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Selection at the level of the community:
the importance of spatial structure

Craig R. Johnson and Maarten C. Boerlijst

To ask whether natural selection occurs at the level of the community is to
consider whether communities represent a major transition in evolution —can
particular community configurations evolve and maintain their integrity in the
face of disruption arising from the self-interest of component individuals? This
requires heritable variation among subcommunities in alandscape, and that
alternative subcommunities maintain a degree of individuality in both time
and space. Recently developed models show that spatial self-structuring in
multispecies systems can meet both criteria and provide a rich substrate for
community-level selection and a major transition in evolution.

The long-running controversies about whether selection
at several different levels of biological organization is
possible, and whether it can be important, arein large
part resolved. The theory of multilevel selection is well
established [1-4]. Although genesor, using the lexicon
of Dawkins [5], replicators are the units of selection,
replicators reside within circumscribed vehicles on
which selection acts directly [2]. Vehicles are entities
that represent different levels of biological organization,
such as genomes, cells, individual organisms and

populations. What remains controversial is the
identity of levels of organization above the level of
individual organismson which selection can act, and
the circumstances in which selection at levels above
theindividual are necessary to explain the evolution
of particular traits at lower levels[2—-4].

The question and context

Oneofthegrand unifying themes [6] in biology is how
selection among selfish entities within one level of
biological organization is prevented from overriding
acommon interestin the INTEGRITY (See Glossary)

of a higher level of organization. Thereis a sound
theoretical case that resolution of this problem has
realized the major transitionsin evolution that give
rise to new, higher levels of biological organization: for
example, evolution of cells from symbiotic protocells,
of individual organisms from cells, and of societies
from collectives of individuals[2,3]. Selection can act
at higher levels when the variance in a trait among
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Box 1. What is community-level selection?

Selection occurs atthe community level ifitacts on properties that are
manifest only atthe level of the community and results in differential
survival and reproduction among different subcommunities within a
landscape. Note that evolution of traits of individuals mightinfluence
community-level properties with concomitant feedback (positive or
negative) on the selection environment of individuals. However, this
phenomenonis notexplained simply by individual-level selection
responding to a changing environment. Interpretation atthe level of the
individual fails, because it provides no insightinto the mechanism by
which traits of individuals are affected. The mechanism involves effects
of community-level phenomena on fitness.
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different groups that define a higher level of biological
organization exceeds the variance within the groups.
Under these circumstances, selection at higher levels
can favour traits of lower-level entities that confer an
advantage to higher-level groups containing those
entities, even ifthe traitis at a selective disadvantage
at lower levels.

Here, we address the possibility of selection at
the level of the communiTy (Box 1), conflicts between
selection at the community level and that at lower
levels of biological organization, and how selection
at thecommunity level influences the traits of
individuals. The controversial idea of community-
level selection is an extension of modern thinking on
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group selection at the population level (Box 2) and
addresses whether the evolutionary principles
that underpin the major transitionsin evolution at
lower levels of biological organization extend to
communities. Docommunities represent another
major transition in evolution, in which community
integrity is maintained in spite of the self-interest
of componentindividuals? In some measure, the
question addresses whether communities are ‘real’.
Dotheyconstitute a natural level of biological
organization, or are they artificial and arbitrary
assemblages that have been devised for the
convenience of tidy-minded biologists?

Inaddressing community-level selection, a key
issueistheidentification of properties unique to
communitieson which selection can act. The most
general EMERGENT PROPERTY ON Which selection can
act iSPERSISTENCE STABILITY. A less obvious emergent
property isspatial patternin the distribution of
speciesincommunities.

Models: the importance of spatial structure

Selection at the community level requires variability
among multiple suscommuniTies that can each
maintain some minimum level of integrity for a
period long enough for selection to act. Integrity can
be the maintenance of a nonrandom patternin the
spatial arrangement of individuals —an amount of
spatial orderin the system.

