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Spatially structured models of host-parasitoid interactions exhibit self-structuring into spatial patterns
such as spiral waves and turbulence. We discuss the consequences of these patterns in an
eco-evolutionary model of host-parasitoid interactions with evolution of the parasitoids’ ability to
disperse towards dense populations of hosts (termed the aggregation strength). It turns out that the
direction of, and the time-scale over which the evolutionary selection pressure acts depends on the type
of spatial pattern a parasitoid finds itself in. Evolution tends to reinforce the existence of the prevalent
local pattern. Moreover, there is also competition between the patterns that ultimately determines the
eco-evolutionary attractor. It is the interaction between multiple processes across spatial and temporal
scales that leads to the rich meso-scale behaviour. Predicting the evolutionary outcome from statistical
measures and subprocesses is shown to give incorrect and conflicting answers. Comparison with the
behaviours of the complex Ginzburg–Landau equation shows striking similarities on which we
comment.
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Introduction

Localised nonlinear interactions between entities that
have limited dispersal rates are likely to form spatial
patterns through self-structuring. It is of interest to
ask how these spatial patterns feedback on and
influence the behaviour of the entities. Recently,
much work has been done on this. In particular
Hassell et al. (1991) and Comins et al. (1992), studied
a spatially structured model of localised host-
parasitoid interactions described by the Nicholson–
Bailey equations (Nicholson & Bailey, 1935) with
inter-generation dispersal. They found that persist-
ence of the metapopulation is facilitated by
self-structuring into large (meso) scale spatial patterns
(i.e., spiral waves and turbulence). Rohani &
Miramontes (1995) extended the model by including
parasitoid aggregation. They found it to increase the

domain of the parameter space in which spirals are
observed. Further, for given host and parasitoid
dispersal rates, there was a specific level of
aggregation for which the average host density was a
minimum. They proposed that, at this aggregation
strength, parasitoids achieve their optimal overall
searching strategy. They also remarked that, a
parasitoid might be expected to evolve to such an
aggregation strength.

As well as having implications for ecological
dynamics, spatial pattern formation also has marked
and counterintuitive effects for evolutionary dynam-
ics (Boerlijst & Hogeweg, 1991a, b; Boerlijst et al.,
1993; Hogeweg, 1994; Lindgren & Nordahl, 1994;
Claessen & de Roos, 1995; Keeling & Rand, 1995;
Rand et al., 1995; Savill & Hogeweg, 1997). In
invasion experiments of non-evolving parasitoids
Boerlijst et al. (1993) have shown the counterintuitive
result that spirals containing parasitoids with low
attack rates out-compete spirals containing para-
sitoids with high attack rates. This is due to the fact
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that the spiral rotation speed depends on the attack
rate of the parasitoids. The lower the parasitoid
attack rate the faster a spiral rotates. It is well known
that faster rotating spirals can annihilate slower
rotating spirals. They concluded that selection shifts
from the level of the individuals to the level of the
spirals.

In this paper we study the consequences of allowing
the aggregation strength of parasitoids of the Rohani
& Miramontes (1995) model to mutate and evolve.
This goes beyond the earlier work of Boerlijst et al.
(1993) by not separating ecological and evolutionary
times-scales a priori. This leads to the consideration
of quasi-species instead of monomorphic species and
the distribution of the variants in the spatial patterns.
Moreover, it enables us to study not only the effect of
established (stable) spatial patterns on the direction of
the selection, but also the selection of the spatial
patterns due to evolution of the ‘‘inhabitants’’.

The Model

The model of Rohani & Miramontes (1995) is a
spatial extension of the Nicholson–Bailey system of
equations, incorporating parasitoid aggregation. We
have extended this further to include mutation of the
aggregation strength.

Consider a spatially structured environment,
consisting of a square lattice of patches. In each
generation, a fraction (aH ) of the hosts in a patch
disperses uniformly into the neighbouring eight
patches. The host density in a patch is then
given by:

H '= (1− aH )H+
aH

8
s
8

j=1

Hj (1)

where H is the pre-dispersal host density in a patch
and Hj the pre-dispersal host density in a neighbour-
ing patch j.

