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Abstract been addressed elsewhere (Johnson and Boerlijst, 2002).)
In the artificial selection experiments however, two of the
properties are imposed by the experimenters. A popula-
tion of ecosystems is provided by the experimental setup,

and the fitness consequences of the measured “ecosystem-

A response to selection on the level of the ecosystem has been
demonstrated in artificial selection experiments, and poses in-
teresting challenges to concepts of heritability, variation and

phenotype in biological systems. We use ecosystems mod-

eled as Lotka-\olterra competition systems, and subject to
an ecosystem-level selection process, to illustrate and discuss
the potential, and possible mechanisms, for ecosystem-level
evolution without genetic change of the component species.
A limited positive response to selection is demonstrated by
the selection of alternative stable ecosystem states.

level” phenotypic variation are imposed. Selected ecosys-
tems are reproduced by sampling the medium of the “par-
ent” ecosystem (eg soil, pond water), and inoculating new
sterile medium. This still leaves two important criteria to

be satisfied. In order to respond to selection the ecosys-

tems must still vary phenotypically one from the other, and
this variation must be at least partially heritable. The con-
Introduction cepts of phenotype, variation and heritability at the ecosys-

The ability of whole ecosystems to respond to selection tem level are far from straightforward, and deserve further
has recently been demonstrated in artificial selection exper- exploration. In particular, Wilson and Swenson have sug-
iments, (Swenson et al., 2000b; Swenson et al., 2000a). 9ested that when whole ecosystems are subject to artificial
However the concept of ecosystem selection remains contro- S€lection on an ecosystem-level property, the response to se-
versial; artificial selection experiments demonstrate only the lection could be due to change in species composition of the
phenomenon of ecosystem-level evolution and not the mech- community only, without species genetic change (Wilson
anism by which it occurs (Johnson and Boerlijst, 2002). A and Swenson, 2003). In previous work, (Penn, 2003), we
common question concerns the fact that an ecosystem hasshowed that ecosystems with simple dynamics responded
no genome and hence should not be able to respond to se-to ecosystem-level selection if genetic Change was allowed.
lection. In fact the requirements for a response to natural Here we wish to investigate the possibility of evolution with-
selection are general properties, not restricted to any par- Out genetic change in a simple model. This paper will ex-
ticular level of the biological hierarchy, or indeed systems Pplore the ideas and implications of variability, heritability
with their own genomes in the conventional sense (Lewon- and phenotype in self-contained experimental ecosystems
tin, 1970). In “The Units of Selection”(1970), Lewontin set ~ (Microcosms), and discuss the feasibility of evolution at the
out three fundamental conditions which a population of units €cosystem level without genetic change in the constituent
must satisfy in order to respond to natural selection: species.

1. Phenotypic variation amongst units. Evolution at the Ecosystem Level

What is an ecosystem “phenotype”?

The term ecosystem phenotype refers to the measured prop-
erty of the experimental microcosm that is selected for. As
If ecosystems were to act as units of selection then they examples of ecosystem phenotypes, Swenson and Wilson
would need to fulfil all these requirements, including the chose above-ground plant biomass of Aribidopsis thaliana
implicit assumption of the individuality or separateness of for a soil ecosystem, and pH and rate of biodegradation of
units. For communities “in the wild” this would present sig-  3-chloroaniline, for aquatic, microbial ecosystems. Their
nificant problems. (The possibility of self-organised spatial choices of phenotype were based on their definition of an
structures allowing selection between subcommunities has ecosystem as the “interactions of the species with each other

2. Fitness consequences of phenotypic variation.

3. Heritability of fitness.



and their physical environment”. Because the traits pH and microcosms with chaotic dynamics, (Schefer et al., 2003), in
biodegradation of chloroaniline are properties of the physi- which small initial differences in numbers of each of several

cal environment and the trait of plant biomass “is likely to species competing for resources give rise to different stable
be mediated through effects on the physical environment”, outcomes after a period of transient chaos.

they claim that their experiments qualify as ecosystem-level  powever, there are many other potential sources of vari-
selection. ation which could alter the state of the ecosystem pheno-
We may consider ecosystem-level properties as those thattype when it is measured. Amongst others: sampling er-
cannot easily be attributed to one species in the assemblage yor on community composition when ecosystems are repro-
Rather they will be consequences of the complex interac- gyced; heterogeneous spatial distribution of species within
tions of the many species present, (as well as the particular the microcosm potentially magnifying sampling error; en-
environmental conditions which they are subjected to.) If yjronmental stochasticity; and species’ own effects on the
we consider that it is possible to represent the ecosystem gpjotic environment. In addition, given sufficient diversity
as some sort of state vector of species composition, speciesyithin a population of ecosystems, “sexual” recombination,
numbers and genotypes, then the particular measurable phe; e mixing, of ecosystems could perform a similar role. The

notype in which we are interested would be some sort of pertinent question about all of this variation from the per-
function on this vector (given for the moment a constant en- gpective of selection is, is it heritable?

