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Summary

1. The aggregation model of coexistence has been used widely to explain the coexist-
ence of competing species that utilize patchy and ephemeral resources. Over the years,
it has been reformulated in many different ways, using different assumptions, indices
and analyses, leading sometimes to contradictory conclusions. We present a general
framework, from which many of the alternative approaches are derived as special cases.
2. A generalized distribution, composed of the distribution of visits across patches and
the distribution of eggs per visit, is used to model changes in the mean individual-level
experience of density that occur at different population-level densities.
3. New and more general criteria for coexistence are derived, based upon standard
invasability analysis of Lotka–Volterra competition equations applied to a patchy system.
4. An important parameter in the new coexistence criteria is the mean per capita den-
sity of individuals in a single clutch (§ ). Until now this measure has been relatively
ignored, experimentally and theoretically.
5. We confirm earlier findings that the random distribution of clutches may be a suf-
ficient cause of aggregated egg distributions to allow coexistence between species of
unequal competitive ability, but only if  the product of competition coefficients is less
than one.
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Introduction

The question of how so many competing species can
coexist in the same place, at the same time, on the same
resource, is one of the perennial challenges facing com-
munity ecology (Hutchinson 1959; Cornell & Lawton
1992). Solutions to this problem are generally found by
contradicting the original premises. That is to say, spe-
cies coexist either because they are not competing
strongly (niches are not full and resources are not the
limiting factor), because they are not using exactly the
same resource (resource partitioning) or because they
are not all in the same place at the same time experi-
encing the same conditions (explanations based upon
spatial and temporal heterogeneity).

In this paper we shall consider one of the spatial
explanations, namely, the ‘aggregation model of coex-
istence’ (Shorrocks, Atkinson & Charlesworth 1979; de
Jong 1979; Atkinson & Shorrocks 1981, 1984; Hanski

1981; for early versions). The key feature of the model
is that when the individuals of a species are clumped
together they may limit their own population growth to
such an extent that some resources are left over in low
density patches, which are sufficient to support other
(competitively inferior) species. It is especially appro-
priate for examining coexistence in invertebrate com-
munities, where the larvae utilize patchy and ephemeral
resources such as fruit, seeds, carrion, dung, fungi or
small water bodies. Such systems are often characterized
by a remarkably high species diversity (Beaver 1977).

The aggregation model has attracted considerable
attention and has been modelled and simulated in
many ways (Shorrocks et al. 1984; Ives & May 1985;
Ives 1988a, 1988b; Jaenike & James 1991; Shorrocks &
Sevenster 1995; Sevenster & van Alphen 1996). In addi-
tion, a number of explicit criteria for coexistence have been
developed, each based on slightly different assumptions,
indices or analyses (Hanski 1981; Kuno 1988; Ives 1991;
Sevenster 1996; Heard & Remer 1997). A particularly
contentious issue is whether a random distribution of
clutches is ever a sufficient cause of  aggregated egg
distributions to allow coexistence (Green 1986, 1988;
Shorrocks & Rosewell 1988; Heard & Remer 1997).

Correspondence: Stephen Hartley, School of  Biological
Sciences, Victoria University of  Wellington, PO Box 600,
Wellington, New Zealand. Tel: + 64 4 4635233, ext. 8135;
Fax: + 64 4 4635331; E-mail: stephen.hartley@vuw.ac.nz



652
S. Hartley & 
B. Shorrocks

© 2002 British 
Ecological Society, 
Journal of Animal 
Ecology, 71,
651–662

In the following pages we attempt to synthesize these
various approaches into a coherent framework, and
show how many of the alternative models can be
derived as special cases. We achieve this by an explicit
consideration of the two processes that lead to the
observed distribution of eggs across patches: the distri-
bution of clutches across patches and the distribution
of eggs across clutches. Having accounted for the
resulting distribution of eggs (and how it will alter as
adult densities approach either zero or their single-
species equilibrium), we then develop the Lotka–
Volterra competition model for a patchy system, as it is
within patches that individuals experience competition
from hetero- and conspecifics.