Once hosts have dispersed, a fraction (aP ) of the
parasitoids disperse and aggregate. The strength of
aggregation is given by the index m as defined by
Hassell & May (1973):

b(i )A:B = k0H'B
H'tot1

m(i)

(2)

where b(i )A:B is the proportion of the parasitoid type
i, aggregating from a patch A in the centre of a nine
patch square to a neighbouring patch B, k is a
normalisation coefficient such that all b ’s for a single
parasitoid type sum to one and H'tot is the total host
density in the patch A and its neighbouring eight

patches. For m=0, parasitoids disperse uniformly
into all patches, for mq 0 parasitoids disperse
preferentially to high host density patches.

We want to examine the evolution of the
aggregation strength, m. In simulations we have 20
different values of m. Each parasitoid type i
(=1 , . . . , 20) has an aggregation strength of
m(i)= i/10 (i.e., m=0.1 , . . . , 2.0).

The density of parasitoid type i, after dispersal, in
a patch A, is given by:

P'i =(1− aP )Pi + aP s
9

B=1

Pi,Bb(i )B:A (3)

where Pi is the pre-dispersal parasitoid density of type
i, in a patch and Pi,B the pre-dispersal parasitoid
density of type i in a neighbouring patch B.

The number of viable eggs laid by parasitoid type
i, in a patch is calculated using the Nicholson–Bailey
model:

Ei = bH '(1− e−aP'tot )fi (4)

where b is the average number of viable eggs laid by
a parasitoid on a single host, a is the per capita
parasitoid attack rate, P'tot is the total parasitoid
density in that patch and fi is the proportion of hosts
parasitised by parasitoid type i. On the assumption
that a host is parasitised once fi equals P'i /P'tot .

The host density after parasitism and reproduction
and the parasitoid density after mutation and
maturation is then given by:

Ht+1 = lH 'e−aP'tot (5)

Pi,t+1 = (1− h)Ei +
h

2
(Ei−1 +Ei+1) (6)

where l is the host reproductive rate and h the
probability of mutation. Note that type i=1 only
mutates to i=2 and type i=20 only mutates to
i=19.

In order to gain insight into how parasitoid
aggregation affected the system’s behaviour Rohani &
Miramontes (1995) chose specific dispersal rates for
the host and parasitoids (aH =0.2 and aP =0.9). They
characterised the patterns for different m values. For
mQ 0.4 there are chaotic spirals. Chaotic spirals are
small, short-lived and tend to migrate over short
distances. There is continuous formation and
annihilation of these spirals. For 0.4E mE 1 spirals
become stable and coexistence with turbulence is
possible for very long periods. Stable spirals are larger
than their chaotic counterparts, they do not migrate
and are not annihilated. For mq 1 only turbulence is
possible, spirals cannot form. They did note that



F. 1. Snapshots of typical simulations at several generations. The lattice size is 300×300. The colour of a patch represents the parasitoid
type with the highest density in that patch (hosts not shown). If the density of the parasitoid type with the highest density is less than
1 the patch is coloured black to better observe the spatial patterns. Only parasitoids with 0.5 E mE 1.4 are observed. Parasitoids with other
aggregation strengths exist but hardly ever with the highest density in a patch. Initial and boundary conditions are identical in both
simulations. (a) aH =0.2. There is a long transient where spirals and high m turbulence coexist. However, turbulence, composed of a range
of parasitoid types from 1 to 1.8 with me =1.4, finally outcompete the spirals. (b) aH =0.25. Only spirals and low m turbulence exist. High
aggregation strengths cannot invade and out-compete spirals. Other parameters are aP =0.9, h=0.001, l=2, b=1 and a=0.05.

(facing p. 12)
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changes in the Nicholson–Bailey parameters only
gave quantitative changes to their results. The
qualitative features remained. The same also applies
in our model. In the simulations discussed in the next
section, we keep all parameters constant except aH

which takes one of two values, either 0.2 or 0.25.
These values were chosen because they cause the
system to settle onto different eco-evolutionary
attractors. This will help us in understanding how the
observed multi-scale complex processes interact.

