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Evolutionary patterns of change are often linked to complex coupled responses associated to
predator-prey, immune system-viruses or host–parasite interactions. Under some conditions, it
has been postulated that the final outcome of such interactions are oscillatory patterns of geno-
typic and phenotypic change, generically labeled as Red Queen dynamics (RQD). In RQD,
changes occur in a changing pattern ensuring the persistence of both partners at the cost of con-
stant changing. In this paper, we analyze the dynamics of two populations of host-parasite replica-
tors extended on a surface considering three scenarios associated to neutral landscapes on binary
hypercubes. Stochastic simulations show three asymptotic dynamic states: (i) host survival and
parasite extinction, (ii) host-parasite extinction, and (iii) a stable RQD scenario able to maintain
chaotic oscillations. The RQD scenario is shown to be facilitated with the increase of the geno-
typic diversity associated to the increase of the length of the replicators. Such diversity, jointly
with the inclusion of spatial degrees of freedom and mutation, can act as a stabilizing factor.

Keywords : Host-parasite replicators; Red Queen dynamics; surface reactions; molecular ecology;
chaos; stability.

1. Introduction

Parasites are often an important cause of host mor-
tality having a significant effect in host-parasite
population dynamics. Host-parasite interactions,
ubiquitous and common in nature, can induce sev-
eral dynamics able to cause extinctions as well as
continuous coevolutionary races in the so-called
Red Queen evolutionary cycling. The “Red Queen”
hypothesis [Van Valen, 1973] is used to describe
two similar ideas, which are both based on coevolu-
tion. At the ecological level, the idea is that coevo-
lution, particularly between hosts and parasites,
could lead to sustained oscillations in genotype

frequencies. This idea forms the core for one of
the leading hypotheses for the persistence of sexual
reproduction [Ridley, 1992] (see also [Bell, 1982]).
In species where asexual reproduction is possible
(as in many plants and invertebrates), coevolu-
tionary interactions with parasites may select for
sexual reproduction in hosts as a way to reduce
the risk of infection in offspring. There have been
many important contributors to the Red Queen
hypothesis as it applies to sex. W. D. Hamilton
and John Jaenike were among the earliest pio-
neers of the idea (see [Hamilton et al., 1990] for a
review).
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Many examples of complex oscillations in
systems of interacting populations are found in
the literature [Forst, 1996; Gupta et al., 1998;
Ikegami & Kaneko, 1992; Kaneko & Ikegami, 1992;
Kwiatkowski & Nowak, 1991]. For instance, Dieck-
nann et al. [1995] showed that a limit cycle attractor
can be the natural outcome in a coevolutionary
community formed by a population of predators
and prey. These authors actually pointed out: “. . .
in fact, the limit cycle is but one of a number of
nonequilibrium attractors . . . in systems with more
than two coevolving species, chaotic evolutionary
attractors could be found”.

The evolutionary role of parasites in biology is
also a matter of debate. In this context, some stud-
ies have shown surprising results in other scientific
fields. For instance, Hillis [1991] showed that coe-
volving parasites can improve the efficiency in sim-
ulated evolution of data structures in computation
procedures. Molecular parasites are also a subject
of discussion in the framework of the origins of life.
The effect of such parasites in dynamics of prebi-
otic replicons is of great interest, perhaps playing an
important evolutionary role. Boerlijst and Hogeweg
[1991] stated the existence of large class of para-
sites fatal for hypercycles, the catalytic ones being
responsible for destablizing hypercycles perturbat-
ing its graph structure [Dieckmann et al., 2000;
Eigen & Schuster, 1979; Stadler & Stadler, 2002].

