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Ra excesses measured in MORB to date8 all come from a graben in
the Siqueiros Transform, which has undergone relatively recent
extension.

The effect of variable viscosity and density on melt segregation
beneath mid-ocean ridges is shown schematically in Fig. 3. A small
amount of volatile-rich melt is formed in the upwelling part of the
mantle by decarbonation reactions or by oxidation if carbon is
stored as graphite or diamond. As water is incompatible in nomin-
ally anhydrous minerals relative to melt, it will partition into the
melt, although the release might be gradual32. This volatile-rich melt
is able to move at small porosities because of its low viscosity and
density. Because the contribution of this melt to the volume of
erupted basalts is small, its incompatible element-enriched char-
acter is lost, but isotopic disequilibria are not affected by dilution.
Owing to incomplete extraction, some melt (more than 1%)
remains in a broad zone, consistent with the observations from
the MELT experiment. A two-stage melting model could also
explain the depleted character of clinopyroxene in abyssal peri-
dotites1. Modelling28 showed that the observed rare earth element
patterns require low porosities only at one stage but not throughout
melt extraction. M
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The study of patterns in living diversity is driven by the desire to
®nd the universal rules that underlie the organization of
ecosystems1,2. The relative abundance distribution, which char-
acterizes the total number and abundance of species in a com-
munity, is arguably the most fundamental measure in ecology.
Considerable effort has been expended in striving for a general
theory that can explain the form of the distribution3,4. Despite
this, a mechanistic understanding of the form in terms of
physiological and environmental parameters remains elusive5.
Recently, it has been proposed that space plays a central role in
generating the patterns of diversity6,7. Here we show that an
understanding of the observed form of the relative abundance
distribution requires a consideration of how individuals pack in
time. We present a framework for studying the dynamics of
communities which generalizes the prevailing species-based
approach to one based on individuals that are characterized by
their physiological traits. The observed form of the abundance
distribution and its dependence on richness and disturbance are
reproduced, and can be understood in terms of the trade-off
between time to reproduction and fecundity.

The relative abundance distribution describes how the individ-
uals in a community are partitioned among rare and common
species. A log-normal form of the distribution, implying a com-
munity containing many rare species and relatively few common
ones, is associated with a community in equilibrium. A power-law
(or geometric) form, implying a more equitable share of individuals
amongst species groups, is associated with non-equilibrium behav-
iour resulting from perturbation due to disturbance, pollution or
immigration8. Two pervasive theoriesÐmultiplicative recruitment3

and sequential niche breakage4Ðattempt to explain the emergent
log-normal form of the abundance distribution in general terms,
but neither of these provides an explanation of the observed
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patterns5. An explanation in terms of immigration, migration and
speciation at the metapopulation scale has been developed9, but is
phenomenological and does not address the origins of relative
abundance at the population scale. Fundamentally, few models
employ parameters that can be measured directly in individuals,
and almost all average out the substantial variation that exists
between individuals of the same species. Therefore, the functional
properties of individuals and the resulting state of the community
cannot be mechanistically linked, and this fuels the topical debate
on the relation between biological diversity and community
function10.

To address these issues, we have developed an individual-based
model with three main features. (1) Individual-basedÐa plant
community is modelled by explicitly simulating development of
each individual plant in terms of physiological traits. The spread of
values of the plants' traits forms a probability distribution of trait
values that de®nes the diversity in a community. This departs from
the usual de®nition of diversity based on species, and leads to a
de®nition in terms of the variables governing the dynamics of the
community. (2) Spatially explicitÐindividuals are located at nodes
on a discrete spatial lattice, and interact within a neighbourhood
that depends on each plant's development stage. Only one plant can
exist at each lattice location. Nutrients are depleted from the
resource base in accordance with plants' uptake. The resource
base is distributed uniformly in space, because the focus of the
work reported here is on the role of individual behaviour in
promoting diversity. (The effect of environmental heterogeneity
on diversity is well documented6,11.) We assume that the lattice
represents an isolated community6; that is, we exclude the effects of
immigration, and seeds that land outside the lattice do not con-
tribute to the dynamics. (3) Process-basedÐa crucial feature of the
approach is that the traits represent physiological processes char-
acterized by experimentally derived parameters. An individual is
de®ned in terms of 12 traits that relate to resource uptake, area over
which resource is captured, internal allocation of resources between
structure, storage and reproduction, time of reproduction, number
of progeny produced, dispersal of progeny, and survival. Traits are
primarily functions of a plant's development state. Competition in
the model occurs for resource and for space. The resource competi-
tion occurs when more than one plant takes up resource from the
same location on the lattice, in which case the resource is distributed
in proportion to plants' current resource uptake. Competition for
space occurs when seeds are distributed on the lattice. A seed
germinates only if it falls on an empty lattice location. In the results
reported here, dispersal area is constant for all plants, and the seeds
are dispersed randomly. An analysis of the effect of varying the
dispersal parameters showed that diversity increases as dispersal is
progressively reduced below the level of complete mixing, and was
consistent with the results of previous studies7,12±14. To eliminate