The other parameter values are aP =0.9, h=0.001,
l=2, b=1 and a=0.05. Two lattice sizes were used
100×100 and 300×300 with no difference in the
results. Simulations in this paper have a lattice size of
300×300. There are zero boundary conditions. The
initial condition has 90 patches seeded with host and
parasitoid densities of 200 and 100 respectively, all
other patches are empty. The initial parasitoids have
an aggregation strength of m=0.1.

Results: Selection Pressures and Multiple Scales

Over many simulations we have found that the
system behaviours are independent of the initial and
boundary conditions. Figure 1 shows typical simu-
lations for (a) aH =0.2 and (b) aH =0.25 over 15000
generations. Figure 2 shows how the parasitoid
densities change over time.

For aH =0.2 there is a long period of coexistence
of spirals and turbulence and hence parasitoids with
low m (mE 1) and high m (mq 1) aggregation
strengths respectively. After approximately 10000
generations, the turbulence remains the only spatial
pattern in the system. The final stable state is a
quasi-species of parasitoids centered around m=1.4.
Mutation keeps the other types, 1.1E mE 1.7, within
the system. If the mutation rate is lowered by three
orders of magnitude to h=10−6, the length of time of
coexistence of spirals and high m turbulence
approximately doubles, no other changes are
observed. This state is an ESS (Maynard-Smith,
1982), rare parasitoids with much higher and lower
aggregation strengths than the quasi-species cannot
invade.

For aH =0.25 high m turbulence does not form and
spirals remain the only spatial patterns. Again a
quasi-species of parasitoids exists with 0.4E mE 1
with only very small amounts of 1.1E mE 1.2. This
state is an ESS, rare lower and higher m parasitoids
cannot invade. However, for this case low m

parasitoids are not the only ESS, there are two. If the
initial parasitoids have a high m then the attractor is
the same quasi-species as for aH =0.2. The lower
mutation rate of 10−6 makes no difference to the

F. 2. Parasitoid densities averaged over the whole space for
simulations in Fig, 1. For clarity the upper half of the plots show
high m parasitoids, the lower half the low m parasitoids. Each point
in a time series is an average over a range of one hundred
generations to remove the very large fluctuations. Key: m=0.6
solid, m=0.7 dotted, m=0.8 dashed, m=0.9 long dashed, m=1
dot dashed, m=1.1 solid, m=1.2 dotted, m=1.3 dashed, m=1.4
long dashed, m=1.5 dot dashed, m=1.6 thick solid, m=1.7 thick
dotted. (a) aH =0.2. (b) aH =0.25. Note the scale on the upper plot
is much smaller than the lower plot.

dynamics. If mutation is ‘‘turned off’’ for the high m

quasi-species ESS for both aH =0.2 and aH =0.25 the
quasi-species collapses to a monomorphic species
with m=1.4. However, for the low m quasi-species
ESS for aH =0.25 the quasi-species remains for
0.6E mE 1.

The eco-evolutionary dynamics in the simulations
show very long transient behaviour of the order of
1000s of generations, especially for aH =0.2. Studying
the processes within these transient periods can help
in understanding how the final eco-evolutionary
attractors are reached. Moreover, these processes are
more than just ‘‘a means to an end’’, they are
dynamically complex and interesting in their own
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right. Therefore, in the following discussion we
identify and explain, using observations and numeri-
cal experiments on the system, how these processes
give rise to the transient behaviour. In fact there are
too many processes occurring to cover in detail here.
Fortunately we can identify from observations a
handful of processes that drive, so to say, the
eco-evolutionary dynamics towards the attractors. In
this section we describe these processes and in the
next section we explain why they are so important
in determining the eco-evolutionary attractor. The
processes that occur are:

(1) spiral formation;
(2) evolution of parasitoids within spirals, occurring
over 0100s of generations;
(3) evolution of parasitoids within turbulence, occur-
ring over 0100s–1000s of generations;
(4) spiral-spiral and spiral-turbulence competition,
occurring over 01000 generations.

Note that these processes occur over many
temporal and spatial scales and it is this that gives rise
to the diverse behaviour exhibited by the system.

 

The prominent white and turquoise spirals in Fig. 1
are of the stable variety (i.e., me 0.4). Although they
are stable they do not persist as in Rohani &
Miramontes (1995) because of the consequences of
parasitoid evolution described below. They are
surrounded by very small chaotic spirals whose cores
are pushed and pulled in space by the influence of the
larger spirals. Sometimes the cores are annihilated
and sometimes they develop into large stable spirals.
Their dynamics are very complex and not really
understood.