Solutions to avoid parasites in the prebiotic
scenario have been pointed out in the literature.
Specifically for the hypercycles, Bresch et al. [1980]
mentioned that protection against parasites could
have been apparently achieved by the compartmen-
tation of entire hypercycles. Compartments also
appear necessary as integrating chemical systems
leading stable coevolution of cooperative functional
molecules [Breyer et al., 1998]. The appearance
of compartments is one of the most important
steps in evolution driving to the appearance of the
first protocells implying the colonization of the 3D
world from the so-called prebiotic pizza scenario
[Scheuring et al., 2002; Smith & Szathmáry, 2001].
Another solution to the hypercyclic catalytic para-
sites is the pattern formation induced by finite diffu-
sion: reaction–diffusion as well as cellular automata
models have shown self-organized spatial patterns
(e.g. spirals and spots) able to provide hypercy-
cles with stability and resistance against parasites
[Boerlijst & Hogeweg, 1991; Cronhjort & Blomberg,
1994]. A different scenario is provided by self-
replicating spots [Pearson, 1993] arising in systems

with the so-called Scott–Gray mechanism [Füchslin
& McCaskill, 2001]. On the other hand, the presence
of cycles and spiral waves have also been reported
in resistant allele frequencies in a metapopulation
model of classic host-parasite gene-for-gene interac-
tions [Sasaki et al., 2002].

From a mathematical point of view, spatiotem-
poral complexity in biological systems involves a
continuum in the number of variables and nonlin-
earities and thus chaotic dynamics and its fractal
properties are expected to be found in parameter
space of such systems [Solé et al., 1992; Strogatz,
2000]. Biological deterministic chaos, already envi-
sioned by Rössler [1976], has been characterized in
ecology [Huisman & Weissing, 1999; Schaffer, 1985;
Schaffer & Kot, 1986; Solé et al., 1992], in cat-
alytic replicator networks [Schnabl et al., 1991]
(see also [Forst, 1996] for a review), in immune
system dynamics [Gupta et al., 1998] as well as
in a model of host-parasite interactions in human
malaria [Kwiatkowski & Nowak, 1991]. Its possible
role in population dynamics as a stabilizing fac-
tor has also been indicated [Ikegami & Kaneko,
1992; Kaneko & Ikegami, 1992; Solé et al., 1992],
contrary to the idea that chaos cannot be the
natural and evolutionary advantaged behavior in
population dynamics because extinction probabil-
ities are increased [Berryman & Millstein, 1986].
Host-parasite models [Kaneko & Ikegami, 1992]
have shown coevolutionary scenarios where stabil-
ity is maintained through a high-dimensional, weak
chaotic flow named homeochaos.

In this paper we analyze the spatiotemporal
dynamics of host-parasite replicators by means of
short, self-replicating bit strings. Spatial effects can
be simulated by placing the molecules on a finite
grid and allowing only local interactions [Füchslin
& McCaskill, 2001]. The models actually simulate
stochastic i.e. noisy, discrete reaction–diffusion sys-
tems of molecular replicators with host-parasite
interactions. The results can have practical impli-
cations for experiments with artificial replicators.
These models can also be extended to other sys-
tems of interacting entities with changing recog-
nition mechanisms such as the immune responses
against pathogens.

The aim of the present study is to computa-
tionally explore the possible dynamic behaviors and
the underlying attractors in the stochastic dynam-
ics of host-parasite self-replicating macromolecules.
Some questions arise from the expected dynamics
of such system extended on a surface: which are the
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possible dynamic behaviors and their dependence
on replication and mutation processes? Which is
the role of the information that can be exploited for
both populations of replicators in such dynamics?
Is a coevolutionary asymptotic stable state possi-
ble? If so, can such indefinite oscillating evolution
be governed by chaotic attractors?

2. The Model

In order to simulate host-parasite replicator dynam-
ics we use a discrete dynamical system given by
stochastic cellular automata models. Such models
define two populations of self-replicating macro-
molecules formed by host strings of size ν:

Si
h = (si1

h , . . . , siν
h )

and for parasite strings with the same size,

Si
p = (si1

p , . . . , siν
p )

with Sij
h , Sij

p ∈ {0, 1} where i = 1, . . . , N with
N = 2ν , being the whole population formed by
different sequences of size ν (here ν = 1, 2, 3).
Genomes under these descriptions are nodes Si

h,p ∈
Hν of ν-dimensional hypercubes. Here, the con-
figuration space i.e. sequence space, can be inter-
preted as a symbiotic network (i.e. symbionet, see
[Kaneko & Ikegami, 1992]) with η edges where
η = ν · 2ν−1 and where each edge represents a
transition between neighboring orthants carried out
by mutations. Mutation processes generate geno-
typic variation in the community on which nat-
ural selection can operate. Such natural selection
arises from the interaction among both populations
of replicators. Actually, interactions among geno-
types allow to define the sequence space as cou-
pled hypercubes (see Fig. 1). In this first approach
the fitness landscapes to be explored are flat
i.e. neutral.