Methods

 

As a premise, we assume that females visit patches (in
order to lay a clutch of eggs) and that the distribution
of visits over patches has a mean and variance (m1, v1).
Secondly, the number of eggs laid in a clutch also has its
own distribution with mean and variance (m2, v2).
These two processes result in a generalized distribution
of eggs across patches with overall mean, M, and vari-
ance, V, defined by equations 1 and 2 (Pielou 1977; Cliff
& Ord 1981). Unless stated otherwise, we shall assume
that m2 and v2 do not change as a function of m1, i.e.
clutch size distributions are independent of population
density. This is justified on the grounds that Ives (1991)
observed no change in the proportion of female visits
that resulted in oviposition, even as the total number of
flies per patch increased.

M = m1m2 eqn 1

V = m1v2 + m2
2v1 eqn 2

Lloyd’s (1967) concepts of ‘mean crowding’ and ‘mean
demand’ are used extensively (eqns 3 and 4, see also
Iwao 1976). Mean crowding (• ) is the number of other
(i.e. non-self ) individuals in a patch, averaged across
individuals. As the name implies, it represents the level
of crowding (and hence competition) that the average
individual will experience. For a random (Poisson) dis-
tribution of individuals • = M, while in aggregated
distributions • > M. Mean demand (• + 1) repres-
ents the density of individuals per patch that a typical
individual can expect (i.e. including self ). Mean crowd-
ing per clutch is symbolized by µ2, but for ease of
expression, the symbol § is used to represent (µ2 + 1):
the mean demand or mean per capita density of indi-
viduals in a single clutch (eqn 5 and Iwao 1976). As we
shall see later, § is often a more relevant measure than
the straightforward mean clutch size, m2.

To facilitate comparisons across the literature we
also refer to the index of aggregation, J, which meas-
ures the level of within-patch density, averaged across

individuals, relative to a random distribution of the
same regional mean (eqn 6, and Ives 1988a). The use of
J does not imply any particular frequency distribution,
as it is simply a function of variance and mean; but if
the distribution is negative binomial then J = 1/k,
where k is the aggregation parameter of the negative
binomial distribution (low values of k correspond to a
high degree of aggregation).

mean crowding: • = M + (V/M ) − 1 eqn 3

mean demand or per capita density: 
• + 1 = M + (V/M ) eqn 4

per capita density within a single clutch: 
§ = µ2 + 1 = m2 + (v2/m2) eqn 5

index of aggregation or ‘patchiness’:  
J = (V − M )/M 2 = (•/M ) − 1 eqn 6

For simplicity, we assume that all patches are
equal in size and quality, and hence have equal carrying
capacities of e. (Carrying capacities can be made patch-
specific following the methods of Watanabe (1988) and
Sevenster (1996)). The symbol K is used to indicate the
system-wide, single-species carrying capacity that
would be attained in a well-mixed population inhabit-
ing a single homogeneous ‘super-patch’. If  the number
of patches is P, then K = eP. E is the system-wide, single-
species, equilibrium population size that is attained
in a patchy-system. In general, E < K, except where
individuals are distributed uniformly across all avail-
able patches, in which case the two are equal. In most
situations the coefficient of variation (CV ) of individuals
across patches increases with mean density, and a
growing population will meet the ceiling of  E when
K/E = 1 + CV2 (Sevenster 1996). Let ¶ = E/P, the mean
density of individuals per patch at this system-level
equilibrium. At this equilibrium density, the ratio of
mean demand to mean also equals K /E because
(• + 1)/M = 1 + CV 2 (Iwao 1976).

When introducing competition between species x
and y, the standard Lotka–Volterra model is applied. It
is the continuous version of the commonly used Hassell
& Comins’s (1976) competition equation, with the sim-
plifying assumption of pure contest intraspecific com-
petition. The relative strengths of inter- vs. intraspecific
competition are given by the coefficients αxy and αyx,
while species-specific values of e and E are similarly
denoted by subscripts x and y. Most models assume
that patch-carrying capacities are the same for both
species, ex = ey (e.g. Jaenike & James 1991; Heard &
Remer 1997) and often that the effect of the inferior
competitor on the superior competitor is negligible,
αxy = 0 (e.g. Atkinson & Shorrocks 1981; Green 1986).
Sevenster (1996) assumes a relationship between the
relative patch-carrying capacities and competitive
effects such that αxy = ex /ey and αyx = ey /ex. This rela-
tionship amounts to an assumption of ideal exploitation
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(i.e. resource-mediated) competition. This assumption
appears to be justified for at least some of the systems
that have been studied (e.g. Bakker 1961).