The mechanism for spiral formation is not known.
However, we observe that spirals are only formed in
or nearby regions of space where spirals already exist
(i.e., where there are many low m parasitoids). This
can be explained by the fact that spirals ‘‘pump’’
parasitoids into their local environment (Fig. 3). In
other words, a spiral seeds its neighbourhood for the
formation of new spirals. Spirals cannot form deep
within regions of turbulence because no or very few
low m parasitoids exist in these regions.

    

The dynamics of spirals (i.e., waves of parasitoids
‘‘chasing’’ waves of hosts away from the core) imply
that, on average, more stronger aggregating para-
sitoids migrate away from the core than weaker
aggregating parasitoids. In other words the stronger
aggregating parasitoids have a higher efflux from the

F. 3. Simulation with only m=0.7 parasitoids. The simulation
shows two spiral wave behaviours, namely ‘‘pumping’’ of
parasitoids from the spiral into the turbulence and the ancestors of
descendents within a spiral originate from within the core. At t=0
we mark all parasitoids within the core and then follow the
descendents of these parasitoids. White: density of descendents
from the coreQ density of descendents from elsewhere, grey:
density of descendents from the coreq density of descendents from
elsewhere, black: density Q1. At generation 13 the descendents
from the core are beginning to take over the spiral. At generation
55 most parasitoids in the spiral are descended from the core. At
generation 250 most parasitoids in both the spiral and the
turbulence are descended from the spiral core.

core (Fig. 4). Hence over time lower aggregating
parasitoids tend to dominate the core (Fig. 5).

In addition to this, most parasitoids within a spiral
are descended from parasitoids from within the core
(Fig. 3) (Boerlijst & Hogeweg, 1991b). Therefore, the
parasitoids within the whole spiral evolve to lower
aggregation strengths. Or, in other words, a spiral
reinforces the continuation of itself by causing the
evolution of the parasitoid aggregation strength away
from high m values that would lead toward turbulent
dynamics. This process takes on the order of several
hundred generations to occur.

    

The evolution of the parasitoid aggregation
strength in turbulence away from m=1 to higher
values means that turbulence reinforces its ability to
exist because spirals can only form where there are
many low m parasitoids.
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F. 4. The efflux of parasitoids from a spiral core due to
dispersal and aggregation. Efflux is calculated as the fraction of
parasitoids that leave a circle of radius 5 patches centered on the
core within one generation (i.e., we do not include the reproduction
stage).

offspring per individual and therefore have a selective
advantage over weaker aggregating parasitoids
(Fig. 6). However, the weak aggregating parasitoids
produce more offspring per individual in the trough
between waves and therefore have a selective
advantage over stronger aggregating parasitoids
(Fig. 6). This means that when the next host wave
arrives there are more weaker aggregating parasitoids
than stronger in front of the advancing wave. In other
words there are two strategies a parasitoid can adopt:
(i) aggregate strongly into the back of a host wave,
or (ii) aggregate weakly and wait for the front of
the next host wave to arrive. Therefore, below a
certain aggregation strength, me it is advantageous
to aggregate into high host density waves and above
me it is advantageous to remain behind and wait for
subsequent waves. These two selection pressures
appear to equilibrate at me =1.4.

The time-scale for this evolution depends on the
local environment. For example, turbulence close to
spirals is invaded by many low m parasitoids (Fig. 3)
and hence evolution to higher aggregation strengths
is retarded. Globally however, we see from Fig. 2(a)
that m=1.4 parasitoids are in the majority after
roughly 8000 generations.

-  - 

Figure 7 shows the time it takes for a spiral to be
out-competed by other spirals and turbulence. The
length of time taken depends on many factors such as
the local neighbourhood of the spiral and the
composition of the parasitoid aggregation strengths
when it was first formed. The average time is around
1600 generations, approximately three times longer
than the time taken for the evolutionary dynamics of
the parasitoids within the spirals.