The automaton works on L × L lattice ecosys-
tems {0, 1, . . . , L−1}2 with periodic boundary con-
ditions and assumes that cells contain molecular
building blocks necessary for the synthesis of the
new strings. Neighbors for replication and diffu-
sion processes are chosen from a von Neumann
neighborhood. At each iteration (time), L× L ran-
dom cells are taken to ensure that on average
each site is updated once per generation. Tran-
sition rules are applied inhomogeneously to these
cells in the next events sequence: 1 or 2 (with
same probability) and 3; and are implemented
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Fig. 1. The three sequence space Hν is used here. These
are neutral binary landscapes with (a) ν = 1, (b) ν = 2 and
(c) ν = 3. Our systems are defined as coupled networks, both
representing parasites (up) and hosts (down) hypercubes. A
schematic representation of the processes involved in these
networks is summarized in (a): horizontal solid arrows indi-
cate mutation (i.e. genetic diffusion); hosts (solid) and para-
sites (dashed) self-replicating activity is showed with curved
arrows; and dashed arrows connecting hypercubes indicate,
assuming exact matching, the parasitic effect on hosts.

as follows:

1. Molecular self-replication:
If a host and a parasite occupy the same cell and
have the same sequence of bits (exact matching,
i.e. dH [Sh

i , Sp
i ] = 0 [see Eq. (7)]), the parasite

eliminates the host and replicates, with proba-
blity rp, to a random neighbor cell if it is not
occupied by another parasite string. If the neigh-
bor site is taken up by a parasite string, the host
is eliminated but the parasite does not replicate.
If only the host lives in the cell, it replicates
with probability rh to a neighbor cell if it is
not occupied by another host string. Replication
processes involve point mutations with proba-
bilities µh for host and µp for parasite strings,
respectively. If the chosen cell is only occupied
by a parasite or is empty, nothing happens. Self-
replication kinetics is thus given by the following
reactions set:

Si
h + ϑ

rh(1−µh)ν

−−−−−−→ 2Si
h (1)
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Si
h + ϑ

rhW h
ij−−−→ Si

h + Sj �=i
h (2)

Si
h + Sj

p + ϑ
δijrp(1−µp)ν

−−−−−−−−→ 2Sj
p (3)

Si
h + Sj

p + ϑ
δijrpW p

jl−−−−−→ Sj
p + Sl �=j

p (4)

Here rh and rp are, respectively, hosts and par-
asites replication probabilities; δij is the Dirac δ
function where δij = 1 if i = j and 0 otherwise;
δh and δp are hosts and parasites decay prob-
abilities; and ϑ indicate some available build-
ing blocks (i.e. mononucleotides) needed to build
new strings. The terms Wij correspond to the
probabilities of erroneous replication and are
given by:

W k
ij = (1 − µk)

ν−dH [Sk
i ,Sk

j ] · µdH [Sk
i ,Sk

j ]

k (5)

Here dH [Sk
i , Sk

j ] is the Hamming distance
between the two sequences:

dH [S(k)
i , S

(k)
j ] =

1
2

[
ν −

ν∑
l=1

s
l(k)
i s

l(k)
j

]
(6)

with k = h, p. The condition for a perfect match-
ing is computed also with a Hamming distance
implemented to the models as:

dH [Sh
i , Sp

i ] =
ν∑

i=1

|sp
i − sh

i | (7)

Here Eq. (7) is a function returning the number
of different bits when comparing both host (Sh

i )
and parasite (Sp

i ) sequences; sh
i and sp

i represent
the bit value (0 or 1) in the ith position in both
strings.

2. Molecular decay:
Host and parasite strings decay with probabil-
ity δh and δp, respectively, simulating hydrolysis
reactions

Si
h

δh→ ϑ (8)

Si
p

δp→ ϑ (9)

3. Local diffusion:
Host and parasite strings move, independently,
to random neighbor cells with diffusion proba-
bilities Dh and Dp, respectively.