-  

The standard logistic growth model for a non-patchy
system is:

dN/dt = rN [1 − (N/K )] eqn 7

where, N is the total number of individuals. Dividing by
P, the number of patches, one can begin to model the
system on a per patch basis:

dM/dt = rM [1 − (M/e)] eqn 8

However, for a patchy system, the average per capita
inhibition is a function of per capita density (• + 1),
instead of density averaged across all patches (M )
(Kuno 1988), thus:

dM/dt = rM [1 − (• + 1)/e] eqn 9

and dM/dt = 0 when (• + 1) = e. Substituting from
eqn 4 we find that the overall mean density per patch at
the single-species, system-level equilibrium (denoted
by the hat ^) is:

¶ = e − (ª/¶ ) eqn 10

This accords with our earlier observation that an un-
even distribution (V > 0) lowers the equilibrium number
of individuals supported per patch.

   

By analogy with eqn 9, the Lotka–Volterra equation
for competition in a patchy system (assuming random
association between species) becomes:

eqn 11

If the two species exhibit a non–random association,
then the number of species y competing with a typical
individual of species x is the mean, My, weighted by an
index of relative interspecies crowding, •xy /My (Lloyd
1967; Iwao 1977), which we denote as Θxy (eqn 12). This
index represents how many times more (or fewer) indi-
viduals of species y an individual of species x can
expect to share a patch with, relative to the situation
of random association. The index is symmetrical,
Θxy = Θyx, and will be equal to 1 when the two species
are distributed independently. It has a minimum of
zero (complete avoidance) and a theoretical maximum
of infinity (complete overlap of infinite populations)
and it is equivalent to (Cxy + 1), where Cxy is the meas-
ure of association introduced by Ives (1988a). In this

paper we assume that Θxy is constant, irrespective of the
densities of the two species

eqn 12

Incorporating Θxy, the effect of non–random species
association, eqn 11 can be rewritten as below.

eqn 13

Following standard invasability analysis, coexistence
of two species should be possible if  both have a posit-
ive growth rate at very low densities, when invading
a monospecific equilibrium population of the other
(Chesson 2000). Thus, for species x to be able to
invade an equilibrium population of species y, implies
that dMx /dt > 0 when My = ¶y, Mx → 0, and
•x + 1 → µ2x + 1 (= §x). Substituting these values
into eqn 13 produces a general condition (Gxy) for the
successful invasion of species x into an equilibrium
population of y:

eqn 14

Applying the same logic for the invasion of species y,
the general conditions for mutual coexistence in a
patchy system are:

Gxy < 1 < (1/Gyx) eqn 15

Note that the crucial difference between this derivation
and most others is that even though patch density, M,
tends towards zero at very low population densities, the
laying of clutches means that mean demand (• + 1)
tends to the per capita density of a single clutch, §, not
zero. Strictly speaking, § in the above constraints is §
when rare and invading, although we have assumed
that clutch-size distributions are constant, irrespective
of population density.

From eqn 14 we can see that successful invasion by
species x will be made more likely if  its patch-carrying
capacity (ex) is high, if  its per capita crowding within
clutches (§x) is low, if  the relative competitive effect of
the other species (αxy) is low, if  its association with the
other species (Θxy) is low, or if  the equilibrium popula-
tion density of the resident species (¶y) is low. Refer-
ring back to eqn 10 we see that a low equilibrium
population density of  the resident occurs when the
resident’s patch-carrying capacity (ey) is low and/or its
equilibrium distribution of eggs across patches is
aggregated, i.e. (ªy /¶y) is high. In order to assess
whether the conditions for mutual invasability are met
it is therefore necessary to obtain estimates for a total
of  nine different parameters. As we shall see in the
following sections, this number can be reduced if  one
is willing to make some simplifying assumptions.
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Results

   : 
1.     
  