Box 2. The group selection controversy

Because community-level selection is closely linked with modern
views of group selection, itis necessary to clarify aspects of the
group selection debate about which there has been considerable
confusion [a—c]. ldeas about group selection on populations (and
more general multilevel selection) and of kin selection are alternative
views of gene selection, and they do notinvoke fundamentally
different evolutionary processes|[a,c,d]. Forexample, consider
trait-group models of the evolution of altruistic behaviourina
system with altruists and nonaltruists. If altruists benefit the fitness
of recipientsin their group by an amount b at personal cost to
individual fitness ¢, then altruism can evolve, providing that altruists
tend to associate with altruists (and nonaltruists with nonaltruists),
exceptduring mating[c]. This can be interpreted as arising from a
conflict between individual-level selection (favouring nonaltruists)
and group selection (favouring altruists) [c]. Alternatively,
Maynard Smith[e] argues thatthis result can be explained
entirely atthe individual level by the mechanism of kin selection;
thatthe level of association of individuals and values of band ¢
necessary for altruism follows from Hamilton’s [f] inequality rb> c,
where risthe degree of relatedness among individuals. Thus,
Maynard Smith suggests thatthe argumentis semantic.

Two points arise from this debate. Inthe sense that one can
define, de novo, any mechanism thatincreases INCLUSIVE FITNESS (See
Box Glossary) as selection atthe individual level, the debate is about
semantics. However, itis notsemanticin the sense that changes
ininclusive fitness may be conditional upon dynamics at levels of
organization above the individual. Underthese circumstances,
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multilevel selection provides an added understanding of the
underlying mechanism that kin selection does not.

Note that, in principle, altruism can arise by kin selection or
by any other mechanism thattendsto group together altruists
(whether ornotthey are related by recent descent[g]) —itis just
thatkin selection is often a plausible mechanism in nature.
Notably, Hamilton[h] emphasized thatthe inclusive fitness

conceptis ‘more general than “kin selection™.
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Box Glossary
Inclusive fitness: fitness that takes into account the reproductive success of all
individuals sharing a particular gene.
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Box 3. Spatial effects influence the evolution of parasite virulence and transmissibility in model systems

In spatial models of host-parasite systems with constant (high)
virulence and single infections per host, transmission rates
evolve to anintermediate level[a—c]. Individual-level selection
favours highertransmission rates locally, but as transmission
rates approach a critical threshold, local extinction of hosts leads
to local extinction of parasites. By this mechanism, the landscape
self-organizes into patches (subcommunities of hosts and
parasites). If transmission rates within a patch become too
high, that subcommunity is likely to collapse, often before
transmission of the parasite to another patch. Thus, the global
process of community-level selection (between patches) limits
the local effects of individual-level selection (within patches).
Whentransmission and virulence are both allowed to evolve
independently, evolution to anintermediate balance between
transmission and virulence occurs by the same mechanism [c].
Keeling, Rand and colleagues have shown that this behaviour
also occurs if within-patch dynamics are modelled nonspatially
and the spatial componentisincluded only atthe between-patch
dynamics level[b,c]. Thisemphasizes the importance of
processes atthe patch (subcommunity) level. Importantly, these

Spatialorderisemergentin arange of spatial
models of multispecies interactions. Unsurprisingly,
spatial models of multispecies systems often manifest
very different behaviours from their MEAN-FIELD
counterparts. Twoimportant general features of
spatial models of multispecies systems are that they
allow the possibility of global persistence in spite of

resultsdo not arise in completely mixed populations[a—c], and

in partially mixed systems mean virulence increases as the
dispersal of parasites becomes less local [d]. Similarly, if dead
hosts are replaced instantaneously with susceptible hosts, local
extinction of hostsis not possible and so the spatial mechanism is
removed and transmission increases unbounded[e].
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and parasitesisemergent. If transmission (or
virulence) becomes too high, hosts die too quickly,
creating isolated patches that are doomed to
extinction (Box 3). Thus, selection at the level of the
individual increases transmission rates tothe border
of host-patch persistence stability, which limits
furtherincreases. Thisresultsin evolution to

local extinctions and so are usually more stable than
their mean-field equivalents, and have a tendency to
self-organize spatially [7-9]. SPATIAL SELF-STRUCTURING
produces nonrandom spatial patterns at scales
much larger than the scale of interaction among
individuals, evenin acontinuous and abiotically
homogeneous environment. Thisstructure is not
explicitly coded butisemergent from local
interactions among individuals and (usually) local
dispersal. Itis‘order for free'[10].