To simplify the analysis, all the simulations are
run with Dh = Dp = 1 and δh = δp = 10−2. Initial
conditions in Sec. 3.1 have been set up inoculat-
ing the central 20 × 20 square on lattices of size
L = 100 with strings of random sequences. In this
section, the time series have been smoothed using

a triangular filter. In Sec. 3.2 we have initialized,
at random, lattices of size L = 60 with strings of
random sequences.

3. Results

3.1. Spatiotemporal dynamics

Simulations show, for H1, H2 and H3, the existence
of three asymptotic dynamical outcomes: (i) host
survival and parasite extinction; (ii) host and para-
site extinction; and (iii) host and parasite fluctuate
in RQD reaching an oscillatory state. This coevolu-
tionary scenario can be understood, as mentioned
by Rand et al. [1994], in the sense that an evolution-
ary environment of a given species is the interacting
ecology of coexisting species.

Scenario (i) (see Figs. 2, 9 and 13) is always
shown under lower replication rates and higher
mutation rates for host strings. Here parasites can-
not increase their population because hosts are not
rapidly replicating and moreover the race through
the hypercube is balanced in favor of host strings
(hosts mutate faster and can easily escape from par-
asites). For instance, in Fig. 2(a) we show host and
parasite populations on H1 with rh = 0.05, rp =
0.6 and mutation rates favoring host strings (µh =
10−4 � µp = 10−9). In a first transient period, host
populations mantain low values and parasites follow
them. Asymptotically, parasites get extinct leading
to the explosive growth of host strings.

A detailed look to the time evolution for the
single genotypes [see Fig. 2(b)] reveals that the first
host genotype eliminated is the one that finally
becomes dominant. We suggest the next sequence
of events for such behavior: a host string is extinct,
its extinction causes also the extinction of its homol-
ogous parasite sequence because such a parasite will
not be able to self-replicate. When the extinct host
string is reinjected into the system by mutation, it
rapidly grows because there are no homologous par-
asites on the lattice (here µp is very low so there are
no earlier reinjections of the extinct parasite geno-
type). The same outcomes are found on H2 and H3

(see Figs. 9 and 13).
On the other hand, population extinction is

always related to lower replication of hosts as well
as to higher replication and mutability of parasites
(see Figs. 3, 10 and 14 where rh ≤ rp and µh � µp).
Here, host trajectories are placed at lower popula-
tion values in which the extinction probability is
easily reached even without strong fluctuations. If
µh is not large enough, host strings cannot escape
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Fig. 2. Spatiotemporal dynamics on H1 with rh = 0.05, rp = 0.6, µh = 10−4 and µp = 10−9. (a) Total host (black) and
parasite (red) populations. (b) Enlarged view showing the time evolution of host strings with sequences 0 (black) and 1 (green)
and parasites with sequences 0 (red) and 1 (blue). (c) Spatial patterns for host strings (in black) at the end of the simulation
after 15×103 time steps. When hosts present higher mutability and very low replication they are able to escape from parasites.
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Fig. 3. String populations on H1 with rh = 0.5, rp = 0.5, µh = 10−4 and µp = 10−2: hosts with genotype 0 (black) and
1 (green), and parasites with genotype 0 (red) and 1 (blue). Here both populations get asymptotically extincted. Parasites
can easily eliminate hosts because they run faster on the sequence space.
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from their homologous parasite sequences in the
race on the hypercube and, furthermore, it is not
possible for an effective reinjection of decaying geno-
types. Hence, hosts and parasites asymptotically
tend towards extinction. Notice that the extinction
scenario needs more extreme parameter values at
increasing the dimension of the hypercube i.e. more
advantage must be given to parasites tuning param-
eters to increase their fitness and mutation rates.
This phenomenon is discussed below.

Ikegami and Kaneko [1992] showed the possi-
bility of the emergence of a symbiotic stable state
in host-parasite interacting populations only within
a narrow range of parameters. However, they also
mentioned some solutions to avoid the extinction of
the whole populations. One of such solutions is the
introduction of spatial degrees of freedom. In spa-
tially extended systems, migration flow (diffusion)

from the neighbor sites constantly tunes host and
parasite populations. The other solution is the
introduction of changing mutation rates. We have
found, running the simulations, that the Red Queen
dynamics scenario is very easily reached. Our mod-
els include both solutions proposed i.e. mutation
and space, needed to reach the stable symbiotic
state so the window of parameter values in which
coevolution arises is widely extended.