gene¯ow as a cause of any observed pattern, individuals repro-
duce clonally in this study. The full set of parameters and the
corresponding probability density functions were derived from
experiments conducted on the grassland species Rumex acetosa L.
as part of a wider study of the dynamics of species-rich grasslands
(U. Bausenwein et al., manuscript in preparation).

The model was initialized with 75 plants randomly located on
the lattice, and with trait value sets randomly selected from the
trait probability density functions. The size of the lattices used
range from 10 3 10 to 50 3 50 (equivalent to approximately 1 m2

to 25 m2 for R. acetosa). The model was run for 50,000 iterations,
corresponding to approximately 1,250 generations. In the initial
stages, the number of types decreased exponentially with time,
such that only half the number of types remained after an average
of 5,000 iterations. Subsequently, a dynamic equilibrium was
achieved with the number of types remaining constant for at
least 1,000 generations. The number of coexisting types depended
on the area of the lattice. Across the range of scales studied, the
dependence on area was of a power-law form with exponent equal
to 0:4 6 0:06, consistent with the range observed in real ecological
communities15.

The resulting abundance distribution was of log-normal form
for the cases where the system had been in equilibrium for the
longest time, and where a suf®ciently large number of individuals
remained at the end of the exponential phase for meaning-
ful statistics (P . 0:2 for the Kolmogorov±Smirnov test with
Lilliefors corrected critical values16). An example is shown in
Fig. 1. During the exponential phase, the abundance distribution
was more similar to the geometric form observed for disturbed or
non-equilibrium communities. Not only is the log-normal form
of the species relative abundance distribution reproduced, but
the correspondence between the standard deviation of the
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Figure 2 Evolution of abundance of nine plant types in time on a 20 3 20 lattice.
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distribution and richness (that is, the total number of types) is the
same as that observed in communities of less than a few hundred
species4. The parameters are also stable over time, despite the fact
that the ranks of plant types are not constant. In all cases, there
was clear strati®cation in the abundance classes (Fig. 2). In
particular, we observed that the most abundant individuals in
the community also had the most stable numbers. The ranks
within the least abundant classes appeared to be governed by
stochastic processes relating to competition for the space vacated
through death of a resident. This dynamic behaviour of abun-
dance has been observed in communities of ground beetles17 and
plankton18, and illustrates the underlying dynamic form of the
equilibrium state. Although the trait values of the modelled
population are based on ranges observed in a particular species,
R. acetosa, the model produces general patterns that are common
to various ecological communities.

In order to identify the aspects of individual variation that were
required to generate the observed diversity patterns, the effect of the
variation of each of the physiological traits was studied. This was
done by replacing the probability distribution by the mean value for
each trait in turn, and looking at the effect on the diversity in the
simulated communities. Of the 12 traits in the model, only variation
in those affecting time to reproduction and fecundity was found to
in¯uence the abundance of individuals in the community. A plot
of time to reproduction against fecundity for the coexisting
individuals revealed an approximately linear trade-off. This obser-
vation allowed us to reduce the complexity of the model from a
form using 12 traits to one using only three: time of reproduction,
a linear relation (trade-off) between time of reproduction and
fecundity, and a small random death factor (see Fig. 3). In the
simpli®ed model, a lattice is populated by individuals that vary in
their time to reproduction and produce an amount of seed in
accordance with the trade-off, disperse this seed as in the full
model, and die at random. The initial conditions, the lattice size
and the duration of the simulation were as described above. This
model exhibited the same underlying dynamics, abundance dis-
tribution and species-area curve to that observed in the full model.
Furthermore, simulations showed that the parameters of the
predicted abundance distribution were sensitive to the form of
the trade-off (Fig. 3). The important environmental factor in the
model was weak stochastic disturbance in the form of random
death of a small percentage of individuals. Without this, richness
was signi®cantly reduced.

