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Competitive restraint
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Chapter 10

Community level selection as an
explanation of competitive restraint
in RPS ecosystems

One interesting aspect of RPS ecosystems is the evolution of competitive re-
straint discovered by Johnson and Seinen (2002). In an experiment which
takes place on a SCA model of a RPS ecosystem, the invasion rate of one of
the three species (rock) is allowed to evolve, and the invasion rates of other
two species, scissors and paper, are fixed at their initial levels. As the grid
is updated, the mean invasion rate of rocks increases up to a point but even-
tually stops rising. Although there is selection pressure for rocks to increase
their speed of invasion in order to compete against other rocks, when they
become too competitive, they deplete all the scissors individuals in their local
area of the grid and are slowly overrun by paper. So the competitiveness of
rocks eventually becomes constrained.

The competitive restraint that evolves in this model is an example of individ-
ual altruism, at least in the short term. Rocks restrain their competitiveness,
thereby producing fewer offspring than they otherwise would have, and the
primary beneficiaries of the restraint are completely unrelated individuals of
a different species (scissors).

Johnson and Seinen claim that the evolution of restraint in these ecosystems
is a case of community level selection. Natural selection between individuals
towards greater invasiveness is competing with a second process of natural
selection at the level of the ecological multispecies subcommunity, which se-
lects among subcommunities for the ones that are the most stable.
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In section 10.1 I explain the theory of community level selection and how it
has arisen from group selection and multilevel selection theory. Section 10.2
outlines some of the difficulties involved in defining higher level units of se-
lection. Sections 10.3 and 10.4 describe aspects of the process of community
level selection on spatially continuous communities and cellular automata.
Finally in section 10.5 I argue that the invocation of community level selec-
tion to explain the phenomenon of restraint is an unnecessary overcomplica-
tion of the process, and that a better understanding of the phenomenon can
be achieved by appealing to the details of RPS interactions and the spatial
structure of the system, without the need to propose competition between
subcommunities.

10.1 Levels of selection

There has been plenty of debate in biology regarding the levels at which nat-
ural selection acts, or the “units” of selection. Much of the argument has cen-
tred around whether selection on genes or selection on organisms should be
invoked in order to explain various adaptations, and these issues are not im-
portant here.

10.1.1 Group selection

The extent to which selection acts upon units bigger than individual organ-
isms is more controversial. Traditionally this debate has been around group
selection rather than the community level selection process claimed by John-
son and Seinen, but the processes are very similar.

Group selection is the idea that groups of individual organisms of the same
species, such as wolf packs or ant colonies, have different levels of fitness,
and that natural selection operates on these groups “directly’, in addition to
operating on the individuals which make them up. Group selection has been
regarded until recently as a discredited theory in evolutionary biology, pri-
marily due to a controversial formulation of the theory by Wynne-Edwards
(1962), which proposed that individual animals could evolve birth-control
mechanisms that decrease the size of the individual’s group and therefore
prevent over-exploitation of local resources. These mechanisms were said to
spread because of the resulting benefit to the group. Subsequent critiques of
Wynne-Edwards’ formulation by Maynard Smith (1964), Williams (1966) and
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Dawkins (1976) then led to an overreaction against the theory of group selec-
tion in general (Wilson and Sober, 1994).

10.1.2 Group selection and altruism

Group selection has mainly been invoked to explain the existence of altru-
istic traits. For example, consider a gene that codes for altruistic behaviour.
In other words, the presence of the gene decreases the owner’s fitness and si-
multaneously raises the fitness of the owner’s group, relative to groups which
contain only selfish individuals. Such a gene can theoretically spread and be-
come stable when the population has a structure in which altruists tend to
associate together except during mating (Sober and Wilson, 1998). This is
possible because even though selfish individuals will do better within each of
the groups, the groups which contain altruists will have many more members
than the selfish groups by the time the entire population comes together for
mating.

10.1.3 Multilevel selection theory

The levels of selection debate has largely been resolved, and it is now com-
monly accepted that natural selection can and does operate on a nested hier-
archy of units such as groups, organisms, and genes (Wilson and Sober, 1994).
Differential fitness between groups can have a strong effect on evolution, and
in simple models the contributions of group selection and individual selection
to evolution can be separated and quantified (Price, 1970; Hamilton, 1975).

However, there is still debate over the most appropriate explanations for par-
ticular adaptations. There is a conflict between rival explanations because
adaptations due to selection acting on a higher-level unit can also be explained
solely in terms of selection acting on lower-level units.

Even proponents of multilevel selection theory generally agree that while all
instances of selection can be said to act at the gene level, only a subset act at
the level of the organism, and only a subset of those will act at the level of the
group. But they also claim that there are instances of adaptations for which
selection at the higher level should be the preferred explanation because such
an explanation provides a deeper understanding of the processes involved
(Sober and Wilson, 1998).
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10.1.4 Group selection or individual selection?

A group selection interpretation of the altruistic adaptation in the hypothet-
ical population described in 10.1.1 is that the altruistic gene spreads because
it benefits the group, and groups of altruists do better than selfish groups in
the struggle between groups. The same process can be explained without
recourse to group selection by packing the population structure up and de-
scribing it as a part of the individual’s environment.

The different contributions that altruistic and selfish groups make to the pop-
ulation may mean that average altruist has a higher fitness than the average
non-altruist, when averaged across all groups. With such an explanation there
is no need to describe individual behaviour as “altruistic” because individu-
als are now maximising their self-interest within the context of a population
structure that happens to involve groups. Sober and Wilson would say that
this interpretation is rather contrived, and that it is only favoured by those
who for some reason cannot bear to admit to the existence of altruism. They
would claim that a group selection interpretation of the process leads to a
deeper understanding of it.

10.1.5 From group selection to community selection

Community level selection works in exactly the same way as group selection
except that members of the ‘groups’ can be of different species. This means
community selection is theoretically well understood. But although selection
at the community level has been demonstrated in the lab using artificial se-
lection (Goodnight, 1990a,b), according to Wilson and Swenson (2003), it has
not yet been seen operating in nature.

Community level selection is usually described as a process whereby multi-
species communities form, compete with one another, and sometimes are said
to give birth to new communities which inherit some of the same community
traits as their parents. An individual’s altruistic trait, which benefits that in-
dividual’s community at a direct cost to its own fitness, can spread through
the population because its community gives rise to more ‘child communities’
in comparison to communities full of non-altruists.
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10.2 Population structure

For selection to occur at higher levels, the overall population needs to be struc-
tured: it must include groups or subcommunities. A perfectly well-mixed
population of individuals interacting at random will not support the evolu-
tion of altruism under most definitions.

10.2.1 What is a group?

There are different opinions on exactly how well-structured into groups a
population must be before group selection can operate. In early group selec-
tion models, it was thought that groups needed to be relatively discrete, and
stay together for a significant period of time (Williams and Williams, 1957), or
even for several generations (Maynard Smith, 1964).

On the other hand, Sober and Wilson (1998) suggest that group selection could
operate on groups whose members are not in spatial proximity to one an-
other (if group members can recognise one another), or on groups with fuzzy
boundaries caused by limited dispersal.

Groups, according to Sober and Wilson, should be defined on the basis of
interactions, and only with respect to a particular trait. So for each individual
trait, the set of individuals which will benefit from that trait, given the nature
of individual-individual interactions, can be seen as the group for that trait.
Even ephemeral associations of size two could be valid groups under this
definition.