Various analytical and simulation scenarios have been
constructed to test the idea that aggregation can permit
coexistence. We show below how several of these
approaches can be understood as special cases of the
general model presented above in eqn 14. In discussing
generalized distributions we use the shorthand nota-
tion: distribution1∨distribution2, where distribution1
describes the distribution of visits across patches and
distribution2 describes the distribution of eggs across
clutches. In this paper we use the term ‘generalized dis-
tribution’ in line with the definitions of Pielou (1977)
and Cliff  & Ord (1981); however, in much of the previ-
ous literature on the aggregation model (e.g. Atkinson
& Shorrocks 1984; subsequent citations) they are
called compound distributions. An example of a com-
pound distribution (sensu Pielou 1977; Cliff  & Ord
1981) is the heterogeneous Poisson sampling mechan-
ism discussed by Atkinson & Shorrocks (1984), in
which the defining parameter of the distribution of
eggs per clutch (in their case the mean of  a Poisson)
varies from patch to patch according to some other
distribution (in their case a gamma distribution). The
implications of this mechanism for generating aggre-
gated distributions are considered further by Inouye
(1999) in his analysis at nested spatial scales.

Random (Poisson) distribution of visits

The question of whether a random distribution of
female visits can generate the aggregated egg distribu-
tions necessary for coexistence has been the subject of
considerable debate. Green (1986, 1988) suggested that
an aggregated distribution of female visits was neces-
sary for coexistence, while Shorrocks & Rosewell
(1988) and Heard & Remer (1997) maintained that the

random distribution of clutches could be sufficient.
Before exploring the particular details of different
models, let us consider the general consequences of
assuming a random (Poisson) distribution of  visits
in the context of the framework developed above. A
random distribution of  visits implies v1 = m1, sub-
stituting this result into equations 1, 2 and 10 we find
the single-species equilibrium population density can
now be expressed simply in terms of e and § (eqn 16):

¶ = e − § eqn 16

and the condition for successful invasion reduces to:

eqn 17

If we assume further that there is random association
between species (Θxy = 1), the criterion for coexistence
(eqn 17) can be evaluated with just three parameters for
each species. It can be shown that mutual invasability
is possible with this model for a variety of parameter
values. Figure 1 illustrates three such examples, plot-
ting invasability as a function of  each species’ per
capita intraclutch density. Even with a degree of positive
association between species it is still possible to achieve
mutual invasability, although the conditions become
more restrictive (see also Ives 1988b).

Per capita intraclutch density, ™

The value of per capita intraclutch density (§ ) is deter-
mined by the mean and variance of the distribution of
eggs per clutch (eqn 5). Unfortunately, there are very
few direct data available from which natural values of §
can be evaluated. Hoffmeister & Rohlfs (2001) provide
details of the frequency distribution of clutch sizes laid
by female Drosophila subobscura Collin flies visiting
fruits of Sorbus aucuparia L. in an experimental arena.
Their results provide values of 3·6, 7·3 and 5·6 for m2, v2

and §, respectively. An alternative approach is to
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(a) (b) (c)

Fig. 1. Invasability phase-space diagrams plotted as a function of each species’ intraclutch per capita density (§x) assuming a
random and independent distribution of clutches (i.e. v1x = m1x, v1y = m1y, Θxy = 1). Hatching from lower-left to upper-right
indicates invasion of species x (Gxy < 1) and from lower-right to upper-left invasion of species y (Gyx < 1). Shading indicates
mutual invasability and hence coexistence. (a) ex = 10, ey = 10, αxy = 1·2, αyx = 0 (b) ex = 10, ey = 10, αxy = 1·2, αyx = 0·7
(c) ex = 10, ey = 5, αxy = 1·2, αyx = 0.
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assume a particular statistical distribution of clutch
sizes, then § can be expressed in terms of the parameters
defining the distribution (see Table 1). Note that per
capita intraclutch density is always greater than the
mean clutch size (m2), except when clutch sizes are con-
stant, in which case the two are equal.

The results from the previous two sections can now
be combined to create some of the scenarios considered
by other authors.