The rotation speed of a spiral depends on the
aggregation strengths of the parasitoids it is
composed of (Fig. 8). It has been shown both
experimentally and theoretically that faster rotating
spirals can increase their domain size at the expense
of slower rotating spirals (Krinsky & Agladze, 1983;
Maselko & Showalter, 1991; Winfree, 1991). So
spirals composed of higher m parasitoids, having a
higher rotation speed, out-compete spirals composed
of lower m parasitoids. In practice, however, only
spirals that have a majority of parasitoids with
m=0.6 are outcompeted. This is probably because
the evolution of parasitoids within spirals is initially
very fast compared with the time it takes for a spiral
to be out-competed. Once m=0.6 parasitoids become
the majority type the evolutionary rate slows down
considerably (Fig. 5) giving more time for spiral
competition to occur.

The eco-evolutionary attractor is a quasi-species of
parasitoids with mean aggregation strength of 1.4.
Why this value? We do not have a rigorous
mathematical proof but there is some evidence to
suggest an answer. Parasitoids that aggregate more
strongly into high host density waves produce more

F. 5. A typical evolutionary succession of aggregation
strengths within a spiral core. Density averaged over a circle, radius
5 patches centered on the spiral core. At generation zero the spiral
has just formed and is composed of many parasitoid types with
parasitoids with m=0.9 having the highest density. Over a few
hundred generations there is an evolutionary succession towards
lower aggregation strengths. Once m=0.6 parasitoids have the
highest density evolution appears to slow down. Around generation
2000 the spiral is annihilated by turbulence before m=0.5
parasitoids have time to reach the highest density.
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F. 6. The inclusive fitness of parasitoids within turbulence. We calculate the number of offspring produced by parasitoids in lattice
position 0 after one generation of dispersal and reproduction. The initial total number of parasitoids and hosts is shown in the upper inset.
After one generation the parasitoids in lattice position 0 have dispersed to positions −1 and +1 and reproduced. The new host and
parasitoid densities are shown in the lower inset. The inclusive fitness for parasitoid aggregation strengths 0.6 (w), 1 (q), 1.5 (r) and
2 (r) are calculated by dividing the number of offspring in the three positions (−1, 0, +1) by the initial number of parasitoids in position
0 and by the number of initial hosts in positions (−1, 0, +1) respectively. Lower m parasitoids produce more offspring per parent per
host when dispersing away from host wave and higher m parasitoids produce more offspring per parent per host when dispersing into the
host wave.

The out-competition of spirals by turbulence is not
so well understood. It is probably due to the same
mechanism as for spiral-spiral competition, however
calculating the average temporal frequency of
turbulent dynamics is very difficult as is seen in
Fig. 8 (inset). Turbulence also normally out-competes
spirals once the majority of the parasitoids have
m=0.6.

What Determines the Eco-evolutionary Attractor?

Before answering this question it is interesting to
see if we could predict the fittest aggregation strength
by other means. We do this in order to demonstrate
some of the pitfalls one may fall into when predicting
the fittest strategy in a spatially extended system.

Firstly, we will consider the proposal by Rohani &
Miramontes (1995) that me =0.4. Secondly, we
consider the inclusive fitness of parasitoids within
spirals and turbulence.

Rohani & Miramontes (1995) calculated the
average host density for different parasitoid aggrega-
tion strengths. They found that at m=0.4, average
host densities are at a minimum. They proposed that,
at this aggregation strength, parasitoids have their
highest attack rate and therefore are the fittest.
However, the reason why the average host density is
a minimum at m=0.4 is an artifact of the averaging
process. It turns out that at this value there is the
maximal number of stable spirals per unit area
(results not shown). This implies that the spiral
domains are at their smallest. Spirals also have the
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F. 7. Histogram of the number of spirals with a certain lifetime
calculated for the simulation in Fig. 1a. The lifetime is calculated
from when the core first appears until the core is annihilated by
other spirals (q) or turbulence (Q). Bin size is 100 generations.

we see that lower m’s become fitter after many
generations due to the interaction between short-term
local aggregation and long-term mesoscopic spiral
dynamics as described in the previous section
[Fig. 9(d)].

So the above two predictions about the evolution-
ary attractor, though at first sight seem plausible, give
the wrong answers. Why is this so? Figure 9(d) gives
us a clue. To explain how the attractors are reached
we must consider all of the processes described in the
previous section together and not separately. These
processes interact with one another across spatial and
temporal scales. A consequence of this is that
predicting the attractor may be very difficult.