10.2.2 What is a (sub)community?

A similar set of opinions is evident among proponents and detractors of com-
munity level selection.

Maynard Smith and Szathméry (1995) suggest that ecosystems cannot be units
of selection because they lack the individuality and separateness found in or-
ganisms and social groups. But as they themselves point out, it is very widely
believed that existing complex life forms such as multicellular organisms have
in fact evolved out of multispecies communities into well-integrated assem-
blages. In other words, individuality and separateness can evolve. What is
under dispute is how separate a community must be for it to count as a unit
of selection.
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In a recent set of articles about ‘community genetics’, Collins (2003) describes
the views of community selectionists as lying on a continuum, similar to
the range of views of group selectionists. At one end, there are those like
Whitham et al. (2003), who think the likely candidates for community level
selection are long-term, tightly-knit associations of species with well-defined
community level traits. Most provisional examples of community level selec-
tion given in the literature involve these types of communities.

At the other extreme are those like Neuhauser et al. (2003), who believe that
communities in only brief association can be acted on by selection. Johnson
and Seinen fall closer to the latter view, because the competing subcommu-
nities in their model, which they describe as undergoing community level
selection, are neither discrete nor particularly long-lasting.

There is a trade-off here, because while tightly-knit communities are more
likely to have the properties that will make community level selection a sig-
nificant force, there are fewer of these tightly-knit communities among the
ecosystems in nature. And for those who see nearly any loose association is a
potential community, in most of these potential communities, we can expect
that it will be difficult to find between-community selection which is suffi-
ciently strong to counter the individual level selection forces.

10.3 Spatially continuous landscapes

Subcommunities within spatially continuous communities, in which limited
dispersal provides the only population structure, are perhaps the most con-
tentious candidates for community-level selection. If subcommunities have
some degree of discreteness and coherence, then predatory restraint can evolve.
This has been shown in previous simulations using metapopulations (Gilpin,
1975a; Mitteldorf et al., 2002). But in a spatially continuous landscape with
limited dispersal, there is less coherence, because no two individuals have the
same subcommunity.

Johnson and Boerlijst (2002), and Wilson (1997) believe that the limited disper-
sal provides enough separateness for the subcommunities to be considered
units of selection, but Maynard Smith and Szathméry (1995) clearly do not.
This is despite the fact that altruism has been shown to evolve under these
conditions.
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Figure 10.1: Evolution of the invasion rate of rock (r;) in two spatial rock-paper-
scissors simulations in which the invasion rates of scissors and paper (s, 7,) are held
fixed at 0.2. In the first simulation (black line), r, starts with a mean of 0.2 (ranging
from 0.1-0.3), and in the second simulation (blue line), r, starts with a mean of 0.7
(ranging from 0.5-0.9). In both cases r, evolves to around 0.6.

10.3.1 The evolution of altruism in viscous populations

Altruistic traits are known to evolve on spatially continuous landscapes, with
limited dispersal but without discrete group or community structure. Hamil-
ton (1964) claimed that limited dispersal can promote altruism through kin
selection: the intuitively appealing explanation is that limited dispersal in-
creases the proximity of relatives, and because individual-individual interac-
tions are more likely to be between relatives, genes for altruistic behaviour are
likely to benefit copies of those genes in neighbours.

However, in models of fixed size populations with limited dispersal (called
‘viscous” populations in most of the literature), it has been shown that lim-
ited dispersal encourages within-neighbourhood interactions, but also limits
between-neighbourhood interactions to such an extent that the overall effect
on the spread of altruism is neutral (Queller, 1992; Taylor, 1992; Wilson et al.,
1992).

10.3.2 Fluctuations in population size

If the overall population size is allowed to fluctuate, however, the situation
can be different — altruistic traits can spread, even when limited dispersal
provides the only spatial structure (Mitteldorf and Wilson, 2000).

But the predatory restraint in RPS systems is quite different. It is not the sort
of altruism that requires a fluctuating population in order to evolve. The John-
son and Seinen experiments which show competitive restraint used a fluctu-
ating population, because their SCA grid allowed empty cells, but a variable



192 CHAPTER 10. RESTRAINT AND COMMUNITY LEVEL SELECTION

population is not required. Competitive restraint can also be shown to evolve
on similar experiments in a fixed population without empty cells. The re-
sults of two such experiments are given in figure 10.1: the invasion rate of the
evolving species shows the same essential behaviour as that in figure 2a of
Johnson and Seinen (2002).

10.3.3 Altruism and competitive restraint

If community level selection is responsible for the spread of competitive re-
straint in fixed size RPS communities, then there must be some reason why
restraint is not subject to the same cancellation effect of within- and between-
community interactions that occurs for the altruism traits in other models
such as Queller (1992) or Mitteldorf and Wilson (2000).

I believe that the nature of competition in the three-species intransitive net-
work is the reason. The ‘survival of the weakest” phenomenon in the RPS
ecosystem usually guarantees that faster invaders are disadvantaged in all
but the very shortest of timespans. Therefore restraint is not really altruistic
in the usual sense, given the other competitors in the system.

This important difference between competitive restraint in RPS and group
selected altruism becomes especially clear when we consider the alternative
strategies to altruism and restraint respectively. In the altruism model, self-
ish individuals thrive in the absence of any population structure. The same
cannot be said for ‘unrestrained” competitors in RPS: with global interactions,
if the invasion rate of rock, say, is allowed to evolve, then it will rise with-
out limit until all the scissors are gone, after which rock soon goes extinct.
Selfishness does well where unrestrained competition does poorly.

10.3.4 Provisional examples of selection in continuous
communities

The most convincing descriptions of community level selection involve quite
discrete-bordered communities in which the members of the community have
a shared interest. There are numerous examples of this in the literature, in-
cluding the view of single organisms as multispecies communities, symbioses,
and species that use another species for transport between areas of favourable
habitat (Wilson, 1997).

But there are fewer convincing provisional examples of spatially continuous
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community selection. Wilson (1997) provides two, one involving combined
plant-and-soil communities, and another suggested by Leigh (1994) in which
root grafts between neighbouring trees of different species protect both trees
against storms.

These examples are speculations and not intended to provide proof of the
existence of community-level selection in nature, but in any case neither ex-
ample shows quite the lack of community separateness in time and space that
occurs in a purely spatially continuous landscape or in a cellular automata
model. In the plant-and-soil example, the plant affects bacterial communities
relatively evenly throughout a certain region of the soil under it, so there is
some degree of long-range dispersal in the system. In the case of the root
grafts, there may be long-range effects because we expect that neighbouring
trees experience a storm equally. But the grafts themselves also have the effect
of adding a degree of structure to the space which is not possible in a SCA,
for example. Even if community selection turned out to be a good explana-
tion for these provisional examples, that would not automatically show that
the same effect could happen in a world with no variation in habitat.

10.4 Communities in cellular automata

In many ways the cellular automata grid used in the models of Johnson and
Seinen (2002) is the ultimate spatially continuous landscape. Not only do
subcommunities in these models lack separateness, but also the nature of in-
teractions on the grid means there is no opportunity for a more complex pop-
ulation structure with separate subcommunities to evolve.