The generality of these conclusions can be established using a
mathematical model that incorporates the basic processes govern-
ing the dynamics of most ecological communities: competition for
resource, reproduction and death. The local interactions between
individuals are ignored in this model, and individuals are assumed

to be spatially well mixed. The dynamics of the community can then
be described by two ordinary differential equations (Box 1) describ-
ing the time evolution of the system in a three-dimensional trait
space. The traits that characterize the above processes are the
time to reproduction (1/l), the characteristic lifespan (1/a), and
fecundity (b). The solution shows that unless the ratio b/a is a
function of l, the system collapses to a state where only the fastest
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Box 1
Three-dimensional trait-space model

In the mean-®eld model, we assume that four processes de®ne an
individual in terms of its contribution to the dynamics of the community:
birth, competition, reproduction and death. Thus an individual is
characterized by the time to reproduction, 1/l; lifetime, 1/a; the number
of progeny produced per unit time, b; and the competition that arises
through density-dependent interactions between individuals. The model
describes the effect of competition on the rate of conversion of non-
reproductive juveniles, sl,a,b, into reproductive adults, fl,a,b. The diversity
of the community is described by the frequency distribution of fl,a,b and
sl,a,b across the trait values:

] fl;a;b�t�

] t
�

lsl;a;b�t�

1 � K #
lc

0
k�x 2 l�sx;a;b�t�dx
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] sl;a;b�t�

] t
� b #

­x
#
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p�ujx;y�G�fx; fy�dxdy 2 clsl;a;b�t�

The single integral term arises from the assumption that competition
between individuals depends on their relative times to reproduction
through the form of k. Both K and c are assumed constant, and 1/lc is the
minimum time to reproduction. Gene¯ow is expressed through the
function p�ujx; y� that describes the probability that an individual of type
u � {l;a;b} results from a cross between individuals of types
x � {lx;ax;bx} and y � {ly;ay;by}, which are two points in the three-
dimensional space of the parameters l, a and b. The function G[fx, fy]
describes the frequency of crossing between individuals of type x and y,
and the integral is over the parameter space, ­x and ­y.

The analytical solutions of this model quoted in the text refer to the
case where we have assumed for simplicity that k can be approximated
by the Heaviside function, ul(x) (that is, ul�x� � 0 for x , l and ul�x� � 1
for x $ l). The special case of clonal reproduction is accommodated by
replacing the double integral term by the term bfl,a,b(t). Therefore, we
consider solutions to the system:
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The steady-state solutions of this system require that b/a is a function of
l, otherwise the distribution along l collapses to a point at lc. The
steady-state solutions are

sl;a;b�t� � 2
1

cK

d

dl
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� �
�1�

fl;a;b�t� � 2
l
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d

dl
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with an additional condition that b�1�=a�1� � 1.
From (1) it follows that d�b�l�=a�l��=dl , 0, that is, b(l)/a(l) must be

monotonic decreasing. Moreover, the linear stability analysis shows that
for non-zero steady state, it is necessary that d2�b�l�=a�l��=dl2 . 0, that
is, that b(l)/a(l) is concave up. The non-zero steady state is stable if
b�l�=a�l� . cK, and otherwise the 0-state is stable.

Using heuristic forms for p and G, it can be shown that the effect of
trade-offs on the abundance curve can be modi®ed by gene¯ow through
the form of the dependence of the product of p and G on the parameters.
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reproducing individuals remain. Therefore, an interdependence
between time to reproduction and at least one of longevity or
fecundity is required to maintain diversity. The form of the trade-off
determines the shape of the distribution of abundance of coexisting
individuals across the trait space and the stability of that distribu-
tion (Box 1).

