit density
population. Moreover, frontiers between different habitats,

named environmental corridors, present special advantages
for a species in an invasion and/or dispersal stage. One of the
main advantage of these corridors is that people there have
access to more diversified resources, as different foods and
basic elements can be obtained from the two or more habitats
that form the corridor. Thus when a resource diminishes in
one habitat, they can have quick access to equivalent or al-
ternative resources from another habitat; and this character-
istic may favor dispersion. This is particularly important in
South America. Here three corridors may be clearly defined,
a coastal one, along the Pacific Ocean, and two along both
sides of the Andean Range also in the North-South direction.
On the other hand, in the Amazonian region the corridors are
widely separated and located along the West-East direction.
If these corridors play effectively a role in hunter-gatherer
dispersion, then the Pacific corridor should produce a faster
dispersion than the movements through the Amazon. Also,
preliminary craniometrical data seems to show a population
affinity along the Andes on one side and the Amazon on the
other �27�.

IV. NUMERICAL SIMULATION RESULTS

The parameters necessary to perform the numerical simu-
lations are �, which is related to the stationary increase of
population, the diffusion coefficient D, and the environmen-
tal carrying capacity K, which is included in both processes.
Also we need a starting date for beginning the dispersion,
together with the corresponding habitat distribution for each
time.

FIG. 7. �Color online� Human dispersal maps using the isotropic
model.

FIG. 8. �Color online� Human dispersal maps
using anisotropic diffusion, with �=0.03. Blacks
arrows indicate an archeological date satisfied.
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In the previous section we have described the usual values
for most of these parameters; the discussion about the diffu-
sion coefficient is remaining. In fact, this is basically the
term that we have modified in the evolution equation.

The coefficient Dl represents the mobility in a particular
habitat. �28� proposed that Dl is proportional to the square of
the distance traveled in an environment between birth and
death, ��i�, and inverse to the time required to cover it ���:

Dl =
�i
2

4�
. �14�

This dependency was obtained if we assumed a 2D random
walk. For our simulations the maximum mobility implies
that the evolution was done with a t=1 month step.

To define the values for the carrying capacity, we used the
paleoenvironmental maps, shown in Fig. 6. These maps were
digitalized in cells equivalent to pixels. Then each cell has an
area of 125.5 km2.

A. Standard model

Steele �14� assumed di,j=1 and �=0.03, for modeling pa-
leoindian dispersion in North America. Then, at a first stage,
we also assumed also an isotropic dispersion with �i,j,l=1,
using these values for d and �. The values for K were se-
lected from Table II.

To obtain the initial time for our simulations, we per-
formed first an evolution through North America, assuming
that dispersal started in Beringia, when America was joined

to Asia during a glacial period. We obtained that the origin
for South America dispersion should be at 15 kybp �see also
�14��.

Figure 7 shows the results of evolution, assuming the pa-
rameters previously described. It can be observed that South
America is covered in 1800 years. Also, all the archeological
dates are satisfied. We modified the value of �; the main
effect appears when it diminishes, producing a corresponding
decrease in the velocity of advance. The main feature of the
numerical simulation is that the dispersion evolves as a radial
wave front, as expected, and then no crossover between
populations is obtained; but this result is in contradiction
with observed data that suggest the coexistence of different
groups.

B. Anisotropic diffusion

We solve the anisotropic system for South America as-

signing values to coefficient D̄l,k and the carrying capacity K
according to the characteristics of the different environments.
The complete list is shown in Table II.

We also included existence of corridors that were natu-
rally distributed in the environment interfaces. In these cor-
ridors, the diffusion coefficient takes a value of D=800.

We accounted for different scenarios to the dispersal of
South America. First, we simulated a dispersion with a large
population growth rate ��=0.03�; afterwards we used a small
population growth rate ��=0.003�, and finally we considered
a second dispersal focus.

FIG. 9. �Color online� Human dispersal maps
using anisotropic diffusion, with �=0.003.
Blacks arrows indicate an archeological date sat-
isfied and white arrows indicate an archeological
date not satisfied.
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1. �=0.03

Figure 8 displays the results for this evolution process. As
before, the region is covered in 1800 years. Also, as before,
all the archeological dates are satisfied �only the sites in cor-
responding dates appear in the maps�.

It is interesting to see that the wave front is no more
uniform, but divides into two waves; this effect was given by
the anisotropic diffusion and the environmental corridors.
One of the wave fronts advances following the Pacific corri-
dor while the other travels along the Matto Grosso forest,
crossing over at the Chaco region, and from there evolves as
a unique wave front. This fact was a remarkable coincidence
with craniometrical data discussed in Sec. III.

2. �=0.003

We show in Fig. 9 the evolution maps for �=0.003. It can
be seen that 7000 years are required to completely cover the
continent, the velocity being four times smaller than the
value obtained for �=0.03.

It can be seen that archeological dates from Patagonia
locations and the earlier data of Brazil are not satisfied.
Moreover, it can also be seen that, as evolution is so slow,
the wave front advances without producing crossovers and
no metapopulation appeared. This facts indicates that a small
population growth rate is not compatible with the archeologi-
cal data.