Evolution to critical stability of subcommunities
The most basic form of community-level selection
inaspatial system occurs when selection at the
individual level changes a trait tothe point where
the community dynamic of discrete patches
(subcommunities)on a landscape becomes unstable.
This instability leads to loss of individuals with
those traits, and the subsequent collapse of the
subcommunities that contain them. Local
subcommunities with individuals that exceed
this threshold go extinct at higher rates, so
community-level selection maintains the trait
below that threshold.

A simple example of this behaviour arisesin
spatial models of the evolution of virulence in
parasites. Inspatial modelsin which singly infected
hosts infect their neighbours and hosts reproduce
locally, patch formation in the distribution of hosts
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intermediate transmission rates (Box 3). Evolution to
critical stability in host dynamics can arise through a
similar spatial mechanism[11].

Evolution tointermediate levels of transmission
(and/or virulence) also arises in nonspatial models,
provided there is an explicit tradeoff between parasite
virulence and transmissibility [12,13]. This is often
interpreted as a tradeoff between individual-level
selection (acting toincrease the reproductive rate
of parasites within hosts) and community-level
selection (limiting virulence). Thisidea underpins
predictions that virulence should increase with:
multiple infection of single hosts by unrelated
parasites[14—16]; increased frequency of HORIZONTAL
TRANSMISSION OVEr VERTICAL TRANSMISSION [17—-19];
increased likelihood of horizontal transmission [17];
the capacity of the parasite tosurvive outside the host
[17,20]; the parasite-independent mortality rate of
the host; and the mortality rate of the parasite[21]. In
these models, the tradeoff is usually notinterpreted
inaspatial context.

The important point here isthatin nonspatial
models, these behaviours depend on an explicit
tradeoff between virulence and transmissibility. If
transmission and virulence are decoupled in mean-
field models, with single infections per host, evolution
tends to highest transmission rates and zero
virulence as a result of community-level selection.
With multiple unrelated genotypes co-infecting each



host, virulence increases unbounded as a result of
individual-level selection within hosts.

Note that mean-field modelsin which virulence
and transmissibility are explicitly coupled simply
assumethat the tradeoff exists, but they do not offer
anexplanatory mechanism for it. In spatial models,
the mechanism that limits virulence is an emergent
spatial phenomenon; transmissibility (or virulence) is
limited, because it affects the probability of extinction
of host patches. Thus, the system can be understood
intermsof the direction of selection within and
between host patcheson alandscape. Thisisatruly
community-level phenomenon. It contrasts with
mean-field models, in which the dynamics are
determined by selection within and between hosts.

Theconceptual framework that underpins
evolution of virulence also applies to the dynamics
of exploitation of prey by other types of consumers.
Forexample, van Baalen and Sabelis[22] identify
comparable tradeoffs between selection at the level of
theindividual and that at the level of the community.
Although research in thisareaisinitsinfancy, these
ideas are beingincreasingly addressed [23,24].

Competitive interactions can alsoshow evolution
tocritical stability in spatial systems where
competition is for space [25]. If species self-organize
into modular colonies, one colony can protect
another from its competitor, depending on the
spatial arrangement of the colonies. If the
COMPETITION NETWORK iSasSimple INTRANSITIVE LOOP
(i.e. Aovergrows B, Bovergrows C, Covergrows A),
selection at the individual level will always act to
increase competitive ability (i.e. growth rate).
However, when the difference in growth rate
among species becomes too large, subcommunities
with very fast growers become locally unstable
and collapse, with loss of the fast growers. This
occurs because fast growers locally eliminate
their competitor's competitor (e.g. if a fast-
growing Aeliminates B, C will overgrow A
unimpeded by B). The mechanism dependson
self-organized spatial structure and the indirect
interactions among species.