Subcommunities on a SCA grid must therefore be constructed in some way by
the observer so as to have the right composition for community selection to
act. Johnson and Boerlijst (2002) provide a list of properties that an ecosystem
must have for community level selection to be a significant force:

(1) Subcommunities must maintain a degree of individuality in time and
space, and

(2) There must be heritable variation among subcommunities.

They believe that the Johnson and Seinen (2002) model meets these criteria
and that subcommunities on the SCA grid have a degree of separateness and
individuality.
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In this section I will describe how the community level selection process pro-
motes competitive restraint, and explain why the lack of separateness of SCA
subcommunities causes problems for a satisfactory explanation of competi-
tive restraint.

10.4.1 The community selection process

The process that Johnson and Seinen describe involves a conflict between in-
dividual selection and subcommunity selection. In a RPS population, the in-
vasion rate of rock is allowed to evolve while the invasion rates of scissors
and paper are fixed. Selection at the individual, within-subcommunity, level
favours an increase in rock’s invasion rate without limit. If individual se-
lection were the only force, rocks would invade faster and faster, eventually
wiping out the scissors population after which the rocks themselves would
quickly be eliminated by the remaining paper population.

However, at the same time, between-subcommunity selection drives the in-
vasion rate of rocks down. The claim is that subcommunities compete on the
basis of ‘persistence stability’, which is the property that all species in the sub-
community persist after one turnover of all individuals (Dayton et al., 1984;
Johnson and Mann, 1988; Johnson and Boerlijst, 2002). Subcommunities with
relatively even invasion rates between species have more persistence stability,
and tend to outcompete, subcommunities with uneven invasion rates and less
persistence stability.

Johnson and Seinen regard community level selection as a good explanation
of the restraint phenomenon. However, it is a very limited explanation, be-
cause the relative strength of the two selection processes is unmeasurable
without a reasonably well-defined concept of the subcommunity. Because
there is no separateness, there is no obvious method for finding out the extent
to which the fittest, most stable subcommunities produce more offspring than
the less fit ones.

I now look at two potential ways of bringing clarity to the process by defining
subcommunities on the SCA.

10.4.2 Community definition using interactions and traits

I have mentioned the fact that Sober and Wilson think groups should be de-
fined on the basis of interactions, and with respect to a particular trait. This
presents a special problem when translated to the case of defining SCA sub-
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communities because all interaction groups will overlap on a SCA grid.

In multilevel selection theory, a group is “a set of individuals that influence
each other’s fitness with respect to a certain trait, but not the fitness of those
outside the group” (Sober and Wilson, 1998). In terms of community rather
than group selection, if we take this definition to mean direct rather than in-
direct influence, there are two obvious ways to define subcommunities on a
SCA, neither of which is entirely satisfactory:

(1) Ephemeral subcommunities of size two

In a SCA model with limited dispersal and asynchronous updates, only one
pair of neighbours interact directly at any one time. The result of this the
subcommunity equivalent of the “ephemeral groups of size N = 2” which
are valid groups according to Sober and Wilson.

With each pair being a competing subcommunity, under the proposed model
of community level selection the fittest pairs are those pairs with the most
persistence stability, according to the Johnson and Boerlijst (2002) definition.
But persistence stability is not meaningful for pairs. This is because with pairs
in isolation, a complete turnover of all individuals is impossible in the RPS
game — at least one of the individuals in the pair will be uninvadable.

(2) Grid neighbours as subcommunities

Johnson and Seinen’s SCA uses synchronous updates throughout the entire
grid, so it is more appropriate to consider a site and all its directly influenced
neighbours as a subcommunity. With immediate neighbours it is possible to
have all three species represented in the subcommunity, so the persistence
stability of these subcommunities can be compared.

This can be done by running simulations on these tiny subcommunities until
either an extinction occurs or all individuals have turned over at least once,
and then counting the number of species left (provided periodic boundary
conditions are added, or spatial effects are removed, from the subcommunity,
because otherwise some individuals on the edge will be uninvadable). With
enough samples the persistence stability of several sets of invasion rates and
initial conditions can be quantified.

A disadvantage of such small subcommunities is the granularity in initial
species densities. With four neighbours per site, the subcommunities will
have a maximum of five individuals, and so some combinations of initial den-
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sities, such as all species in equal proportions, are not possible.

Problems with small subcommunities

These conceptions of subcommunities conform to the Sober and Wilson defi-
nition, because all members of the subcommunity interact and affect one an-
other’s fitness. However they are limited in their ability to explain the re-
straint phenomenon for two reasons.

Firstly, there are at least as many possible overlapping subcommunities as
there are sites on the grid. Between-subcommunity interaction in such a situ-
ation is extremely complex. Any attempt to reduce this complexity by restrict-
ing the analysis to non-overlapping subcommunities would require arbitrary
decisions about which subcommunities were ‘separate” which would fail to
reflect the structure of the underlying model.

Secondly, with tiny subcommunities, it is extremely unlikely that any of them
will show persistence of all three species for more than a handful of genera-
tions. The detail of figure 2.5 on page 21 shows that it is rare to find all three
species present in very small areas. There is just too much same-species clus-
tering, because at these scales individual selection dominates.

10.4.3 Community definition using spatial self-structuring

Johnson and Boerlijst (2002) believe that the individuality of subcommuni-
ties is emergent in the model through a process of spatial self-structuring, by
which they mean the tendency of spatial RPS systems to organise into clusters,
with a maximum size, which continually move across the grid. This structure
could potentially be used to define the extent of the subcommunities.

The simulations of chapter 3 showed that stability continues to increase as
the grid size is increased. For any particular time horizon, there will be some
scale at which coexistence of all three species effectively becomes stable over
that time period.

There will also be a grid size for which the probability of stability, for what-
ever timescale it takes for a single turnover of individuals, crosses some thresh-
old, and this grid size could be used to define the size of the subcommunity.
Such a threshold will necessarily be arbitrary, because stability continues to
increase with every increase in subcommunity size.

These subcommunities will also have to be a different size for every different
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set of fixed invasion rates. This fact makes community level selection next to
useless for predicting how restrained a species in a particular ecosystem will
become: simulations will be necessary to find out the size of the subcommu-
nity, and if simulations are required, then the degree of restraint can be found
directly from the simulations.

10.4.4 Subcommunity interaction and heritability

Because interactions between any two adjacent sections of a SCA grid are
complicated, it is difficult if not impossible to describe the way in which sub-
communities compete and reproduce in the simple manner by which it can be
done for discrete-group models.

On a SCA, it is not obvious that individuals from more stable subcommunities
will leave more offspring than those from the less stable subcommunities. For
example, consider two subcommunities from the description of the restraint
process given in section 10.4.1. In the first, rocks are restrained and invade
only a little bit faster than the other two species, and in the second, rocks are
unconstrained. When these two subcommunities interact, rocks from the sec-
ond subcommunity will probably be wiped out or be vastly reduced in num-
ber, but paper individuals from the second subcommunity could end up be-
ing quite well represented in the ‘children’ of these subcommunities. The only
way to find out for sure is to keep track of individual lineages (as opposed to
subcommunity lineages) in the SCA, because the process of subcommunity
inheritance is just too complicated.

10.5 Conclusion

Not even the most enthusiastic of group selectionists believe that higher level
units should always be invoked when explaining a particular adaptation. Ac-
cording to Williams (1966), we should not refer to adaptations of the group
unless a process of natural selection can be shown to act on those groups.
Sober and Wilson agree, and in fact it was the assumption by Wynne-Edwards
(1962) of group-level adaptations without a corresponding process of group-
level selection that was partially responsible for giving group selection a bad
name.