Green’s model with a Poisson distribution of clutches

Green (1986) argued that mutual coexistence was not
possible (in the models of Atkinson & Shorrocks 1981,
1984) if  females visited patches at random (i.e. v1 = m1)
and that the only cause of aggregated distribution of
eggs was the fact that eggs were laid in clutches (i.e.
m2 > 1), although his proof included the additional
proviso that the two species ‘differ only in their inter-
specific competitive ability’, i.e. §x = §y, ex = ey and
αxy ≠ αyx. Atkinson & Shorrocks (1981) assumed
Θxy = 1, αxy = 2, αyx = 0 and ex = ey. Substituting all of
these conditions into the coexistence criteria for ran-
dom clutches (eqn 17), we find that it is impossible to
generate a situation in which mutual invasability could
occur. However, if  we relax either the assumption of
equal per capita intraclutch densities, or that of equal
carrying capacities, then coexistence is possible (see the
results of Heard & Remer (1997), discussed below).
Thus, although Green (1986) did find conditions in
which the model of Atkinson & Shorrocks (1981, 1984)
would not allow coexistence, his conditions were rather
strict and do not support the general argument that a
random distribution of clutches cannot create the nec-
essary conditions for coexistence between a superior
and inferior competitor.

To create a slightly more realistic situation, let us
now assume a random distribution of clutches, random
association between species (Θxy = 1), but that both αxy

and αyx must be positive. Under these conditions, co-
existence is only possible if  αxyαyx < 1. Fulfilling this
constraint implies that competition is not of the ideal
exploitation type (where αxy = ex /ey = 1/αyx), and is
suggestive of  either some form of  resource parti-
tioning, consistent priority effects or differences in

developmental time, such that the ‘late’ or ‘slow’ species
has little influence on the survival of the ‘early’ or ‘fast’
species. (Sevenster & van Alphen 1993; Shorrocks &
Bingley 1994). Thus, in some sense, Green (1986) was
right after all: the random distribution of clutches does
not generate the aggregation needed for coexistence
unless one includes an additional mechanism for
ensuring that αxyαyx < 1.

The Poisson∨logarithmic model (RVRC)

In many natural systems, the negative binomial distri-
bution (NBD) is often found to provide a good descrip-
tion of the overall distribution of eggs across patches
(Atkinson & Shorrocks 1984; Rosewell, Shorrocks &
Edwards 1990), although it is less common that a single
value of the clumping parameter, k, will fit across all
population densities (Taylor, Woiwod & Perry 1979).
Atkinson & Shorrocks (1984) suggested several pos-
sible mechanisms that would generate such a distribu-
tion, their favoured explanation being that females visit
patches at random (therefore m1 = v1), and have a con-
stant probability of leaving while laying eggs. Model-
ling this process by a generalized Poisson∨logarithmic
series distribution leads precisely to a NBD (Atkinson
& Shorrocks 1984). This model has been dubbed the
random visit random clutch (RVRC) model by Sevenster
(1996), although caution is required as this name could
be interpreted as a description of a Poisson∨Poisson
process.

The logarithmic distribution is defined by a single
parameter, a, from which the per capita intraclutch
density is calculated as § = [1/(1 − a)] (Table 1,
Appendix II). Substituting this result into eqn 17 pro-
duces the conditions for mutual invasability under a
Poisson∨logarithmic model.

The clumping parameter, k, of  the resultant NBD of
eggs across patches is a function of m1 of the Poisson
distribution and a of  the logarithmic series distribu-
tion as shown in eqn 18 (Getis & Boots 1978). From
this relationship we can see that if  a is fixed and popula-
tion density (assumed to be monotonically related to
m1) is increased, then k of  the resultant NBD will
increase with overall mean (but the overall variance
to mean ratio (V:M ) will remain constant at a value
of [1/(1 − a)]). This is at odds with the simulation of
Atkinson & Shorrocks (1984) and the analysis of Ives
& May (1985) which assume a constant k at all densities.
In order to maintain a constant k, any increase in the
value of m1 must require a related increase in a of  the
logarithmic series. Thus, in proposing a Poisson∨loga-
rithmic model one must choose between the assump-
tion of a constant overall k, or that of a constant
distribution of clutch sizes (i.e. a constant a in the log-
arithmic series distribution). As Green (1986) pointed
out, models which suggest that both are maintained are
not internally consistent.