3. Introduction of a secondary dispersal focus

Another scenario with a low population growth rate is one
that considers that the old dates in South Chile could be due

to a displacement through the Pacific coastal corridor, avoid-
ing to enter in the more desert zones of the continent. Thus
we simulated this. We maintained the hypothesis that the
paleoindians entered through the actual Panama 15 000
rcybp, but we superposed another point of dispersion at
South Chile, between 13 900 and 13 700 rcybp �assuming
that the time difference was necessary for advancing through
the coastal corridor�. The evidence of the Monte Verde site
�20� �see also Table I� should be the result of a fast coastal
hunter-gatherer invasion and/or dispersals—maybe with ca-
noes �22�—through the Pacific environmental corridors, but
evidence could be under water.

In Fig. 10 we show the dispersion maps, obtained using
�=0.003; we used this value for � because a larger value
should imply that Monte Verde’s zone should have been oc-
cupied at 13 700 rcybp, and consequently a second focus of
dispersion could not be distinguished.

The results show that two wave fronts crossover at the
Central region of South America and the archeological dates
are satisfied. There are, however, others aspects of this simu-
lation which remain in conflict. If we assume that South
America is a very good environment for hominid dispersal,
then values of growth rates should be higher than the one
required to fulfill both the archeological dates and the cross-
over of migration streams.

V. SUMMARY AND CONCLUSIONS

Isotropic diffusion usually applied for modeling human
dispersion, which results in a radial wave front, cannot ex-

FIG. 10. �Color online� South American hu-
man dispersal maps using anisotropic diffusion,
with �=0.003, including a dispersal focus at
Southern Chile. Blacks arrows indicate an ar-
cheological date satisfied and white arrows indi-
cate an archeological date not satisfied.
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plain the way in which South America was occupied. Spe-
cially, evidence of crossover in population cannot be repro-
duced with this model.

To overcome this limitation, we solved the diffusion term
of the dispersion equation including the dependence of the
diffusive parameter, D, with the characteristics of the habi-
tats. By applying the Crank-Nicholson scheme and assuming

that D̄l,k can be written as �DlDk, we obtained Fisher’s equa-
tion, which explicitly take into account the different path
needs to reach diagonal cells. This dependency produces an
anisotropy; clearly, when migration from cell �i , j� takes
place, the direction to the cell l with better conditions will be
preferred.

We also took into account the introduction of corridors,
along which mobility is higher than within each habitat. The
result of this assumption is also an anisotropy, since disper-
sion along those corridors is preferred over transversal direc-
tions to less favorable environments.

Simulating a three-layer model, we analyzed the evolution
of the wave front for different characteristics of each layer.
We observed that, for isotropic diffusion, the wave front is
not distorted and evolves in a monotonically increasing way.
When we introduced anisotropy, the wave fronts were dis-
torted and for some special cases delay appeared, producing
a deformation in the advancing wave. Finally, when corridors
are introduced, the wave front present delays due to the fact
that advancing along them is privileged with respect to other
paths.

This effect was remarkable when modeling the human
dispersion in South America. When we applied the isotropic
model, the wave front evolved radially, but when we intro-
duced anisotropy, it resulted in a distortion that corresponded
to a crossover of populations which is in accordance with
some archeological evidence.

To further analyze the dependency of the dispersion ve-
locity on the � parameter, we assumed two different values,
with an order of magnitude of differences, and we observed
a faster occupation for the largest value. Moreover, for this
particular case, � values smaller than 0.003 produced a delay
in the arriving times that contradicts chronological evidence.

We also included a second external perturbation to ana-
lyze how the resulting pattern is modified. We based our
simulation on the fact that it is possible to consider that the

old dates in South Chile could be due to a displacement
through the Pacific coastal corridor, avoiding entering in the
more desert zones of the continent. Thus we simulated this
possibility, maintaining the hypothesis that the humans en-
tered through the actual Panama 15 rcybp, but we super-
posed another point of dispersion at South Chile from where
they could migrate, mixing with the streams coming through
inland. With an adequate value for �, the crossover between
populations could be also obtained. Nevertheless, this cross-
over is obtained only for a low growth rate, which could be
in contradiction with the favorable environment that pre-
sented the continent.

In particular, regarding the contribution to archeology and
anthropology, these numerical simulations constitute a start-
ing point to study the mechanisms that ruled the dynamics of
human dispersal in South America.

Based on the presented simulations we can assume that
human dispersal in South America could have the following
major features.

It was a relatively quick one, between 1500 and 2000
years long.

Environmental corridors could have played an important
role by speeding up the process.

The initial average population rate growth for the whole
continent could not be very low since it would not allow one
to grasp the archeological data for the Late Pleistocene at the
South Cone.

The pattern of anisotropic fast dispersion seems to best
support the presence of at least two metapopopulations—
Andean and Amazon—which appears to agree with the
available paleoanthropological skull data.

It is clear that this kind of model implies the management
of many parameters whose values should be estimated and/or
modified to satisfy the available evidence; but it has the fur-
ther benefit of allowing the analysis of the consequences that
arise when multiple variables interact in different ways �29�.
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