vironment). From this perspective, stable phenotypes would

correspond to attractors in the ecosystem’s state shate

further complicating factor is the possible form of this “phe-  Heritability

notype function” with respect to the underlying dynamics

and ecosystem state, which will have a significant effect on In order for evolution to occur we require partially heritable
the response to selection. Phenotype could be an additive orPhenotypic variation. The phenotype in question is what-
non-additive function of ecosystem state. Many to one map- €ver function of the community composition that we define,
pings from ecosystem state to phenotype value are probab|e,meaSUI’ed at the end of an ecosystem generation. This could

leading to areas of selective neutrality. be an instantaneous or cumulative value. Heritability of the
phenotype will depend on the reproducibility of an ecosys-
Variation tem’s state at time T from the process of taking a sample of

In order for selection to act there must be variation be- thatsystem and using it to seed an offspring system.

tween the “phenotypes” of the ecosystems in a population.  To try and express this in a more formal fashion, if we
This can, broadly speaking, be generated in two ways: by imagine the ecosystem state at the end of a generdfion,
variation between offspring and parent ecosystems causedas a vector of species numbers, then heritability requires
by the sampling process; and by variation arising during that the combination of 2 vector operators, sampling and de-
the ecosystems’ development stage during an experimen- velopment (ecosystem dynamics plus additional sources of
tal “ecosystem generation”. Variation in either of the stages variation), onE produces the same end st&e (For ease
could be heritable or non-heritable, because in ecosystem re-of description, and to suit the purposes of this paper, we ig-
production there is no distinction between germ and soma. nore intra-species genetic variation and change.) Variation
The heritability of any variation arising depends on its re- requires that either the sampling or development operator
liability of transmission not only via the sampling proce- acts so as to produd€ rather tharE. The response to se-
dure, but also after being subject to another “generation” of lection depends on the balance between these two outcomes
ecosystem development. with given sampling and development operators.

According to Swenson and Wilson (Swenson et al.,  Sp, for an ecosystem phenotype to be heritable, it must
2000b; Swenson et al., 2000a), ecosystems are complex sys+he robust to the operations of sampling and development.
tems, sensitively dependent on initial conditions, and it is This implies that heritability depends upon the existence of
this that can potentially give rise to wide phenotypic vari- attractors in the ecosystems’ state space, and evolvability
ation from small variations due to sampling error when on the existence of multiple stable attractors. In order for
ecosystems are reproduced. This position implicitly as- 3 sustained response to ecosystem selection to be possible, a
sumes that the important sources of variation in ecosystem network of attractors of varying stability is required. The at-
phenotype are endogenously generated, that is, have at theilractors must be reachable via the variation incurred during
root natural variability of the population dynamics. Such  the sampling and development stages. The heritability of a
behaviour has been shown in both models and experimental given phenotype then, will depend on the nature and extent
T of the basin of attraction of the ecosystem’s state at the end

Even limit cycles could produce a stable ecosystem pheno-

type if the cycle length was short with respect to the length of the of the generation. It is interesting to note that, unlike selec-

ecosystem generation, and the selected trait was a cumulative rathertion at the level of the organism, ecosystem selection must
than an instantaneous function of the ecosystem state. search for phenotypes that are not only fit, but also stable.



Evolution without genetic change Ecosystem reproduction involves taking fixed-size sam-

Wilson and Swenson, (Wilson and Swenson, 2003), note Ples from a selected parent ecosystem (eg samples of soil or
that evolution at the phenotypic level of the community Water containing the microbial ecosystem (Swenson et al.,
could theoretically occur either through genetic changes in 2000b)) and using them to inoculate or “seed” offspring

the constituent species, changes in the species composi-€Cosystems. Reproduction is asexual, that is, samples from
tion of the community, or both. That is, that evolution different parent ecosystems are not mixed before being used
could occur without changes in the genes of the species 0 inoculate new ecosystems. In real ecosystem selection
present. They emphasize that changes in species compo-€Xperiments, the process of sampling can introduce varia-

sition or population numbers of species in a community lit-

tion between offspring both in species genetic composition,

erally are changes in gene frequency at the level of the com- and initial species population sizes. In this model only vari-

munity. In the context of the ideas of heritability and varia-
tion discussed above, evolution of a community without ge-

ation in population size is considered. The initial population
size for each species in an offspring ecosystem is calculated

netic change would be possible if that community possessed ONn the assumption that a sample contains individuals chosen

multiple stable states. Sampling error during reproduction,
or noise or chaotic dynamics during development could be
enough to knock the community into different basins of at-
traction, and hence allow evolution to occur.