The RQD scenarios of our models can show dif-
ferent qualitative dynamics. For instance, in Fig. 4
we show a RQD scenario characterized by periodic
or quasiperiodic trajectories. Although hosts repli-
cate faster than parasites (rh = 0.9 � rp = 0.05)
both populations are maintained at similar val-
ues [see Figs. 4(a) and 4(b)]. Here, parasite strings
have a higher mutability so they run faster through
the hypercube and easily catch host homologous

Fig. 4. Genotypes populations on H1 with rh = 0.9, rp = 0.05, µh = 10−5 and µp = 10−3. (a) Sequence 0 for hosts (black)
and parasites (red); (b) Sequence 1 for hosts (black) and parasites (red). (c) Power spectral denisty (PSD) from host time series
with sequence 0 computed on the attractor over the last 6 × 104 time steps. (d) and (e) Phase portraits for two host-parasite
strings dynamics computed over the last 3 × 104 time steps of the whole simulation run 1.2 × 105 time steps.
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Fig. 5. Host (lower H1 hypercube) and parasite (upper H1

hypercube) strings (in black) spatial patterns at the end of
the simulation of Fig. 4. The presence of oscillations is linked
to the formation of spatial structures. Here chemical activity
is concentrated in patches.

genotypes. Power spectral density (PSD) analysis
[see Fig. 4(c)] shows a main and large peak indi-
cating a main frequency involved in the attrac-
tor dynamics. String dynamics phase portraits

[Figs. 4(d) and 4(e)] unfold cyclic attractors. RQD
scenarios unfolding more complex dynamics are also
found. Figure 6 shows, also on H1, a simulation
with the same replication rates for both populations
(rh = rp = 0.4) and mutation rates giving advantage
to hosts in the race through the hypercube (µh =
10−3 > µp = 10−5). Global [Fig. 6(a)] and local
[Fig. 6(b)] dynamics show higher parasites popula-
tional values and irregular oscillating trajectories.

In Fig. 7, host-parasite phase portraits obtained
from the simulation of Fig. 6 are shown. Here,
the attractors do not show well-defined cycles. In
all the attractors in Fig. 7, although there are
many trajectories reaching values near to zero,
they remain confined in a stable subset in phase
space. The attractor of Fig. 7(b) is a half-moon
shaped set. Here, one genotype is visiting regions
of the phase space very near the zero value while
the other visits high values. Such behavior ensures
the survival of the total hosts population. The
PSD analysis on the attractor in Fig. 7 shows a
decrease in the magnitude of the main peak if we
compare it with that in Fig. 4(c). Here, we can also

Fig. 6. Dynamics on H1 with rh = rp = 0.4, µh = 10−3 and µp = 10−5. (a) Total hosts (black) and parasites (red) popu-
lations in a simulation run 1.2 × 105 time steps. (b) Enlarged view showing sequence dynamics: 0 hosts (black), 0 parasites
(red), 1 hosts (green) and 1 parasites (blue). Host populations, although having very low values, are able to maintain the
entire population in a continuous coevolutionary cycling.
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Fig. 7. Phase portraits for (a) host-parasite dynamics and (b)–(d) single string dynamics computed over the last 2 × 104

time steps in the simulation of Fig. 6. (e) Power spectral density (PSD) from a time series of host genotypes with sequence 0
computed on the attractor over the last 6 × 104 time steps.

observe more subharmonics indicating the presence
of more frequencies involved. It is possible to find
sharp frequency components in a chaotic attrac-
tor. Such characteristics can be the consequence of
some attractors whose branched manifolds are sim-
ply connected and all trajectories are constrained to
revolve about a single hole [Crutchfield et al., 1980].
Figures 11, 15 and 16 show the global and local Red
Queen dynamics scenario on H2 and H3. Power
spectral densities of these simulations show broad
bands typical of chaotic systems [see Figs. 11(b)
and 17(e)].