Similarly, community-level adaptations will only arise when there is a process
of natural selection acting on communities, for which communities must act
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as functional units to some degree (Wilson, 1997). The degree to which sub-
communities in a spatially continuous community can be regarded as func-
tional units is debatable, but in any case, an attempt to show that there is a
process of between-subcommunity selection going on should at the very least
try to identify what the subcommunities are. Neither Johnson and Seinen
(2002) nor Johnson and Boerlijst (2002) offers a clear identification.

But the true test of whether or not multilevel selection theory should be in-
voked is whether or not the theory “provides an added understanding of
the underlying mechanism” that selection at the lower level does not (John-
son and Boerlijst, 2002). The kind of underlying mechanism that is better
understood by the application of multilevel selection theory is the existence
of two “separate causal processes that contribute to the evolutionary out-
come” (Sober and Wilson, 1998). Multilevel selection theory is especially use-
ful when the processes are opposing.

In the RPS model of competitive restraint, there are opposing processes at
work, but I believe that regarding those processes as individual level and
community level selection does not add to our understanding of the system,
because the subcommunities themselves are too vague and too poorly under-
stood. One can achieve a better understanding of the phenomenon by de-
scribing the opposing processes as the short term and long term self-interest
of the competitor showing restraint, given the structure of RPS interactions.
In the simplest terms, those that invade too quickly will deplete the enemy of
their enemy and be overrun, and those that invade too slowly will be beaten
by their neighbours.

An account of the details of the ‘survival of the weakest” property of RPS
ecosystems is required here in order to explain why long-term and short-term
interest are in opposition. But with a community selection description, the
details of RPS need to be a part of the explanation anyway, because they are
the only way to make sense of how invasion rates affect persistence stability.



Chapter 11

Competitive restraint and the
measurement of stability

Johnson and Seinen (2002) claim that the phenomenon of competitive restraint
in spatial RPS systems is caused by tension between two opposing selection
processes: selection for increased competitiveness at the individual level ver-
sus selection for stability at the level of the ecological community. Their re-
straint experiment takes place on a SCA grid of competing individuals of
three species in a RPS-like relationship, in which the invasion rate of one
species is able to evolve but the invasion rates of the other two are fixed.
Eventually, if all three species survive, the average invasion rate of the evolv-
ing species reaches an equilibrium that is less than its theoretical maximum,
and less than what it could be if individual selection were the only force.

While the evolving species is said to ‘restrain’ its competitiveness at this equi-
librium level, the selective forces are of course not acting directly on species:
the process envisaged by J&S is one whereby individuals that are too compet-
itive tend to die out, because they make the subcommunities to which they
belong so unstable that those subcommunities collapse into a monoculture
which fares poorly in comparison to other subcommunities.

If this picture is correct, when the evolving species is at its equilibrium com-
petitiveness level there should be many subcommunities collapsing, and it
should be possible to observe the resulting instability in the system. In partic-
ular we might expect the system’s instability to reach some limit above which
it cannot rise as it becomes moderated by the restraint of the evolving species.

In an attempt to find evidence for this phenomenon, I examine the stability of
RPS ecosystems in three stages:

199
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(1) Measurement of community stability

The competitiveness trait acted on by individual-level selection is already
well-defined within the system. But the community-level trait that has been
proposed as the object of the higher-level selective force, stability, can also be
measured in the SCA model in various ways. I propose four different mea-
sures of community stability, which are examined in turn in the next four sec-
tions. These four measures have slightly different characteristics, but agree for
the most part with the expectation by J&S that systems with relatively similar
invasion rates are more stable than those with uneven invasion rates.

(2) Strength of individual-level selection

By calculating the stability of the system using a number of sets of fixed in-
vasion rates and then comparing this to the stability of the system using the
equilibrium sets of invasion rates from the restraint experiments, it is possible
to build up a picture of just how far away the system settles from maximum
community stability. The distance provides an indication of the strength of the
individual-level selective force, if the simple two-process model is accurate.

In accordance with the J&S model, in most cases the rate of the evolving
species is not far from halfway between its theoretical maximum (the end-
point of individual selection) and the level that would produce the most sta-
bility (the endpoint of community selection). The four measures of commu-
nity stability usually settle between the endpoints of the two kinds of selec-
tion (maximum stability and maximum competitiveness), but the equilibrium
stability levels are more complex and less predictable.

(3) Variation in equilibrium stability

Finally I compare the stability of the system at several sets of invasion rates
corresponding to a range of different equilibrium restraint levels in the J&S
experiments. If there were a simple mechanism by which subcommunities
go extinct once their invasion rates become too uneven, as the J&S picture
suggests, then a consistent level of instability might be expected at the equi-
librium invasion rates. None of the four types of stability turns out to be
constant across the equilibrium, so this basic analysis provides no confirma-
tion of any simple model of two opposing processes of selection working at
different levels.



11.1. TIME TO EXTINCTION ON SMALL GRIDS 201

T

11000000
ooooooooooooooo
ooooooooooooooo

....OOO OOO...

‘oooooooooo
, oc>oc>o'oo1oo1oo

'oooooooooooooo
oooocb.oootnooooc

Figure 11.1: A comparison of the longest average time to extinction with the equi-
librium points of the restraint system described in Johnson and Seinen (2002). Each
dotted line shows one ratio of rs to rp, and the shaded circles on the dotted lines show
the TTE (averaged over 2500 simulations on a 30 x 30 grid) for the combination of
invasion rates represented by the location of the circle. White circles indicate the
longest TTEs, and black circles the shortest. The solid black line joins the points with
the maximum average TTE for each ratio of rs to rp. The equilibrium invasion rates
in the restraint system where r, is allowed to evolve are shown in red. These were
measured on a 500 x 500 grid with initial . = 0.5 and rs, 7, fixed in the appropriate
ratios such that rs 4+ r, = 0.5. Each simulation was run for an initial 12,000 genera-
tions and the equilibrium r, was found by taking the average for all rock individuals
over a further 60,000 generations. All points on the diagram are normalised so that
re+rs+rp =1

11.1 Time to extinction on small grids

In chapter 3 the stability of SCA ecosystems was measured using time to ex-
tinction (TTE), by counting the generations until one species takes over the
entire grid. This measurement closely corresponds to the notion of persis-
tence used by ecologists because it is concerned only with the presence of
species and not their densities.
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While it is easy to measure time to extinction, the high variability between
simulations means that it is necessary to average TTE over multiple simu-
lations with small random differences in the starting conditions so that the
measurement is useful for comparing stability at different sets of invasion
rates.

A fairly small grid must be used when measuring TTE in order to ensure
that an extinction happens in a reasonable time. But the use of small grids is
not a problem for the assessment of the J&S model, because small grids are
just like subcommunities of a large SCA community, so TTE on small grids
corresponds to the notion of subcommunity persistence, the trait which is sup-
posedly being selected for.

11.1.1 Invasion rates and time to extinction

Figure 11.1 shows how TTE varies with combinations of invasion rates. Each
point on the triangle represents a set of invasion rates, and the system stability
is represented by the shading in the circle, with stability increasing from black
to grey to white. The average TTE on the small 30 x 30 grids was around 1500
generations, ranging from a minimum of around 100 generations for the rates
(0.5, 0.425, 0.075) to a maximum of around 370,000 generations for the rates
(0.35, 0.325, 0.325). The white in the centre and black at the edges show that
the system is more stable when invasion rates are evenly matched.