k = m1/ln[1/(1 − a)] eqn 18

Table 1. The relationship between the distribution of eggs
across clutches and the mean per capita intraclutch density.
1The logarithmic series distribution is defined by a single
parameter (a) from which the mean (m2) and variance (v2) can
be calculated. See Getis & Boots (1978) or Appendix II
  

  

Distribution of eggs across clutches
Per capita intraclutch 
density (§ )

Constant clutch size, v2 = 0 m2

Poisson, v2 = m2 m2 + 1
Negative binomial, v2 = (m2/k) + m2 m2 + (m2/k) + 1
Logarithmic series1 1/(1 − a)
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A Poisson∨constant model (after Heard & Remer 1997)

Heard & Remer (1997) used simulations and an ana-
lytical model to demonstrate that aggregation due to
clutch-laying behaviour alone is sufficient to allow
coexistence. They modelled the situation in which
females of both species visit patches independently and
at random to lay clutches of a constant size, although
the species may differ in their clutch-size. In the context
of the current paper their assumptions can be
expressed as: Θxy = 1, m1 = v1, and v2 = 0 (i.e. § = m2).
With reference to equations 1, 2 and 10, these assump-
tions imply that ¶ = e – m2. Substituting into eqn 14
we obtain the criterion for coexistence assuming a
Poisson∨constant distribution of eggs and clutches
and random species association:

eqn 19

Heard & Remer (1997) also assumed equal patch-
carrying capacities for the two species (ex = ey = e).
Making this change to eqn 19, the conditions Gxy < 1
and Gyx < 1 can be re-written as equations 20 and 21;
exactly the criteria for successful invasion developed in
the Appendix of Heard & Remer (1997).

For successful invasion of x: 
m2y − m2x > (αxy − 1)¶y eqn 20

and for successful invasion of y: 
m2y − m2x < (1 − αyx)¶x eqn 21

It is possible to find parameter values such that both
conditions are satisfied and mutual coexistence is pre-
dicted, but once again we require that αxyαyx < 1. Inter-
estingly, the persistence criteria developed above
predict long-term coexistence for a much wider range
of parameter values than Heard & Remer actually
found in their simulation (Table 3 in Heard & Remer
1997). This is because their simulation was based upon
difference equations and stochastic sampling within a
finite system of patches as opposed to differential equa-
tions and an infinite system; an important point to bear
in mind when applying invasability criteria to real
world situations. None the less, both simulations and
analysis support the conclusions of Heard & Remer
(1997): the aggregation that results purely from clutch-
laying is sufficient to allow coexistence under certain
conditions, it can also result in the exclusion of the
superior competitor if  the clutch size of the superior
competitor is sufficiently large.

A Poisson∨Poisson model

Another simple null-model that can be used to generate
an aggregated distribution of individuals across
patches is independent, random (i.e. Poisson) distribu-
tions of visits and random (i.e. Poisson) distributions of

eggs per clutch (the result being a Neyman type A dis-
tribution of individuals). Although it has not been used
in the literature, this model would also allow coexist-
ence under certain conditions as long as αxyαyx < 1 if
Θxy = 1 (substitute § = (m2 + 1) into eqn 17, for proof ).

Models with ideal exploitation competition

If  competition between species is almost entirely
exploitative (i.e. a consequence of resource consump-
tion) and species have similar feeding periods, then it
seems reasonable to suppose that the value of the com-
petition coefficient, αxy, will be approximately equal to
the ratio of patch-carrying capacities, εxy (= ex /ey), and
αxyαyx will equal one (Sevenster 1996). Adopting this
assumption, the criterion for persistence (eqn 14) can
be rewritten as below (using the identity ex = εxyey and
substituting from eqn 10).

eqn 22

Sevenster (1996) developed two versions of a persist-
ence criterion, Txy, which utilize the simplification of
αxy = εxy. In the first (eqn 28 in Sevenster 1996; eqn 23
below), he also assumed that eggs are laid singly.

eqn 23

Applying the assumption of single-egg clutches to eqn
22 (§ = 1), it should become obvious that the two cri-
teria are not equivalent. This is because Sevenster
derived his persistence criterion based upon a ‘relative
effect’ argument rather than an invasability analysis.
The crucial difference is that the relative effect
approach does not account for the inhibitory effect
that a focal individual has upon its own growth in a
finite resource patch (relative to growth in an infinite
super-patch). In other words, it compares the mean
crowding experience of a rare x-individual with that of
a typical y-individual rather than comparing the mean
demands on resource use which each will experience,
which includes ones own equilibrium requirements for
a 1/ex or 1/ey share of the resource patch. As Sevenster
(1996) noted, the two approaches agree only if the patch-
carrying capacities, and hence the self-inhibition, of
the two species are equal (ex = ey; εxy = 1).