We can now answer ‘‘what determines the
eco-evolutionary attractor?’’. We set up an artificial
simulation for aH =0.25 in which the left half of the
lattice is initialised with low m spirals and the right
half with high m turbulence. Over the course of time
it is seen that the spirals out-compete the turbulence
(Fig. 10). What is seen is an increase in the number
of spirals, that is spirals are being formed faster than
they are annihilated. Contrariwise, for aH =0.2
spirals are annihilated faster than they can form and
hence turbulence wins out. Therefore, we can
conclude that the eco-evolutionary attractor is
determined by the dynamics on the level of the
patterns and not on the level of the individuals.
Though, of course, the pattern dynamics are
determined by the properties of the individuals.

Discussion and Conclusion

Pattern formation in population densities can occur
via two mechanisms: either externally driven by, for
example, gradients in abiotic features, or internally
driven by self-structuring. This work hopes to show
that pattern formation via self-structuring can have
significant consequences for the ecological and
evolutionary dynamics of populations. Moreover,
eco-evolutionary changes in the system can feedback
into the self-structuring mechanisms creating complex
dynamics in the patterns themselves.

As an aside, it has been shown that coupled map
lattice models that exhibit auto-oscillations, such as
this model, show very similar behaviour to the
complex Ginzburg–Landau equation (CGLE) (Chaté,
1995). The CGLE is a normal form for the slow
amplitude modulations in spatially extended systems
near the threshold of a Hopf bifurcation. The
qualitative similarities are numerous: coexistence of
spirals and turbulence, spiral size varies as a function
of the parameters, spiral-spiral interactions, core
meandering, bare cores, regular spiral lattices,

property that their mean values are a minimum in
their cores. These two facts explain the minimum at
m=0.4 and has nothing to do with the parasitoid
attack rate.

We can calculate the inclusive fitness of a parasitoid
at all locations, whether in spirals or turbulent
regions, by calculating how many descendents it gives
rise to. It turns out that at all locations the higher an
individual’s aggregation strength is, the more
descendants it will have [Fig. 9(a–c)]. Therefore, we
might expect evolution to continuously higher
aggregation strengths. However, if we calculate the
inclusive fitness over a long period of time in a spiral

F. 8. The rotation frequency of a spiral (in generations−1) is
determined by the aggregation strength of the parasitoids it is
composed of. (Inset) the power spectrum of turbulence for m=0.7
parasitoids shows that there is no well defined single frequency.
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F. 9. Inclusive fitness of parasitoid types within spatial patterns. (a) spiral core, (b) spiral arm, (c) turbulence. At generation zero all
parasitoids within an area of 5×5 patches are tagged in each pattern. Over time the number of descendents per tagged individual at
generation zero is calculated to give an inclusive fitness for each aggregation strength. In all patterns the higher the aggregation strength
the higher the inclusive fitness (m=0.5 solid, m=1 dotted, m=1.5 dashed). Parasitoids within a spiral core have the highest inclusive fitness
of all parasitoids (c.f. y-axis scales). (d) shows the number of descendents from a core but plotted over a longer time period. Initially the
higher aggregating parasitoids have the highest inclusive fitness but, because of the longer time, the spiral has the opportunity to interact
with its environment (in this case turbulence) and the lower aggregating parasitoids have the highest inclusive fitness.

convective instability and spiral stability in the
presence of strong environmental noise (results not
shown). Understanding the mechanisms that generate
the behaviour of the CGLE and comparing it to the
behaviour observed in our model has helped us to
understand better the processes of the model. In
particular we can draw one important conclusion
from the comparison. That is that the observed
spatial patterns and their interactions are not model
dependent. Other work on the ecological effects of
spatial pattern formation (e.g., Hassell et al., 1991;
Comins et al., 1992; Rohani & Miramontes, 1995;
Ruxton & Rohani, 1996; Comins & Hassell, 1996)
may also benefit from such a comparison.

For the case of host-parasitoid interactions with
evolution of the parasitoid’s aggregation strength we

have found several interesting results. The direction of
the selection on the aggregation strength is opposite
in the two spatial patterns. Moreover, the selection
pressures are such that they reinforce the persistence
of the prevalent patterns.