Dependence of TTE on ordering of invasion rates

There is a smaller triangle, made up of grey points, visible inside the larger tri-
angle of black points, and this smaller triangle is not exactly centrally spaced
within the larger triangle; it appears rotated slightly to the left. The offset
in this area of increased stability means that two systems with the same un-
ordered set of uneven rates may be more or less stable depending on which
species those rates happen to be assigned to. Those systems in which the
slowest invader invades the fastest (for example when r, > rs > r,) will sur-
vive longer than systems where the fastest invader invades the slowest (for
example when r, > r, > 75).

In the latter example, rocks are the most vulnerable species because their equi-
librium density corresponds to the slowest rate 75 (see the predictions of the
mean field equations on page 3). Because rocks are being predated upon faster
here than they are in the former example, they tend to go extinct more easily.
Additionally, in the former case, even rocks that have become surrounded by
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paper can be ‘rescued’ by groups of scissors that invade paper faster than pa-
per invades rock. This rescue effect is unlikely when scissors invade paper
more slowly than paper invades rock.

11.1.2 Individual and subcommunity selection

Each red point in figure 11.1 shows the equilibrium invasion rates if r, is al-
lowed to evolve while rs and r,, are fixed at the ratio marked by the dotted line
that passes through the point. For each of these rs:rp ratios, the system could
settle at any point along the dotted line, but is only stable (without extinction)
at the red point.

The solid black line joins the points at which average TTEs are at their maxi-
mum for each of the rs:r, ratios. Under the J&S model in which subcommu-
nities are selected for stability, multilevel selection theory says that if commu-
nity level selection were the only force, then the system would always settle
somewhere close to this solid black line. The distance between the red line
and the black line therefore represents the strength of individual-level selec-
tion, which is the only opposing force.

If individual-level, rather than community-level selection were the only force,
then . would climb without limit and eventually overwhelm the other two
invasion rates, so the distance between the red line and the point at the top
of the triangle represents the strength of community level selection under the
model.

Non-opposition of selective forces in extreme cases

At first glance the location of the red line in figure 11.1 shows no evidence of
selection for stability. The dotted lines at the right hand side of the diagram
represent ratios of rs:r, that are somewhat unstable regardless of the inva-
sion rate of rock, because all the circles on these dotted lines are quite dark.
Despite this instability however, rock responds by becoming especially com-
petitive, as evidenced by the upward kink in the red line on the right hand
side. It appears that the pull towards stability is weak in a naturally unstable
environment when selection between subcommunities ought to be particu-
larly intense because large numbers of subcommunities will be collapsing to
monoculture and being ‘invaded’ by more diverse subcommunities.

For these extreme rs:r, ratios, however, the time to extinction behaves in an
unexpected way. Figure 11.2 shows the stability surface in detail as a contour
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Figure 11.2: Contour plot of time to extinction versus invasion rates using the same
data as figure 11.1, where the red line shows the restraint equilibrium and the black
line maximum stability. The x-axis shows ratios of rs and rp, the y-axis values of r,.
Black areas indicate early extinctions, and white areas high stability. When r¢ and 7,
are very uneven, extinction times increase as r, increases from the equilibrium line.

plot. From this plot it can be seen that stability does not always decrease
monotonically as 7, moves away from the point of maximum stability. The
top left and top right of the diagram show stability increasing with increasing
rr.

The implication of this is that the two selective forces, towards increasing rate
of invasion and increasing stability, do not in fact oppose one another for some
invasion rates even when r, is very high. Therefore, if the restraint of r, at this
equilibrium is caused by stability at all, it is caused by some kind of stability
that is not contained within the TTE measurement.

TTE is the only one of the four stability measures considered in this chapter for
which invasion speed and stability are not in opposition at the equilibrium.
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Figure 11.3: TTE averaged over 2500 simulations on a 30 x 30 grid, for a range of rs:7,,
ratios. The dotted line shows the maximum average TTEs, at the points joined by the
solid black line in figure 11.1. The solid line shows the average TTE for simulations
run with invasion rates at the equilibrium level (the red points in figure 11.1) when r,
is allowed to evolve.

11.1.3 Variation in extinction times at the restraint
equilibrium

The actual values of TTE measurement along the red and black lines are shown
in figure 11.3. TTEs at the invasion rates where r, has reached equilibrium
vary by around two orders of magnitude across the range of rs:rj, ratios. TTE
experiments therefore provide no evidence that community level selection is
pulling stability above some threshold of subcommunity survival.

11.2 Minimum species density

The second measure of community stability is the minimum density of the
most vulnerable species over time, the same as the definition of extinction
risk from section 5.2 on page 80. This measurement is expected to correlate
with the persistence of the three-species ecosystem because in general smaller
populations are at greater risk of going extinct than larger ones.

Figure 11.4 shows the extinction risk measured throughout the space of pos-
sible invasion rates. The extinction risk is low for evenly matched invasion
rates and high for uneven rates. This is unsurprising because we know that
in spatial RPS the three species end up occupying space in proportion to the
three invasion rates.



206 CHAPTER 11. RESTRAINT AND STABILITY

T

11000000
ooooooooooooooo
ooooooooooooooo

Figure 11.4: Minimum extinction risk (black line) compared against extinction risk
at restraint equilibrium (red line). The shading in a circle indicates the minimum
density of the least common species during the final 12,000 generations of a 24,000
generation RPS simulation on a 500 x 500 grid for a fixed set of invasion rates. A
white circle means the extinction risk is small because the least common species has
a density close to 1/3; a black circle means the extinction risk is large, and the density
of least common species is close to zero. The solid black line joins the points where
the minimum species density is at a maximum for a particular ratio of 7 to r,. The
equilibrium invasion rates in the restraint system where 7, is allowed to evolve are
shown in red.

The measurement is taken by running a simulation for a very long time and
returning the lowest species density recorded during that time. This will be
a number between zero and 1/3, the maximum possible density for the least
common species.

The amount of time that the simulation spends near the minimum density is
ignored. So for example, any two simulations in which rocks fall to a mini-
mum of 1% of the population for a single generation will always have iden-
tical scores, even if one simulation spends only a few generations with rocks
under 2%, and the other spends thousands of generations with rocks below
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Figure 11.5: Extinction risk measured by the minimum density of the rarest species
over time described in figure 11.4, for 15 ratios of rs:7,. The minimum densities for the
equilibrium restraint invasion rates are shown by the solid line, and the maximum
minimum density (lowest extinction risk) is shown by the dotted line.

2%. Despite the apparent crudeness of this notion of stability, it captures the
‘distance’ from extinction over time better than a measurement based on the
mean species densities because extinctions only happen once and they’re per-
manent.

The minimum density statistic does not have the property of the TTE (noted
in section 11.1.1) in which stability is dependent on the ordering of the three
invasion rates. Minimum density appears to depend on the unordered set of
invasion rates but is relatively insensitive to whether the fastest invader preys
on, or predates on, the slowest. So while ‘fast eats slow’ ecosystems tend
to go extinct more quickly than ‘slow eats fast” ecosystems, their minimum
densities in figure 11.4 are similar, because they are measured with a much
larger grid on which variations in the numbers of local extinctions are less
noticeable.