Inall these spatial models, individuals evolve to
be as fit as they can be locally, while allowing their
subcommunity to persist. The dynamic reflects a
simple tradeoff between individual-level selection
(which increases the fitness of individuals locally) and
community-level selection (which acts to limit it). The
key point here isthat limiting fitness provides no
benefit tothe individual inits local environment, and
thereis nonet benefit at the population group level.
The benefit arisesonly at the community level.
Spatial structure in populationsis an essential
ingredient for the mechanism, as has been similarly
shown toenable population-level selection for
altruismin other systems[26]. Most of the models
described above show that community-level selection
becomes lessimportant as spatial pattern becomes
increasingly homogeneous.
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Selection for spatial pattern in communities

When self-organized subcommunities are inherently
stable, such that stability within subcommunities is
not influenced by selection at the individual level,
aqualitatively different mechanism can arise in
which selection operateson emergent spatial
patterns. This phenomenon can be observed in
modelsin which spiral structures arisein the
arrangement of individuals (Box 4). In these
examples, individual-level selection is largely
irrelevanttothe overall dynamic, because it is
overridden by selection for properties of the spiral
(i.e.of the entire subcommunity). Where a variety of
different global spatial patternsarise (spirals, spiral
chaos and turbulence), EVOLUTIONARY ATTRACTORS iN
the system are ultimately determined by the global
pattern (Box 5).

The models discussed in Boxes 4 and 5 show that
selection at the level of emergent mesoscale patterns
can work in the opposite direction to that of selection
at the level of individuals. The evolutionary
attractorsdo notconvey a fitness benefit to either
individuals or groups of individuals of the same
species. The benefitisevidentonly at the community
level, and the phenomenon isentirely dependent on
spatial structure.

Empirical evidence
Experimental tests
As with all areas of evolutionary biology, theoretical
development advances more quickly than does
empirical evidence. The most powerful empirical
approach istoconduct experimentsin which
evolution can be measured directly, but thisarea
has been slow to develop. Thisisdue, in part, to
difficulties in the design and interpretation of this
kind of experiment because of potential confounding
effects[21,27]. Notably, explicit tests of the
importance of emergent spatial structurein
influencing selection have not been attempted.

Notwithstanding these difficulties, SERIAL PASSAGE
EXPERIMENTS Show that virulence increases rapidly
relative tounmanipulated controls when there are
frequent serial transfers of parasites toenvironments
with uninfected hosts[28]. This resultisin keeping
with tradeoffs between selection at the level of the
individual and that at the level of the community.
Similarincreasesin virulence are observed in
other systems with increased rates of horizontal
transmission [28-31]. At least some of these
experiments have beeninterpretedin a spatial
context[32]. Experiments allowing multiple
infections arguably provide the richest ground for
appropriate tests, but the likelihood of complex
dynamics[15] and soFT seLecTION (6.9. where
competition between different parasites within a
host reduces their virulence[33,34]) makes for
difficult interpretation.

Artificial selection experiments using multispecies
communities, such as those of Swenson et al.[35], are
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Box 4. Evolution that is dependent on emergent spiral patterns in multispecies systems

Even when different subcommunities are inherently stable, they
can demonstrate differential survival depending on how their
spatial properties affect the nature of theirinteractions. An
example of thisis provided by the multispecies models of
Boerlijstand Hogeweg[a], in which molecules interact in catalytic
hypercycles. These systems self-structure spatially to form
rotating ‘spirals’ in which molecular species propagate from the
core ofthe spiral and track each other on atwo-dimensional
surface (Fig. ). Individual-level selection invariably favours
molecules with alow decay rate (i.e. longer lifespan). However,
spirals (subcommunities) composed of molecules with high
decay rates rotate more quickly than do those composed of
longer-lived molecules and, atthe spiral level, quickly rotating
spirals annihilate the more slowly rotating spirals.