Spatial discrete models lead to an easy treat-
ment of local stochastic effects and of nonlocal spa-
tial influence [Durret & Levin, 1994]. Snapshots of
the scenarios in which hosts survive and parasites
get extinct are shown, for H1 and H3, in Figs. 2(c)
and 13(e), respectively. Here, there is a dominant

node of the hypercube with a high population of
strings while its neighbors have a very low popula-
tion. This distribution is due to the low mutation
rate that makes the flow among nodes i.e. genotypic
diffusion, very slow.

The patterns formed under the oscillatory
coevolutionary dynamics (see Fig. 5) show host
aggregations while parasites have a wide distribu-
tion, although they also show dense and large clus-
ters on the lattice. In Figs. 8, 12 and 18, we show the
spatial patterns associated to the chaotic scenario.
Here, hosts also form little clusters. Furthermore,
the spatial distribution of such patches is disperse.
Such structures could provide host genomes with
more resistance against parasites. If hosts formed
large clusters they could be more sensitive to the
invasion of parasites and a cascade effect could
cause large extinctions of host genotypes. If hosts
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Fig. 8. Spatial patterns for hosts (lower H1 hypercube) and
parasites (upper H1 hypercube) sequences at the end of the
simulation of Fig. 6. The presence of little and disperse aggre-
gates of hosts is able to cause the coevolutionary scenario
even in the presence of a large number of parasites.

are discontinuously spread over the lattice i.e. in
fragmented patches, the probability of placing a
new parasite in a neighbor cell containing a host
when a parasite string self-replicates is lower. In
Fig. 18, the lattice is saturated with both popu-
lations where parasites could easily eliminate hosts.
However, both spatial and genotypic degrees of free-
dom, decrease the probability of eliminating a host
string, thus allowing coexistence and the stability
of the whole system.

3.2. Parameter space

In this section we analyze the role of replication
and mutation in the dynamics of host-parasite repli-
cators. To characterize computationally the sce-
narios associated to such parameters we show, in
Fig. 19, parameter space with rh and rp for different
mutabilities, representing hosts (plain surfaces) and
parasites (gridded surfaces) populations for H1

(column A), H2 (column B) and H3 (column C)
hypercubes. It is clearly shown that an increase
in the length of the strings stabilizes the system
by favoring the RQD scenario. For instance, when
we fix mutation rates at the same values (row 1 in
Fig. 19 where µh = µp = 10−2), we see that for H1,
there exists a region in the parameter space were
the whole system becomes extinct. This extinction
region is reduced, for H2, to the upper right corner
where rp is very high and rh very low. If we repeat
the same analyses on H3, no extinction behavior
is shown. Hence, all the parameter space unfolds
RQD scenarios. If we unbalance mutation rates giv-
ing advantage to host strings (row 2 in Fig. 19 where
µh = 10−2 > µp = 10−6), the parameter spaces are
very similar to those of row 1. The subtle difference
is that for very low rh values we can see the sce-
nario where hosts survive and parasites get extinct
(marked with black arrows).

The last row (row 3 where µh = 10−6 < µp =
10−2) shows the situation where mutation rates

Fig. 9. Dynamics on H2 with rh = 0.05, rp = 0.7, µh = 10−4 and µp = 10−9. (a) Hosts (black) and parasites (red) popula-
tions. Inside, we show (b) host and (c) parasite sequences populations; in both plots: genotypes with sequences 00 (black), 01
(red), 10 (green), 11 (blue).
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Fig. 10. Population dynamics on H2 with rh = 0.5, rp = 0.7, µh = 10−7 and µp = 10−3. (a) Hosts (black) and parasites
(red) populations. Inside, we show (b) host and (c) parasite sequences populations; in both plots: genotypes with sequences
00 (black), 01 (red), 10 (green), 11 (blue).

Fig. 11. Dynamics on H2 with rh = 0.85, rp = 0.15, µh = 0.001, µp = 10−6. (a) Hosts (black) and parasites (red) time
series. Enlarged views show sequences 11 (black), 10 (red), 01 (green) and 00 (blue) populations. (b) Power spectral density
from 00 hosts time series from the last 6 × 104 time steps and (c)–(e) strings phase portraits computed over the last 2 × 104

time steps of a whole simulation run 1.2 × 105 time steps.
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Fig. 12. Spatial patterns for hosts (lower H2 hypercube) and parasites (upper H2 hypercube) at the end of the simulation
of Fig. 11. Such spatial patterns are associated to the formation of hosts aggregates in a broken and patchy structure.