Figure 11.5 gives the actual values of the measure at the maximum and equi-
librium. It shows that there’s no characteristic extinction risk at the equilib-
rium set of rates; the equilibrium stability follows the general shape of the
maximum.
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Figure 11.6: Comparison of the invasion rates which produce minimum density vari-
ation over time (black line) with the equilibrium invasion rates when r, evolves freely
(red line). The shading in the circles represents the average, over all three species, of
the amount by which their densities fluctuate over time. This is measured by taking
samples of species densities from the final 60,000 generations of a 72,000 generation
simulation on a 500 x 500 grid, and averaging the coefficient of variance (the ratio
of standard deviation to the mean density over time) across the three species. Black
indicates low density variation and white high density variation. No point is shown
for simulations in which an extinction occurred.

11.3 Variation in species densities

Another measure of ecological stability involves the change in species densi-
ties over time. The measurement is taken here by observing the species densi-
ties over a very long simulation, but rather than just recording the minimum
density, the variation of each population from its mean density is recorded,
and then these three variations are averaged out to give the values presented
in figure 11.6. This is a measure of ecological constancy rather than persis-
tence, because it quantifies the stability of the relative proportions of each
species over time. It is equivalent to the ‘average population variability” used
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by Lawler (1993).

One motivation for using this measurement is that there are reasons for believ-
ing that density fluctuations can be expected to correlate positively with the
maximum cluster sizes on the landscape; and these cluster sizes were found to
correlate with time to extinction (see section 3.4.2, page 43). This positive cor-
relation is expected because species tend to be more isolated in a community
with bigger clusters, and when previously isolated groups come into contact
with one another, it can lead to rapid changes in the state of quite large areas
of the grid. Another way to think of this is to note that the sum of a small
number of large changes, as found on a highly clustered grid, tends to vary
more than the sum of a large number of small changes, which is what is found
on a relatively unclustered grid. The combined effect on the densities over the
entire grid of all these local changes is just the sum of what it going on locally,
so the sum of the local variation should be visible at the larger scale in the
form of bigger density fluctuations.

Figure 11.6 shows that when all three invasion rates are similar, the densities
only change by a small amount, but when rates are uneven, densities fluctuate
more wildly. For example, in the smallest variation observed in the simula-
tions, the species densities varied by an average of less than 2%. This occurred
with invasion rates at (0.35, 0.29, 0.36). But in the largest, most unstable vari-
ation, the three densities moved by an average of over 90%, with rates in the
corner of the triangle at (0.1, 0.14, 0.76).

The importance of the ordering of invasion rates can be seen by the fact that
darker points are not in phase with the outer triangle, but rotated slightly
left as they are for TTE. The density variance over time, unlike the minimum
density, differentiates simulations with few local extinctions from those with
many local extinctions.

The average variation measure is not constant across the equilibrium invasion
rates of the restraint system, and in fact figure 11.7 shows that it is possible
to find two rq:rp ratios, such as rp/(rs +1p) = 0.35 and rp/ (rs + 1) = 0.75,
that have very similar minimum variation and also very different equilibrium
variation, so the average density variation not only lacks consistency at the
equilibrium rates of the restraint system, it doesn’t even appear to be pro-
portional to the minimum variation. With the invasion rates marked by the
rightmost red point in figure 11.6, the 500 x 500 grid is so unstable that data
cannot be obtained for these rates due to extinctions.
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Figure 11.7: Average variation in the three species densities over time at equilibrium
invasion rates (solid line) and at the invasion rates that minimise average variation
(dotted line) for 15 rs:rp ratios.

11.4 Cluster size

Because of the connection between clustering and stability, it is worth exam-
ining a measure of cluster size directly. Clustering is not strictly a kind of
temporal stability (it’s a static characteristic of the system), but nevertheless
it turns out to be very well correlated with the measure of density variation
over time.

The subcommunities envisaged in the community level selection interpreta-
tion of the restraint system are supposed to be ‘emergent” subcommunities,
created through spatial self-structuring (Johnson and Boerlijst, 2002). For this
reason the small grids examined in section 11.1 will in most cases be unrepre-
sentative of the J&S subcommunities because fixed 30 x 30 grids do not vary
with respect to the quality of the self-structuring. Unfortunately, neither John-
son and Seinen (2002) nor Johnson and Boerlijst (2002) provides a suggestion
for defining the extent of the emergent subcommunities, but it is reasonable
to assume that the size of the subcommunities correlates with the spatial clus-
tering on the grid.

It is easy to measure the level of clustering in a SCA by examining grids that
have reached equilibrium and counting neighbouring sites that are in the
same state. The details of the measurement used here are described in the
caption to figure 11.8. It is the same measurement as the one used in section
3.4.2, but with a larger grid.

In the simulations summarised in figure 11.8, the average clustering measure
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Figure 11.8: Comparison of the invasion rates that produce minimum clustering
(black line) with the equilibrium invasion rates when r, evolves freely (red line). The
shading in each circle represents the average degree of clustering for one combination
of invasion rates. For each rate combination, clustering was measured by running ten
simulations for 12,000 generations each, on 500 x 500 grids. On each of these 10 grids,
1000 distinct sites were chosen at random from all over the grid, and for each random
site, the number of contiguous sites to its right occupied by the same species as the
original site was counted. Although the shading should therefore represent an aver-
age across 10,000 sites, in practice some of the simulations reached extinction during
the 12,000 timesteps, and sites from these simulations were ignored in the average.
Points are only shown when at least 2000 sample sites were available.

ranges from 3, for rates of (0.35, 0.29, 0.36), up to 170, for the rates (0.7, 0.21,
0.09), and the mean value over all rates is 11. The theoretical maximum is 500,
which can only occur if a single species occupies a horizontal strip the width
of the entire grid.

The shapes of the minimum and equilibrium clustering, shown in figure 11.9,
are similar to the density variations, including the particularly high value at
the equilibrium when r,, is much greater than ;. Clustering varies more across
the equilibrium than it does at its minimum, so r, does not evolve to limit
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Figure 11.9: Minimum clustering (dotted line) and equilibrium clustering (solid line),
measured using the technique described in figure 11.8 for 15 r¢:rp ratios.

clustering to any threshold level.

But the lack of evidence for moderation of clustering by r, in the experiments
presented here is not enough to disprove the J&S hypothesis. A thorough
approach would take a wide range of methods for defining subcommunity
size as a function of system clustering, and then examine the stability of those
potential subcommunities in order to see if there is some measure of subcom-
munity stability that appears to be moderated by the evolution of r,. Unfortu-
nately, due to the enormous number of ways to define subcommunities, this
is too large a task to attempt here.

11.5 Summary

Johnson and Seinen (2002) showed that when 7, is allowed to evolve while 7
and rp remain fixed, rock restrains its competitiveness to a value significantly
less than its theoretical maximum. They suggest that this restraint is due to
two opposing processes of individual level and community level selection,
and that the community level selection pulls the entire community towards
greater persistence stability.

The examination of the invasion rates at equilibrium provided in this chap-
ter does not show that the multilevel selection picture is wrong, but it fails
to confirm the “selection for subcommunity stability” explanation using four
simple quantifications of ecological stability.
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This is firstly because the invasion rate of rock does not appear to act in such
a way as to moderate naturally unstable communities to any degree. In par-
ticularly unstable communities, highly competitive individuals do not appear
to die out as a result of their subcommunities collapsing, instead they seem to
thrive, because invasion rates are especially high in these unstable communi-
ties.