Model

In order to investigate the possibility of this mode of evo-
lution occurring, we use a simple, yet widely-used, model
of basic ecological dynamics, and subject it to an ecosys-

at random from the parent ecosystem, thus the expected fre-
guency of a species in a sample is equal to its frequency
within the sampled ecosystem. Since species population
sizes are continuous variables, sampling was modeled using
the standard Gaussian approximation to a binomial distribu-

tion. Thus,N;, the size of the species in the new sample,

was generated at random from a Gaussian distribution with

mean,Bp, and standard deviatioR/Bp (1 — p;), wherep;
is the frequency of the species in the parent ecosystem, and

tem selection procedure. No genetic change within species B = 100andB = 10were the mean sample sizes.

is allowed. As an initial simple approximation, the within-

Each ecosystem was run for 50 time steps which consti-

ecosystem dynamics are modeled using the generalisedtUted an ecosystem generation. During this “developmental

Lotka-Volterra competition equations (MacArthur, 1972),
these equations potentially have multiple stable equilibria

stage”, developmental noise was added to the dynamics by
multiplying each of theN;a;; interaction terms by a num-

and so are suitable for our purposes. We make the assump-Per drawn from a uniform random distribution in the range

tion that, as under laboratory conditions, ecosystems are

closed after sampling. That is, unlike the model of Ikegami

0.5:1.5.
Selection is for the maximization of a random linear func-

and Hasimoto, (Ikegami and Hasimoto, 2002), species that tion of the population sizes, normalized to the range 0:1.

have been eliminated from the population cannot reappear.

s
R
Nit+1 = Nig 1+E Ki_;Nj,taij ; 1)

WhereN; 111 is the density of specidsat the next time
step,Sis the total number of speciek; is the carrying ca-
pacity of species, R; is the rate of increase of speciesind
a is a matrix of interaction coefficients representing the per
capita effect of each species on every othwey (s the per
capita effect of speciefon species). Source ecosystems
for each selection run were randomly initialised whit's set
at uniform random in the range 100:100R);s at uniform
random 1.5:2.5, and each; set randomly on a skewed dis-
tribution in the range 0:2, unless= j and thernjj = 1. The
aijs were drawn from the distributionmax>, wherex is
randomly chosen from 0:1. This gives a weakly skewed in-
teraction matrix with many weakly interacting species and
fewer strongly interacting ones. Note that although all di-
rect interactions are competitivejj > 0), indirect effects
may give rise to mutualisms or commensualisms. The ini-

S
F=> NB; 2

i=1
Where the; are randomly generated coefficients in the
range -1:1. This is an appropriate ecosystem-level fitness
function because, as is likely to be the case with macroscopic
properties of real ecosystems, the optimal strategy for each
species to achieve maximum ecosystem fitness is context de-
pendent. Thatis, dependent on the dynamics and population
levels of the other species within the community.

Results

With both the larger® = 100, smaller sampling error,) and
smaller B = 10, larger sampling error), sample size we see
a small positive response to directed selection, and a slightly
negative or no response to random selection. Figures 1 and
2, show the mean response to directed and random selection
respectively, of 30 randomly generated ecosystem popula-
tions, B = 10. Each population is created from a different
randomly initialised source ecosystem with different inter-

tial populations for the source ecosystems are set at uniform action coefficients, carrying capacities and growth rates, and

random in the range 0:100

20 species. Figures 3 and 5 show the final species population
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Figure 1: Directed Selection: Mean fitness (+ and - Std Dev) Figure 2: Random Selection: Mean fithess (+ and - Std Dev)
of 30 ecosystem populatiorB,= 10, over 50 generations. of 30 ecosystem populatior8,= 10, over 50 generations.