In this system, there is no tradeoff between levels of selection,
because community-level selection (i.e.among spirals) overrides
individual-level selection. Selection at the community level
selects forincreased rotational velocity of spiralsto an upperlimit
of spiral stability (spirals break down if the rotational velocity
becomestoo great). Thus, selection is for an asymptotic
minimum fitness (i.e. maximum decay rate) of individuals.
Thereisno benefit of a high decay rate atthe level of individual
molecules, or atthe level of groups of molecules of the same
type.Indeed, the asymptotic population size of aninvasive
mutant with a relatively high decay rate isinevitably smaller than
that of the ‘fitter’ wild type it displaces[a]. The key point here is
thatthe benefit arises only atthe community level.

Spiral structures also arise in spatial models of host-parasitoid
dynamics[b]. Ifinefficient mutant parasitoids with a relatively
poorgrowth rate (i.e. low fitness) are introduced into the centre
of a spiral, they eventually replace theirlocally fitter wild-type
counterparts, in spite of the local growth rate of the wild type
being always greater than that of the mutant[c]. The mechanism
depends onthe dynamics of the spirals. Because individuals are
propagated to the entire domain of the spiral from the core,
mutantsintroduced to the core eventually dominate the spiral.

important insofar that they show that community-
level phenotypic traitsare variable and have a
heritable basis. However, thisapproach also has

l[imitations. An obviousissue isthat these

experiments demonstrate a phenomenon, not a
mechanism, and therefore do not control for the
possibility of individual-level selection. Because
itis possiblethatthe same resultcould emanate
from individual-level selection, interpretation is
confounded. In this context, we note that many group
behavioursin vertebrates (which, in principle, could
be selected for artificially) can be explained by self-
interest[36,37]. Another problem is that artificial
selection can achieve what natural selection never
will. It must be demonstrated that natural selection
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Fig. I. Selection for a fast-decaying mutantin a hypercycle of catalytic molecular
species [a]. The mutant (black) isintroduced into the core of a spiral wave, where it
completely replaces the wild type (white). The mutant decays 50% faster than the
wild type, but all other parameters are the same. In (a), after 6500 time steps, the
spiral with the mutantincreasesits domain, because of its faster rotation speed.
This process continues, and the mutant gradually replaces the wild type until an
equilibrium isreached (b), after ~10 000 time steps. In this equilibrium, the spiral
with the mutant dominates most of the field (solid line), and a few reinforced wild-
type spirals remain (dotted line), because the wild type locally outcompetes the
mutant. The y-axisshows arunning average over 1000 time steps.

Spirals with inefficient (mutant) parasitoids rotate more quickly
than do ‘uninfected’ spirals with wild-type parasitoids, and
faster-rotating spirals outcompete slowly rotating spirals. Again,
selection occurs atthe level of spirals. Spirals with inefficient
parasitoids rotate more quickly, because host density increases
more rapidly atthe front of waves of inefficient parasitoids.
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circumstances, it is difficult to separate the two
effects empirically. Thus, acrucial test will show
natural selection for atraitinonedirection at the
individual level, butin another direction at the
community level. Results of serial passage
experiments and other experimentsin which the
likelihood of horizontal transmission is manipulated
[28-31]can be interpretedin thislight.

The need for more experimental studies to
determine the importance of natural selection at the
community level remains. In particular, thereisan
urgent need totest whether selection at the level of
emerging spatial structure influences the traits of
individuals, and how these traits feed back to
community dynamics.

atthecommunity level can overwhelm disruptive

self-interest at the individual level, which can be

arranged through artificial selection.