Secondly, none of the stability measurements remain constant at the equilib-
rium invasion rates reached by the J&S system. Although I have not been
able to exactly reproduce the notion of persistence stability with any of the
measures given here, the high variability of all measures across the equilib-
rium suggests that a model in which the supercompetitors die off when they
bring their local subcommunity over some threshold of instability may be too
simple.

Two-process explanations of restraint oversimplify

In chapter 10, I argued that to describe the restraint as the product of a pro-
cess of selection among subcommunities could be misleading, and that an
understanding of the details of the spatial RPS system was necessary for an
understanding of the restraint phenomenon. It was suggested that the re-
straint phenomenon might be better understood as a product of the tradeoff
between long-term and short-term fitness of individuals from the evolving
species rather than by applying multilevel selection theory.

The experiments in this chapter also suggest that the long-term versus short-
term explanation of restraint is dubious. The time to extinction and minimum
species density statistics, for example, measure the long-term fitness of the
evolving species just as well as they measure system stability, because the
evolving species is always one of the ones that goes extinct for all rates near
the equilibrium. The fact that neither of these measurements settles at a con-
sistent level is not only evidence for the lack of an instability threshold, it’s
also evidence for the lack of a ‘long-term individual benefit” threshold. I sus-
pect that attempts to reduce the essence of the restraint phenomenon to any
simple model of two opposing selection processes will fail to capture some of
the important details, regardless of whether one of the processes is described
as higher-level selection or long-run individual benefit.
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Chapter 12

Conclusions

The behaviour of the rock-paper-scissors system is highly dependent on the
way in which the population is spatially structured. A SCA model in which
individuals interact within a local neighbourhood always exhibits a high turn-
over of individuals in any particular region, but the overall densities of the
three species become very stable. In a spatially-unstructured, infinite popu-
lation model, densities oscillate forever with the same amplitudes, but in a
similar finite-population model, the amplitudes increase over time until one
species goes extinct.

In the first part of this thesis I have shown that in a model using continuous
space, the resulting dynamics is very close to that of the lattice-based model,
as long as interactions are localised. In both models, the species densities os-
cillate initially in similar patterns, stabilise to similar levels, and show similar
spatial patterns on the landscape. The grid model accurately captures the es-
sential features of the spatial system, and is computationally more efficient,
so little is gained by using a continuous space model when interactions are
known to be local.

A grid model with random, non-local interactions is just a pool of individuals
without spatial structure, and in the case of RPS always ends in extinctions.
But a continuous-space model does not have this property. Aslong as individ-
uals have a location and a size, long-range dispersal is not the same thing as
random interactions. It turns out that even a small amount of non-uniformity
in the process by which individuals select others to interact with can signifi-
cantly stabilise the species densities so that extinctions become very unlikely.
The extent to which interactions deviate from complete uniformity is deter-
mined by the relative timescales of movement and interaction. Exactly how
these two effects combine to bring about changes in density stability is not
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well understood, but could be discovered using a model with parameters for
both speed of movement and frequency of interaction.

I have also shown the effect on system stability of gradual changes in the dis-
persal distance using a grid model. What is important is the distance over
which interactions can take place relative to the total size of the world. The
time until an extinction occurs increases as the size of the grid is increased,
and also increases as the dispersal distance, or size of the interaction neigh-
bourhood, is increased. The time to extinction in the RPS system, with its
inherent stability, increases much faster than a system with only neutral evo-
lution and no intransitivity. At a characteristic grid size, or neighbourhood
size, the increase in stability becomes super-exponential. This means that for
any particular maximum simulation length, there is effectively a threshold
value for the grid size at which the stability jumps from a very low value to
the maximum.

The neighbourhood size effect is slightly different to the grid size effect; when
the grid is large there is an apparent threshold, as the neighbourhood size is
decreased, at which stability suddenly jumps. But there are some grid sizes
for which stability goes through an increase and then a subsequent decrease
as neighbourhood size is reduced. The importance of this result is that con-
trary to the often expressed view that more spatial structure implies greater
ecosystem diversity, there are occasions when more structure does the oppo-
site, and increases the probability of ecosystem collapse. I have not discov-
ered the exact mechanism causing the decrease in RPS stability for these very
small neighbourhoods, but I believe it is the result of significant-sized pockets
of single species becoming surrounded by their predators, a situation which
is much less likely with a small increase in the number of neighbours.

In the second part of the thesis I have applied three spatial approximations to
the RPS system and evaluated their accuracy with comparisons to grid sim-
ulations. Firstly, the pair approximation is used to derive equations for the
densities of neighbouring pairs of grid sites. I show that these equations fail
to express the essential stability of the grid-based RPS model for most starting
points.

The local structure approximation based on 2 x 2 blocks of grid sites does
not suffer from the same problem; it predicts that the RPS system is stable
with all three species represented. It is not clear exactly why the pair ap-
proximation should fail while the 2 x 2 approximation succeeds. The 2 x 2
approximation includes more spatial information, but in some cases, it under-
estimates the density of homogeneous pairs of sites to a greater degree than
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the pair approximation. It may be that a successful local structure approx-
imation requires the ability to represent neighbourhoods containing all the
possible species in the system. The study of another approximation based on
3 x 1 blocks may provide further evidence for or against this hypothesis.

The need to estimate the risk of extinction in a spatial RPS system motivates
a third simple approximation, which forces stability on the equations derived
using the mean field assumption. It is trivial to modify the mean field equa-
tions so that the density trajectories are dragged in towards the fixed point by
varying degrees depending on a new parameter. However, this approach is
actually worse than the mean field when it comes to estimating the extinction
risk in a grid simulation with sites initialised at random. This is because ran-
domised initial conditions lead to an initial divergence in the densities while
the intitial spatial clusters are formed. It may be possible to devise an ODE
model which tracks the degree of clustering in the system in addition to the
densities. Rather than a local structure approaches to clustering, it might be
better for such a model to parameterise the distribution of clusters of various
sizes needed, because local structure models, like the mean field, are unable
to account for the initial divergence of densities observed in the agent-based
models.

The two models described in the third part of the thesis are interesting be-
cause they are able to produce RPS (or a similar four-species intransitive com-
petition system) with the simple addition of an evolvable individual trait to
a spatially-structured two-species system. In the first, individuals receive a
certain quantity of resources based on their species, and are able to appor-
tion those resources into interspecific or intraspecific competitiveness. When
starting conditions are relatively even, the two species’ densities stabilise at
half and half even when their initial ‘resource levels” are uneven. An analysis
of the system using non-spatially-structured simulations, and of a similar sys-
tem of differential equations, shows that stability of the densities at half and
half is due to regulation by negative feedbacks rather than being a product
of the spatial population structure. The feedback occurs because intraspecific
competition is selected for in the species with the highest density, and inter-
specific competition is selected for in the species with the lower density. Both
these selective forces act to equalise the densities, and the regulating effect
becomes more efficient as more variation in inter- and intraspecific competi-
tiveness is represented in the system.

It is spatial structure, however, that is responsible for the evolutionary branch-
ing event that splits at least one species into two distinct morphs, one max-
imising interspecific competitiveness and the other maximising intraspecific
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competitiveness. Spatial population structure can be shown to be the deter-
mining factor using a simple model of only three grid cells: the invasion fit-
ness of maximally inter- or intraspecific competitors is greater than the inva-
sion fitness of intermediate types, as long as there there is clustering of similar
individuals in the three cells.