1200

states for the best ecosystem in population 1 over 50 gen-
erations, under directed and random selection respectively. 10007
Note that this is in fact the same set of ecosystem parame-
ters in both cases, effectively the same “ecosystem” under a
different selective regime. We can see that two different sta-
ble attractors have been reached. Although not shown, in the
caseB = 100, the same “ecosystem” also falls into two dif-
ferent stable attractors under selection and random selection,
both of which have a different species composition to either 2o
of those seen wheB = 10. These dynamics are typical of ‘ ‘ ‘ ‘ ‘
the majority of our randomly generated ecosystems. Fig- 0 10 2 ENERATIONS 50 60

ures 4 and 6 show the corresponding fithess values over the

course of 50 generations for the ecosystem populations in Figure 3: Final species population states for the best ecosys-

figures 3 and 5. Best, worst, mean and upper and lower quar- tem in population 1 over 50 generations, directed selection.
tiles are shown to give an indication of the diversity within

the population. It is evident that under both selection and

random selection the fitnesses undergo a period of change 5 variation” is the phenotypic variation of ecosystems
and then settle to a stable value with the diversity of the pop- ;, 5 population which may be following different trajectories

ulation reduced. This is particularly noticeable in the case of y, ¢ are yitimately destined for the same attractor. Stochas-
the randomly selected population (fig.6). Here fitness does tic sampling from a point on a particular trajectory will still

in fact increase, but FO a low stable mean value, and oqu tend to lead to the same attractor if the basins of attraction
after a prolonged period of change caused by the dynamics 5.0 hroad and attractors widely spaced in state space. If

of a 2-species transient (fig.5). When one species is elimi- g, qjes are close to an alternative equilibrium point/basin
nated from the ecosystem, it has reached a stable point andyt arraction then variation due to sampling error or devel-
the fitness jumps to a new steady value. In figure 4, directed e nta| stochasticity could allow the community access to

;election, we see.the same dynamic.of fitness Cha”ge dur-a new stable state corresponding to a different phenotypic
ing a transient period (fig.3), then settling to a stable, higher, value, and potentially a higher fitness. In this way the com-

value when a stable attractor in the ecosystem state space ha?nunity could increase its fitness. Even in systems subject to
been reached. In this case the attractor consists 0f 2 SPECIeS 4 qom rather than directed selection this effect could lead
Variation in their dynamics is simply caused by the added to change in fitness and more stable community composi-
developmental noise. If it is removed it can be seen that the tions via a “ratchet” effect. The key issue for ecosystem

ecosystem has reached a fixed point. evolvability is the reachability of those different basins of

. . attraction. Our simple models show that fitter attractors can
Discussion be selected at an early stage before the community reaches

In the results above we see a combination of two types of equilibrium. However, once these attractors are reached the

variation, “instantaneous variation”, and variation caused perturbations due to sampling error and developmental noise

by movement to a different basin of attraction. “Instanta- are not large enough to allow a progression to attractors cor-
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Figure 4: Fitness, best, mean, worst, and upper and lower

quartiles, for ecosystem population 1 over 50 generations, Figure 6: Fitness, best, mean, worst, and upper and lower
directed selection. quartiles, for ecosystem population 1 over 50 generations,

random selection.
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appear to be restricted to a fairly narrow parameter range
(Vano et al., 2004). In theory, though, we should expect
enough attractors to be present in a randomly generated set
of ecosystem parameters to be able to achieve a response to
selection.

One limitation of Lotka-Volterra dynamics is that the only
possible change in attractor with asexual reproduction is
via loss of species through competitive exclusion. This of
course means that once we have reached a particular sta-
ble attractor with fewer species than the starting number, the
attractors available to us are very much reduced in num-
ber, no matter how many might potentially exist. Addi-
tional noise, from environmental variation etc, could keep
the populations out of equilibrium for longer, maintaining
more species in the population, and allowing more attrac-
tors to be reached. In addition, more skewed interaction
responding to hlgher fitness. ThUS, the ecosystems’ evolv- dynamiCS, with many more Weak|y than Strong|y Compet-
ability with these dynamics is very limited. The only option  jng species, and sparser connections, could both allow the
to increase fitness is by attractor SWitChing in the early non- maintenance of more Species in the popu|ation and hence
equilibrial stages, when we assume that the population sizes more potential for evolution. This sort of interaction distri-
of the species within each ecosystem may be close to many pution is often seen in natural ecosystems. Interestingly, we
different attractor boundaries. found no response to selection of ecosystems in which the
. . . interaction coefficients were generated from a uniform ran-
Properties of Lotka-Volterra competition equations dom distribution. The effects of the form of the interaction
In anN species Lotka-Volterra competition system there are matrix on ecosystem evolvability deserve to be further in-
2N possible stable equilibria corresponding to presence or vestigated. Other options exist, however, given enough pop-
extinction of each of the species. In any given system the ulation diversity, sexual reproduction (mixing) could offer
number of realisable attractors will in fact be much less the opportunity to gain species and shift attractor that way.
as many of the non-zero species values at equilibrium will ] ]
correspond to negative numbers and hence not be allowed.Are there multiple stable states in nature?