Fig. 13. (a) Hosts (black) and parasites (red) populations on H(3) with rh = 0.05, rp = 0.7, µh = 10−4 and µp = 10−9.
(b) Phase portrait showing one trajectory converging to a point attractor in phase space. (c) and (d) Populations for host
and parasite genotypes respectively; in both plots: 000 (black), 001 (red), 010 (green), 100 (blue), 011 (orange), 101 (brown),
110 (gray) and 111 (violet). (e) Hosts spatial patterns at the end of the simulation run 104 time steps.
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(e)

Fig. 13. (Continued)

Fig. 14. (a) Hosts (black) and parasites (red) populations on H3 with rh = 0.15, rp = 0.9, µh = 10−5, µp = 10−2. In (b)
and (c) we show, respectively, host and parasites genotypes populations; in both plots: 000 (black), 001 (red), 010 (green), 100
(blue), 011 (orange), 101 (brown), 110 (gray) and 111 (violet).
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Fig. 15. (a) Hosts dynamics on H3 with rh = 0.6, rp = 0.5, µh = 10−3, µp = 10−5 over t = 1.2× 105 time steps. (b) and (c)
Enlarged view of host genotypic populations. (b) Sequence 000 (black), 001 (red), 010 (green) and 100 (blue); in (c) sequences:
011 (black), 101 (red), 110 (green) and 111 (blue).

Fig. 16. The same as Fig. 15 with (a) global and (b) and (c) local parasite strings populations.
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(a) (b) (e)

(c) (d) (f)

Fig. 17. (a)–(d) Strings phase portraits computed over the last 3 × 104 time steps of the simulation of Fig. 15. (e) Power
spectral density (PSD) computed from hosts with 000 genotype time series over the last 6 × 104 time steps to avoid the
transient. (f) 3D phase portrait for a host string and its hypercube neighbors.

favor parasite genotypes. Here the extinction region
is found for all the hypercubes but we also observe
that this region is reduced at increasing the dimen-
sion of the hypercubes, favoring the stability of both
populations by means of nontrivial attractors.

In Fig. 20, we represent total populations for
hosts and parasites at increasing rp values with
rh = 0.4 and µh = µp = 10−4 for H1, H2 and
H3. Here (Fig. 20, upper plots) we also see that
an increase in the genome size moves both popu-
lations to higher values. Variances (Fig. 20, lower
plots) show differences between global (in black)
and local (in red) dynamics. It actually indicates
that although local oscillations can be large, they
are able to maintain global dynamics safely in a
stable state with low fluctuations, thus avoiding the
approximation of both populations to near-zero val-
ues. This dynamical characteristic (a homeochaotic
state) can ensure the stability of the whole popula-
tions in a chaotic flow.

4. Discussion

In the present study we explore a dynamical sys-
tem formed by host-parasite replicators defined
as self-replicating, short bit strings extended on
a surface using two-dimensional stochastic cellu-
lar automata models. We show three dynamic out-
comes: (i) host survival and parasite extinction
found when hosts present higher mutability and
very low replication (Figs. 2, 9 and 13); (ii) an
extinction scenario achieved when replication and
mutation rates are higher in parasite genotypes
(Figs. 3, 10 and 14) and (iii) a Red Queen dynam-
ics scenario causing both populations of replicators
continue to change indefinitely.