Note that although community-level selection
can reinforce individual-level selection [38], in such
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Correlative and comparative approaches

Inthe absence of experiments, correlative and
comparative methodscan determine whether data
areconsistent with theory, but they do not constitute
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Box 5. Global patterns of community structure can determine evolutionary attractors

Savill etal.[a] extended the host-parasitoid model introduced
in Box 4to examine the evolution of parasitoid dispersal, which
they described by the level of parasitoid aggregation in patches
of high host density. These models yield a rich variety of spatial
self-structuring at the community level, including spirals, spiral
chaos and turbulence. In this system, pattern formation at

the community level defines the limits for the evolution of
aggregation strength.

Thereisacomplexinterplay of selection at different levels of
biological organization. At both a local scale and in the shortterm,
individual fitness is always higher at higherlevels of aggregation
strength (u) (Fig.l). However, within spirals, where waves of
parasitoids track waves of hosts, there is selection forreduced u
inthe longerterm, because strongly aggregating parasitoids
migrate away from the core fasterthan do weakly aggregating
ones, so thatlow-u parasitoids come to dominate the core.
Because a spiral propagates from the core, low-u parasitoids
eventually dominate the entire spiral. Because spirals can only
form whenthere are many low-u parasitoids, selection within
spirals enhances the continuation of spirals. Onalongertime
scale again, selection among spirals selects for higher-u
parasitoids because spirals with strongly aggregating
parasitoids rotate more quickly than do those with more weakly
aggregating parasitoids.

The global pattern also depends on the dispersal of hosts.
Whenthe dispersal of hosts is relatively low and aggregation
of parasites exceeds athreshold, the self-organizing pattern
isturbulent, and turbulence out-competes spirals. Thus,
competition between spirals canincrease uto a point where
turbulence emerges, which creates an attractor for high-u
parasitoids. In turbulence, the attractor for uis determined by a
balance between alternative strategies of aggregating strongly
inthe back of a host wave, and aggregating weakly in the path
of a wave waiting fora new frontto arrive.

At higherlevels of host dispersal, spirals out-compete
turbulence and so there is an attractor for low-u parasitoids.
Thus, in spite of the fact that short-term local inclusive fitness
isalways greaterfor higher uin all areas of spirals and
turbulence (Fig.l), the evolutionary attractor for parasitoid
aggregation strength is determined by the global pattern.

critical tests of community-level selection and are
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Fig. I. Effects of individual-and community-level selection in the host—parasitoid
model of Savill efal.[a]are reflected in the short-term fitness and long-term fitness,
respectively, of parasites with high and low aggregation tendency. In the shortterm,
highly aggregating parasites (red line) always have a higher fitness than intermediate-
(blue line) orlow-aggregation (purple line) parasitesin all areas of spatial pattern (left-
hand graphs). This reflects individual-level selection. However, in the longer term,
the effects of community-level selection become manifest, and lower-aggregating
parasites are selected. From the right-hand graph (a) it can be seen that, within the
spiral core, the low-aggregation parasites have the most offspring in the long term.
Within areas of other spatial patterns [(b) and (c)], selection favours highly
aggregating parasites on the longertimescale, butthese are far outnumbered by the
higher per capitanumber of offspring from individuals in the spiral core (compare
scales of y-axes). These properties hold at any stage of the system.

Although properties of individuals ultimately determine the
global pattern, the evolutionary attractoris set by dynamics atthe
level of spatial pattern.
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a Savill, N.J. etal. (1997) Self-reinforcing spatial patterns enslave evolution in
a host—parasitoid system. J. Theor. Biol. 188, 11-20

community, and the spatial effects of reduced host

open toalternative interpretations. There has been
little explicit consideration of spatial structure in this
work, in spite of the fact that interpretation usually
demands animplicit spatial context.