These results con®rm the main features of the individual-based
modelÐthat the trade-off between time to reproduction and
fecundity sustains the diversity in the community, and governs
the form of the resulting abundance distribution. The trade-off is a
simple but fundamental example of the link between individual-
and community-scale features of the system. Its central role suggests
that an explanation of community dynamics must incorporate an
account of individual behaviour. Furthermore, by integrating more
complex mechanisms encompassing uptake, competition and the
effect of the nutritional status of an individual on its fecundity, the
trade-off is also more amenable to measurement than the plethora
of underlying ®ner-scale mechanisms. Although the differential
equation model reproduced the qualitative results of the individ-
ual-based model, the predicted abundance distribution is not log-
normal (except for very special choices of the form of the trade-off).
An explicit account of space, as in the individual-based model,
seems to be required to produce the log-normal form of the
abundance distribution at equilibrium. Neither gene¯ow nor muta-
tion are essential processes in the generation or maintenance of the
log-normal form, although they are likely to modify the associated
parameters (Box 1).

We have shown that signi®cant diversity in traits can be sustained
on small spatial domains, and that this diversity possesses the
observed forms of community-scale patterns. This suggests that
progress can be made using relatively small systems which are
amenable to experimentation, and replacing species with individ-
uals as the fundamental ecological accounting unit. M
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Escalating production costs, heavy reliance on non-renewable
resources, reduced biodiversity, water contamination, chemical
residues in food, soil degradation and health risks to farm workers
handling pesticides all bring into question the sustainability of
conventional farming systems1±4. It has been claimed5,6, however,
that organic farming systems are less ef®cient, pose greater health
risks and produce half the yields of conventional farming systems.
Nevertheless, organic farming became one of the fastest growing
segments of US and European agriculture during the 1990s7,8.
Integrated farming, using a combination of organic and conven-
tional techniques, has been successfully adopted on a wide scale in
Europe9. Here we report the sustainability of organic, conven-
tional and integrated apple production systems in Washington
State from 1994 to 1999. All three systems gave similar apple
yields. The organic and integrated systems had higher soil quality
and potentially lower negative environmental impact than the
conventional system. When compared with the conventional and
integrated systems, the organic system produced sweeter and less
tart apples, higher pro®tability and greater energy ef®ciency. Our
data indicate that the organic system ranked ®rst in environ-
mental and economic sustainability, the integrated system second
and the conventional system last.

Organic management practices combine traditional conserva-
tion-minded farming methods with modern farming technologies
but exclude such conventional inputs as synthetic pesticides and
fertilizers, instead putting the emphasis on building up the soil with
compost additions and animal and green manures, controlling pests
naturally, rotating crops and diversifying crops and livestock10.
Organic farming systems in the US range from strict closed-cycle
systems that go beyond organic certi®cation guidelines by limiting,
as much as possible, external inputs to more standard systems that
simply follow organic certi®cation guidelines. Integrated farming
systems reduce the use of chemicals by integrating organic and
conventional production methods.

Just because a system is organic or integrated does not ensure its
sustainability; nor does sustainability, an inherently complex

Table 1 Soil quality ratings of three apple production systems

Soil quality functions Year Organic Conventional Integrated

Accommodate water entry 1998
1999

0.21a
0.21a

0.16b
0.16b

0.23a
0.20ab

Facilitate water movement and availability 1998
1999

0.21a
0.19a

0.21a
0.18a

0.24b
0.20a

Resist surface structure degradation 1998
1999

0.23ab
0.21a

0.19a
0.15b

0.24b
0.21a

Sustain fruit quality and productivity 1998
1999

0.24a
0.22a

0.23ab
0.21a

0.21b
0.21a

Total soil quality rating 1998
1999

0.88a
0.83a

0.78b
0.70b

0.92a
0.81a

.............................................................................................................................................................................
Soil quality functions (each with a maximum value of 0.25) were assigned values on the basis of soil
properties analysed and then added to determine soil quality ratings for each system. A total soil
quality rating of 1.0 represents soil conditions optimal for both fruit production and environmental
quality. Differences between values in a year followed by different letters are signi®cant at the 0.05
level (least signi®cant difference).
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