In Boerlijst et al. (1993) they assumed that the
evolutionary time-scale was far longer than the
ecological time-scale. This led to the result that a
mutant is selected for on the effect it has on the spiral
it appears in, either making it rotate faster or slower
than before the mutant appeared. In other words,
selection shifts from the level of the individual to the
level of the spiral. The result is selection for faster
rotating spirals and hence for mutants that cause
spirals to rotate faster, even though the mutation
appears bad for the mutant, i.e., a lower attack rate.
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F. 10. Parasitoid densities for an artificial simulation for aH =0.25. The left half of the lattice is initialised with low m spirals and the
right half with high m turbulence. Each point in a time series is an average over a range of one hundred generations to remove the very
large fluctuations. For clarity the upper half of the plot shows high m parasitoids, the lower half the low m parasitoids. Key: m=0.6 solid,
m=0.7 dotted, m=0.8 dashed, m=0.9 long dashed, m=1 dot dashed, m=1.1 solid, m=1.2 dotted, m=1.3 dashed, m=1.4 long dashed,
m=1.5 dot dashed, m=1.6 thick solid, m=1.7 thick dotted.

In Boerlijst & Hogeweg (1995) external spatial
gradients were added to an abiotic feature which, for
example, influences the death rate of individuals. The
gradient causes continuous formation and annihil-
ation of chaotic spirals which can have a positive
effect on the elimination of harmful parasites.

In our model we do not assume a priori a
separation of the ecological and evolutionary time-
scales. The result is that the system exhibits multiple
selection pressures on different spatial scales (from the
individuals to the patterns) and over many temporal
scales (from 100s to 1000s of generations). For
example, a spiral can out-compete slower rotating
spirals. But the frequency of rotation changes over
time due to the faster selection for parasitoids with
lower aggregation strengths within the spiral. These
multiple processes occurring over many scales give
rise to the long and rich transient behaviour seen in

the system. However, the eco-evolutionary attractor
is selected for on the basis of the interactions between
the patterns.

For aH =0.2 parasitoids evolve to an ‘‘optimal’’
quasi-species centered around m=1.4. Figure 11
shows the variances of the population densities for
various values of m. It clearly shows that the local
population dynamics is less stable (i.e., greater chance
of extinction) in turbulent patterns than in spiral
waves. In other words, parasitoids evolve to an
evolutionary stable strategy but at the expense of
losing ecological stability. This finding is in qualitat-
ive agreement with the conclusions of van Baalen &
Sabelis (1993), who showed that for large regions of
the parameter space, evolutionary stable searching
strategies of the parasitoid population do not lead to
ecological stability.

For aH =0.25 observations on the metapopulation
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F. 11. Variance in the host population densities for different
aggregation strengths. A minimum occurs at 0.7 when large stable
spirals dominate most of the space. For mq 1 the population
dynamics are less stable than weakly aggregating parasitoids. The
mean and standard deviations are calculated from 5 time series of
500 generations after initial transients have died.

Research. The Dynamics Systems Lab. provided the
computer facilities.
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show a stable quasi-species of low m parasitoids.
However observing the system on the micro/meso-
scales shows that the system is in a continuous flux of
spiral formation and annihilation.

We have shown that predicting the eco-evolution-
ary attractor from statistical measures or subpro-
cesses of the system is fraught with pitfalls and must
be handled with care.

Coming onto the more general ideas about the
eco-evolutionary consequences of spatial patterns.
Clearly, self-structured patterns can play a signifi-
cant role in the eco-evolutionary dynamics of
populations. The entities (host-parasitoid micro-scale
populations) that create the patterns (spirals and
turbulence) are able to ‘‘recognise’’ the patterns they
inhabit. By this we mean there is information encoded
in the patterns that directly or indirectly influence the
eco-evolutionary dynamics of populations of these
entities.

Over and above that, the spatial patterns can
interact with one another, for example leading to
competition between patterns. The consequence of
these pattern-pattern interactions is that the eco-
evolutionary dynamics of the micro-scale entities
become ‘‘slaved’’ to the dynamics of the meso-scale
patterns that they help to create.
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