Some evidence of this type exists from studies of
parasite virulence andisin keeping with theoretical
predictions of the tradeoffs between individual-level
(within-host) and community-level (between-host)
selection. Arguably, the best known correlative
evidence isthe rapid reductionin virulence to
intermediate levelsin the myxoma virus, a disease
of rabbits Oryctolagus cuniculusin Australia and
(to a lesser extent) Europe[39]. Thisis consistent
with predictions about tradeoffs between selection
at the level of the individual and that of the

http://tree.trends.com

densities on transmission.

Another well-known example is Herre's comparative
study of the virulence of nematodes infecting several
species of fig wasps[18,40]. This showed increased
virulence of nematodes associated with increased
levels of co-infection (by unrelated nematodes) and
anincreased likelihood of horizontal transmission,
exactly as predicted from tradeoffs between
individual-and community-level selection [12,40].
However, interpretation of his field data is ambiguous,
inthateither the level of co-infection or relative
amounts of horizontal and vertical transmission can
explain the observed patternin virulence.

Comparative data for virulence in human
pathogensis alsoconsistent with a balance between
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selection at the individual level acting toincrease
virulence and that at the community level acting to
limit it. For example: vector-borne pathogens tend
tobe more virulent than are nonvector-borne
pathogens;there is asignificant positive correlation
between virulence and the degree of waterborne
transmission in diarrhoeal diseases; and, within
nonvector-borne pathogens, pathogens able to
survive longerin the externalenvironment tend to
higher virulence than those with limited ability to
survive outside their hosts[17]. These trends are
most readily interpreted in terms of spatial effects
on transmissibility.

Selection at the community level is predicted to
favour prudent predators when prey patches are
colonized by single predator clones[22]. Ladybirds
Adalia bipunctatapreyingon aphids Sitobion avenae
show prudent behaviourin that they restrict their
egg-laying tothe early development of the aphid
colony and lay fewer eggs per colony than they are
capableof [41]. Layingonly at the beginning of colony
developmentcan be explained by individual-level
selection, because eggs laid later are likely to be
cannibalized by early-hatching larvae. However,
restricting the number of eggs laid cannot be
explained by individual-level selection.

Ourfinal note concerns biocontrol agents, in
which the virulence of parasites or predatorscan be
determined (at least initially) by the experimenter. In
managing virulence for biocontrol, it isincreasingly
recognized that the most effective impact of biocontrol
agentson large spatial scales might be achieved by
less aggressive strains that do not overexploit preyin
a patchsorapidly that they reduce the likelihood of
spread toother patches [23]. Agentsof intermediate
‘'virulence'are more effective because of spatial effects
inepidemiology; predatorscannot disperse to all prey
patchesinstantaneously.

Conclusions

Maynard Smith and Szathmadry [3] argue that
ecosystems (and, by implication, communities) do
not represent a major transition in evolution because
they have'noindividuality and separateness'from
other entities of the same kind. However, a variety of
spatial models of multispecies systems shows that
individuality in time and space of alternative
subcommunitiesisemergent—there isorder for
free. Spatial self-structuring arises through local
interactions between individuals and their neighbours
and anelement of localized dispersal. It provides for
highly nonlinear dynamics, whereby community-level
selection can eventually override the selfish interests
of theindividual. If mutation occursin traits that
affect the fitness of individuals, which in turn
influencescommunity dynamics, then spatial self-
structuring effectively generates a landscape of
many ‘experiments’on which selection can act. The
subcommunities, which need not be discrete patches
intime and space, provide some measure of spatial
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and temporal integrity and a substrate for evolution.
Spatial systems that include nonlinear genetic
interactions (e.g. epistasis) are likely to provide a
particularly rich substrate for evolution.

Inall models showing the importance of
community-level selection, at least some component
of dispersal is local, so that individuals of the same
speciesinthesame area are more likely to be related
by descent. The combined effects of spatial self-
structuring and the greater likelihood of relatedness
among proximal than among widely separated
individuals ensures several features necessary for
community-level selection. First, it provides a level
of individuality and integrity in subcommunities.
Second, there isgreater variation in the fitness of
individuals of a given species among subcommunities
than within subcommunities. Third, thereisan
amount of heritability in lineages of subcommunities
astheindividualsinthemdie and are replaced by
others. Because of the high likelihood of relatedness
of individualsin the same area, the proximate
evolutionary mechanism in most models is ostensibly
KIN SELECTION; however, that evolution arises
ultimately through differential survival of
subcommunities.