If we assume that the probability of any non-zero valued Potentially, in real ecosystem dynamics the possibility ex-
species in an attractor being positive or negative is 0.5, then ists of alternate stable states which do not involve complete
the expected number of equilibria with only positive or zero competitive exclusion, but stability of different proportions
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Figure 5: Final species population states for the best ecosys-
tem in population 1 over 50 generations, random selection.

species sizes will b¢l+0.5)19 - 1 = 56. However, not
all of these potential equilibria will be stable. Limit cycles
and chaotic dynamics are also possible although the latter

of the same sets of species. Dynamics such as these would
allow a much more flexible response to selection. The ex-
istence of multiple stable equilibria in natural populations



is still uncertain although several potential examples have approach to higher-level heritability.J. Biol. Phys,
been observed in marine ecosystems, both in competitive 28(4):799-804.

and predator-prey systems (Sutherland, 1981; Barkai and
McQuaid, 1988). Both types of outcomes are seen, com- : ) X
petitive exclusion and persistence at different proportional of the community: the importance of spatial structure.
population sizes of the same species. In general however, the ~ 17ends Ecol EvQl17:83.

long time-series data needed to draw conclusions about the Lewontin, R. (1970). The units of selection.
reality of these phenomena are not available. An additional Annu.Rev.Ecol.Syst:1-18.

cause of the existence of multiple stable states in ecosys-

tems are environmental feedbacks, in which organisms af- MacArthur, R. (1972).Geographical EcologyHarper and
fect their environment and alter it to their own preference. Row.

Such dynamics may play an important part in the ecosystem
selection process in real ecosystems.

Johnson, C. and Boerlijst, M. (2002). Selection at the level

Penn, A. (2003). Modelling artificial ecosystem selection:a
preliminary investigation. In Banzhaf, W., Christaller,
T., Dittrich, P., Kim, J., and Ziegler, J., editorAd-

Conclusions vances in Artificial Life, 7th European Conference,
We have demonstrated a limited response to selection with- ECAL 2003, Dortmund, Germany, September 14-17,
out genetic change in simple model ecosystems modeled as 2003, Proceedingsvolume 2801 of_ecture Notes in
Lotka-Volterra competition systems. The response to selec- Computer Scienggages 659—666.

tion depended on the skewed distribution of species inter-

action coefficients. Ecosystems were able to move between Schefer, M., Rinaldi, S., Huisman, J., and Weissing, F.
different attractors corresponding to phenotypes of varying (2003). Why plankton communities have no equilib-
fitness during the early stages of evolutionary runs. How- rium: solutions to the paradoxXdydrobiologia 491:9—
ever, once stable attractors had been reached, the variation 18.

due to developmental noise and sampling error was not suf-
ficient to allow movement to new attractors. It seems that
evolution of whole ecosystems without genetic change is
possible in principle. A requirement for such evolution is not
only the potential for multiple stable (or locally stable) states  Swenson, W., Arendt, J., and Wilson, D. (2000a). Artificial

in a particular ecosystem, but also the reachability of those selection of microbial ecosystems for 3-chloroaniline
states. In our model, evolution was limited by the competi- biodegradationEnviron. Mirobiol, 2:9365.

tive exclusion dynamics, which severely curtailed the num-
ber of available attractors once low species numbers were Swenson, W., Wilson, D., and Elias, R. (2000b). Artificial
reached. In other more complex and realistic ecosystem dy- ecosystem selectio®®NAS 97:9110.

namics this might not_pe_the case. Our model is based_on theVano, 3. A., Wildenberg, J. C., Anderson, M. B., Noel, J. K.,
restricted case of artificial, rather than natural, selection of and Sprott, J. C. (2004). Chaos in low-dimensional
ecosystems. Hence conclusions can only be drawn about the Iotka—volter,ra .mo.dels of.competition submitted to
response to selection under a restricted set of circumstances, Physics Letters A '

in which several of the requirements for a response to selec-

tion are enforced by the experimenter. This is an interesting Wwilson, D. and Swenson, W. (2003). Communtiy genetics

and potentially useful topic in its own right. However, it is and community selectiorEcology 84:586.
hoped that the results may ultimately be pertinent in consid-

ering the possibility of selection of communities outside the
laboratory.

Sutherland, J. (1981). The fouling community at beaufort,
north carolina:a study in stabilityAm. Nat, 118:499—
519.
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