Even though species densities at equilibrium tend to even out regardless of
the species’ inherent strengths, the viability of morphs does in fact depend on
those strengths. When the species are equal, both species split into extremely
interspecific and extremely intraspecific morphs, competing in a cycle of four.
When one species is more than about 20% stronger than the other, only the
stronger species splits, the weaker one becomes extremely interspecific, and
the weaker species competes with the two morphs of the stronger one in a
RPS cycle. The ratio of species strengths at which the change occurs is quite
robust, depending only to a minor extent on the size of mutations.

In the second model, interspecific toxin-production is the trait, rather than
inter- and intraspecific competition. Rather than stabilising at half-and-half
densities, the toxin-production model can be stable with uneven densities,
and the stability of these densities can be predicted using a mean-field version
of the model in which changes in densities and average toxin-production lev-
els are given by differential equations. However, the real spatial simulations
predict equal densities in a slightly different place to the mean field version,
and the location of the equal-density point cannot be accounted for simply by
adding a little bit of clustering of same-species individuals to the mean-field
equations. This is possibly because clustering of individuals with similar trait
values is not considered in this analysis.

Although the model is very simple, there are many different types of toxin-
production distribution into which the system settles. In the majority of the
space of toxin and species strengths, one species maximises or minimises its
toxin production exclusively, and the other species settles into a state where its
average toxin-production is at an intermediate level, but sometimes this av-
erage combines two groups producing maximum and minimum amounts of
toxin, and sometimes all individuals are clustered around the average level. I
have not been able to predict exactly what causes the split into two groups, ex-
cept to note that it is to do with the amount of room in the trait space between
two clusters of phenotypes. If the trait’s maximum or minimum value is forc-
ing two groups to be closer than some minimum separation in the trait-space,
then the groups join together when the weaker of the two cannot invade the
other species fast enough to get away from the stronger group.
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Both of these models are potential explanations for the evolution of cyclic
competitive behaviour. However, the first is problematic because species in
existing intransitive ecosystems, as far as we know, do not possess any traits
corresponding to the intraspecific competitiveness trait of the model. The
toxin-production model is a better fit because toxin-based competition is preva-
lent in many of the natural ecosystems with intransitive competition. The
‘splitting” behaviour of the traits in these models are one mechanism by which
such ecosystems may increase in diversity.

In the fourth part of the thesis I argue that the occurrence of competitive re-
straint in the RPS system should not be explained by an appeal to commu-
nity level selection theory. In Johnson and Seinen’s model, multispecies sub-
communities compete with one another within a larger community, and the
subcommunities with the most persistence stability defeat those that are less
stable. A supercompetitor will create instability in its subcommunity, so al-
though the supercompetitor may do well within its subcommunity, its sub-
community will be less persistent (less fit) in the battle between subcommu-
nities.

The first objection to this explanation is just that all subcommunities on a CA
grid are arbitrary in their extent. Even when there is an element of spatial
self-structuring of individuals, the way in which individuals interact in the
CA model necessarily implies that there are as many subcommunities as there
are individuals. Secondly, while a supercompetitor from an unstable RPS sub-
community is unfit in the long term, due to the survival of the weakest rule,
members of other species within the same subcommunity may in fact be fit-
ter. For these reasons I argue that the notion of community level selection
adds little if any understanding to competitive restraint in RPS communities.
It would better to explain the phenomenon with a model that describes the
long-term fitness of supercompetitors.

If restraint were the product of a process of selection for stable subcommuni-
ties, then we might expect to see evidence for this by measuring the overall
community stability at and away from the equilibrium at which competition
becomes restrained. However, measurements of four kinds of stability at the
equilibrium points, and across the entire space of possible invasion rates, re-
veals no pattern. In particular, stability at the equilibrium points shows a large
amount of variation depending on the invasion rates of the two fixed species,
meaning that there is no consistent threshold of instability over which sub-
communities do not survive.

But although these measurements provide no evidence for the community
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level selection view, they do not disprove it. This is because spatial patterns
are different for different combinations of the fixed invasion rates, and sub-
communities that have been defined using spatial self-structuring will have
different sizes at these rate combinations. It could then be argued that when
there are lots of subcommunities on the grid, the effect of instability in a few
of them is diluted when measuring the stability of the entire community, but
when there are a smaller number of subcommunities, instability in a few of
them will count for more in the measurement of community stability. Such
an argument would be unconvincing unless subcommunities can be defined
using a notion of spatial self-structuring that is independent of stability.



Appendix

The adaptive dynamics method

I describe in general terms the method used in Kisdi (1999) and Doebeli and
Dieckmann (2000), which provide typical examples of AD models. The first
step is to describe the ecological dynamics of the mean phenotype of each
species. If each species s has a mean trait value x;, this is done by formulating
an expression for the change in the population density of the mean phenotype
of s over time, dp(x;)/dt for each species s where p(x;) stands for the density
of the phenotype x;. The resulting equations are of the form

dpé;cs) =15 p(xs) - ws (x5, P, X) (A.1)

where ws (x5, P, X) is some species-specific fitness function which depends on
the population densities P of every species and their mean phenotypes X,
and where 75 is the intrinsic growth rate of species s not dependent on the
mean phenotypes. The articles by Kisdi and Doebeli and Dieckmann specify
particular fitness functions where I have written w;(x;, P, X).

The ecologically stable population densities P*(X) are the points at which
the dp(xs)/dt = 0 for the set of phenotypes X. At these stable densities, the
invasion fitness of a rare mutant is examined. The invasion fitness f;(ys, X) of
a rare mutant y; (of species s) is just its initial per capita growth rate, which is
similar to equation (A.1):

fs(ys, X) = 15 - ws(ys, P*(X), X). (A.2)

But because this is y;’s per capita growth rate, it is not dependent on y;’s den-
sity, and therefore there is no p(ys) corresponding to the p(x;) in equation
(A.1). And because y; is rare, its effect on its own fitness can be ignored, so
the species-dependent fitness function ws; still only depends on the densities
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P and mean phenotypes X of the residents, even though a new phenotype has
been introduced.

The derivative of a rare mutant’s invasion fitness with respect to its trait value,
evaluated at the mean phenotype,

dfs(ys, X)

- A3
e (A3)

describes the way in which evolution drives the mean phenotype x; of species
s. The points at which this expression is equal to zero are called singular points,
and some of these singular points are also evolutionary attractors. If the mu-
tant’s fitness is at a maximum at at singular point, then this point is an ordi-
nary stable attractor, but if the mutant’s fitness is at a minimum at the singular
point, then it is an evolutionary branching point. At a branching point, mu-
tants of with trait values higher or lower than the mean phenotype will do
better than the mean phenotype.

Invasion fitness at unstable points

In section 6.1.4, it is noted that AD is not a useful model in a two-species pre-
RPS ecosystem, because such a system is always unstable up to the point at
which one species goes extinct.

However, it is in fact possible to evaluate the invasion fitness of rare mutants
(and the evolutionary direction of mean phenotypes) at ecologically unstable
points, i.e. when P # P*(X), but of course there are infinitely many of these
points, and the extra variables will make the expression (A.3) too difficult to
analyse for most w; functions.
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