In the second version of Txy, eggs may be laid in
clutches (implicitly assumed to be of a constant size,
thus § = m2), but more restrictively, the patch-carrying
capacities of each species are assumed to be equal,
ex = ey (after Jaenike & James 1991). Consequently, εxy

does equal 1 and eqn 22 reduces to an equivalent expres-
sion of the alternative Txy (eqn 31 in Sevenster 1996).

An attractive feature of the Txy criteria is that they
eliminate the need to assess patch-carrying capacities
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and competition coefficients, which makes them con-
venient for analysis of field data. However, to achieve
this one must accept the relative effect approach or else
use an invasability analysis with the assumption of
equal patch-carrying capacities.

If  neither of these approaches seem satisfactory the
assumption of ideal exploitation competition may still
prove useful if  one could find a way to estimate the ratio
of patch-carrying capacities as required by eqn 22. One
practical solution might be to use the inverse ratio of
body masses (ideally measured as pupae or the emerg-
ing adult plus puparium) assuming, of course, that
resource use is directly proportional to final body
weight. A prediction that stems from this assumption is
that, all other things being equal, large-bodied species
will be limited to relatively smaller and less variable
clutches if  they are to satisfy the general persistence
criteria of eqn 22. Further work is needed to test the
validity of this prediction.

2.      
   

The second class of models and simulations we wish to
consider are those which ignore the two underlying dis-
tributions (m1,v1 and m2,v2) and which set constraints
on the overall distribution (M,V ). For example, M and
V must follow the Iwao & Kuno quadratic (IKQ) equa-
tion (Kuno 1988), Taylor’s Power Law (TPL) (Hanski
1981), or a particular NBD (Shorrocks et al. 1979;
Atkinson & Shorrocks 1981; Ives & May 1985). A gen-
eral problem with this class of models is that the rela-
tionship which describes the data well at moderate to
high densities (and whose parameters are usually fitted
across this range of densities) does not often hold at the
extremely low densities of a rare invader, when the dis-
tribution of eggs per clutch is the dominant process.

The Iwao and Kuno quadratic equation

The Bartlett or Iwao & Kuno quadratic equation
(IKQ) for the relationship between overall variance
and mean is given in eqn 25. It was suggested originally
as an empirical description of variance–mean rela-
tionships (Bartlett 1936), although it was later given a
theoretical grounding based upon the premise of  a
generalized distribution with constant aggregation of
visits (J1) and constant mean crowding within clutches
(µ2) (Iwao & Kuno 1968, 1971; Iwao 1968). If  these
conditions apply, then the parameters A and B will
equal § and J1, respectively. In practice these para-
meters can be found by regression of  •  against M,
eqn 24 (Iwao & Kuno 1968, 1971; Iwao 1968), or pref-
erably by non-linear regression of  eqn 25 (Taylor,
Woiwod & Perry 1978; Kuno 1991). Where the non-linear
regression method has been used in the context of the
aggregation model (Jaenike & James 1991; Shorrocks
& Sevenster 1995), parameter A was equated to mean
clutch size (m2) not §. As we have shown already

(Table 1), this is only correct if  we assume a constant
clutch size.

If  µ2 and J1 are independent of M, then:

• = α + βM eqn 24

⇒ V = AM + BM 2 eqn 25

where A = (α + 1) = §, and B = (β − 1) = J1.
It should be borne in mind that it is also possible for

populations to follow eqns 24 and 25 exactly even when
J1 is not density-independent. In these cases, one cannot
interpret A and B in terms of § and J1. As an example,
consider the situation where single-egg clutches are laid
with a constant variance to mean ratio of 4. In plotting
• against M a perfect straight line results with α = 3
and β = 1, implying that clutches are laid at random,
with intraclutch mean-crowding of 3. A situation quite
different from the generating process, with potentially
very different consequences for species coexistence.