The theoretical base for selection at the
community level is at least established, if not richly
developed. However, given the limited empirical
evidence, the question of how important these
processes arein natureis, toalarge extent, open. If
they are importantin nature, thencommunities
areanaturaland nonarbitrary level of biological
organization and represent a major transition in
evolution sensu Maynard Smith and Szathméry[3]. It
isclear that species and genotypes are not distributed
randomly at most spatial scales but manifest a large
variety of spatial patterns. It isalsoclear that spatial
structure affects microevolutionary processes[42].
However, itisuntested whether spatial structure in
realcommunities provides a sufficient substrate for
evolution at the community level. At larger spatial
scales, and with macroorganisms, correlative and
comparative studies can be used todetermine
whether patterns are consistent with these ideas. For
these kinds of data, interpretations are necessarily
limited, and observations of relations among a small
subset of species can be obfuscated by interactions
with others[18]. Conducting experiments that
critically test for the role of spatial structure in
community-level selection is a more powerful
approach. Those experiments will need to show
explicitly that community-level selection can oppose
and overcome the effects of individual-level selection.
Microbial systems (viruses, bacteria, protozoa) are a
promising model for research, because evolution can
occur rapidly withinthem, they can demonstrate
spatial self-structuring, and the genetic structure
of individuals affects population and community
dynamics with attendant feedback from community
properties toevolutionary dynamics[43].
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Glossary

Community:two or more interacting species, each with distinctive properties,
reproductively isolated from the other,and in which each species interacts directly
orindirectly with all others. In this context, ‘species’ can range from distinct species
of moleculestotrue biological species.

Competition network: the nature of competitive interactionsamong a group

of species.

Emergent property: a property that arises at one level of organization as a
consequence of interactionsamong entities atalower level of organization;itis a
property unique to the higherlevel of organization and usually not predictable from
knowledge of properties atlower levels.

Evolutionary attractor: the properties or state towards which a system tends to
evolve, regardless of the starting conditions of the system.

Horizontal transmission: transmission of parasites from one hostto another, in
which the recipientis notthe offspring of the initial carrier.

Integrity: in this context, persistence of a property or set of properties overa
particulartime period.

Intransitive loop: a circular structure in acompetition network, the simplest being
where Aoutcompetes Boutcompetes C outcompetes A. Intransitive structures are

mixing of allindividuals is assumed; typically constructed of differential or
difference equations.

Persistence stability: persistence of all speciesin an assemblage for >1 turnover of
allindividuals [a].

Serial passage experiment: experimentsin which alineage of parasites are
sequentially and repeatedly introduced into populations of uninfected hosts, and
theirevolved properties are compared with those of the ancestral parasite.

Soft selection: selection for a traitin anindividual relative to the selection of that
traitin others of the same population orthe average of that traitin the population. It
isfrequency dependent, isunconcerned with the absolute phenotype of the trait,
and allows inferiorindividualsin a population a nonzero probability of surviving
into future generations.

Spatial self-structuring: development of nonrandom spatial patternsin a system as
anemergentproperty.

Subcommunity: a collection of individuals in an area within a broader landscape,
usually with particular properties of spatial structure, species composition and size;
it mightcontain anidentical number of species to, orfewer species than, the
community asa whole, and its spatial boundaries might not be discrete.

commoninsubtidal hard-bottom marine systems.

Vertical transmission: transmission of parasites from a host to its offspring.

Kin selection: a form of natural selection of genes based on the fitness of

anindividual and its relatives possessing the same genes through

common descent.

Mean-field models: models without explicit spatial structure, in which homogenous
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