The first scenario is particularly interesting
because it shows that replication of host strings
has a key role in order to completely avoid para-
sitism. In this context, it is well known that muta-
tion as a source of genotypic diversity can help the
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Fig. 18. Spatial patterns for hosts (lower H3 hypercube) and parasites (upper H3 hypercube) as also for one node and its
neighbors at the end of the simulation of Fig. 15. Both host and parasite replicators can coexist even with very high densities
in the total populations. Here hosts can continuously escape from parasites due to both spatial and genetic degrees of freedom,
which can be exploited by hosts.

immune system to face yet uncontacted antigens
[Radman, 1999]. Viruses mutate at high rates in
an attempt to escape the host’s immune system.
Hence, the immune system also changes to create
antibodies able to recognize the new viral variants.
The presence of enzymes responsible to generate
such genotypic variability have been described in
bacteria, yeasts and eukaryotes (see [Radman, 1999]
for examples). The strategy of increasing mutation
rates as an immune response to face viruses has
also been proposed: such increase in mutation on
B-cells makes the virus mutation rates too small to
escape from the immune attack. This phenomenon
has been labeled as a second “adaptation” catas-
trophe by Kamp and Bornholdt [2002]. But host’s
replication can also have a key role in completely
alleviating the effect of parasites. Our models show
that, in spatially-extended systems, host strings can
escape from parasites if they combine high muta-
bility with very low replication rates (see Figs. 2,
9, 13 and 19). In this context, host mutation rates

are not enough to escape from parasites, and the
combination of a high mutability for hosts with-
out low replication rates causes the RQD scenario
[Figs. 19(B2), 19(C2)].

We have also shown that the coevolutionary
scenario can be governed by chaotic attractors, com-
patible with stable oscillating states where both
populations are able to survive (Figs. 6, 7, 11, 15
and 16). In such chaotic scenario, local dynamics
represented by the oscillations of single genotypes
can suffer large fluctuations, however, the global
population can be maintained in safe and stable
values (Fig. 20). Thus, as shown by Kaneko and
Ikegami [1992] in other host-parasite systems, a
homeochaotic state arises among both populations
of replicators. The spatial patterns associated to
(iii) are given by disperse and broken patches sug-
gesting that such structure can increase the resis-
tance of hosts.

Parameter space show that the increase
in genome length facilitates the RQD scenario
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Fig. 19. Population dependence on replication and mutation simulated on (A) H1, (B) H2 and (C) H3. With numbers (rows)
we represent three different scenarios with (1) µh = µp = 0.01; (2) µh = 0.01 and µp = 10−6; and (3) µh = 10−6 and
µp = 0.01. In all the plots we show the mean of the population values (z-axis) for hosts (plain surface) and parasites (gridded
surface) populations taken over five replicas (in each replica we compute the mean of the population in the last 103 time steps
in simulations run 104 time steps). The only way for hosts to completely escape from parasites is with a high mutability and
very low replication (indicated with arrows in B2 and C2). The large size of the parameter space generating RQD suggests
that such complex dynamics may be the norm for many spatially-extended systems of interacting and changing entities e.g.
immune system-viruses, host-parasitoid, predator-prey.

(Fig. 19). Such increase in the informational com-
plexity (i.e. genotypic diversity) allows a higher
combinatories: there are more paths i.e. links in
the sequence space, to escape from parasites. Our
results reinforce the thesis that host-parasite antag-
onistic interactions can promote genetic diversity.
Thus, strategies to generate new diversity or vari-
ability are able to provide resistance to hosts,
increasing combinatories that can be exploited
in order to continuously escape. A well-known
example to promote such variability is given by
the appearance of sex (genetic recombination)

[Hamilton et al., 1990; Sasaki et al., 2002]. The int-
roduction of spatial degrees of freedom may actually
enlarge the universe of possibilities to escape from
parasites.

The presence of chaos in the Red Queen dynam-
ics could have an important evolutionary meaning,
perhaps confering dynamic properties responsible
to ensure a stable coevolutionary scenario. A very
rich set of dynamical behaviors is expected to be
found in nonspatial as well as in spatial determinis-
tic models with host-parasite replicators. Such mod-
els will be explored in future research.
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Fig. 20. Population sensitivity to parasites replication rp with rh = 0.4 and µh = µp = 10−4 on (a) H1, (b) H2 and (c) H3.
Upper plots (a1, b1 and c1) show the mean ± standard deviation for hosts (black) and parasites (red) populations averaged
over 20 replicas, computing, in each replica, the mean of the number of host and parasites strings over the last 2000 time
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upper plots for global and local dynamics. Global dynamics (black) is analyzed by means of hosts time series and local dynam-
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Although single strings can oscillate strongly, the entire population is able to maintain low fluctuations thus achieving
stability.
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