Notwithstanding the problems above, if  we assume
that eqn 25 applies for the moderate-to-high population
densities of the resident species y (irrespective of whether
J1y is density-independent), and that the invader (x) has
a per capita clutch density of §x, the criterion for inva-
sion is given by eqn 26 (since by substituting eqn 25 into
eqn 10 we find: ¶y = (e − A)/(1 + B)).

eqn 26

Under a similar set of assumptions, Kuno (1988)
derived almost exactly the same criterion, except that
he did not allow for the fact that when rare (i.e. M → 0)
the mean per capita density of an invader cannot fall
below §. Therefore, his criterion is found by setting
§x = 0 (even though there is a logical lower limit of
§ = 1, which is achieved when all clutches consist of
only a single egg). He also assumed neutral association
between species (Θxy = 1).

Distributions which follow Taylor’s Power Law

Hanski (1981) considered the situation in which the
overall distribution of individuals followed Taylor’s
(1961) power law relationship: V = aMb, with the sim-
plification of b = 2 and neutral association between spe-
cies. Hanski’s derivation also ignores the mean per
capita density term, and his criterion for invasion is a
special case of Gxy

IKQ with Θxy = 1, §x = 0, Ay = 0, and By

equal to parameter a in the TPL relationship. Note,
that when empirical examples of TPL are extrapolated
to very low densities (as experienced during an invasion
event) they often predict a regular distribution of indi-
viduals (M > V ), when in practice, there is very little
evidence to suggest that this would be the case. Indeed,
Kuno (1991) suggests that as mean densities become
low, parameter b tends to 1 and most distributions
become indistinguishable from spatial randomness
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(see also Yamamura 1990). So, although the TPL often
provides an excellent description of empirical data, its
use in invasability analyses may not be as appropriate.

Negative binomial distributions with a constant k

Finally, if  one assumes that V and M follow independ-
ent NBDs with a constant k, and that clutches always
consist of a single egg, then the criterion Gxy

IKQ (eqn 26)
can be applied with 

Θxy = 1, §x = 1, Ay = 1 and By = 1/ky = Jy.

This is essentially the model used by Shorrocks et al.
(1979), Atkinson & Shorrocks (1981, 1984) and Ives &
May (1985).

As an example, consider the simulation of Atkinson
& Shorrocks (1981), where ex = ey = 10, αxy = 2 and
αyx = 0. Using equations 26 and 16 the criteria for
mutual invasion become:

eqn 27

Immediately, we can see from the right-hand inequality
that species y, the superior competitor, will always be
able to invade; and from the left-hand inequality, spe-
cies x will invade as long as Jy > 1, or equivalently
ky < 1. This result agrees reasonably well with the
stochastic simulation results presented in Table 2 of
that paper: at ky = 2 the inferior competitor was driven
extinct after 50 generations or less, whilst at ky = 1 (when
the two populations should be in neutral equilibrium)
coexistence was maintained for at least 350 generations.

Discussion

 ‒   


Throughout this paper we have highlighted the differ-
ent assumptions underlying various versions of the
aggregation model of coexistence. However, it must be
remembered that all the persistence criteria developed
in this paper are based ultimately upon an invasability
analysis of single-species logistic growth and the
related Lotka–Volterra model of competition. Con-
sequently, the assumptions underlying the Lotka–
Volterra model (i.e. growth rates that are linearly
dependent upon density, frequency- and density-
independent αs) must also apply throughout. Although
there are good grounds for questioning these assump-
tions (e.g. Gilpin & Ayala 1973; DeBenedictis 1977),
one of the most unrealistic assumptions that limits the
applicability of the Lotka–Volterra model is the
implicit spatial homogeneity required if  population
growth rates are to be determined from the total popu-
lation count (or mean density) rather than the sum of
individual experiences.

In adapting the Lotka–Volterra model of  com-
petition to a patchy system we replaced mean-field
estimates of intra- and interspecific density with the
mean per capita experience of density within a patch.
An implicit assumption of this method is that individuals
within the same resource patch are well-mixed and
‘fully interactive’, but that individuals in separate
patches have no effect upon one another. This ‘all or
nothing’ partitioning of interactions is likely to be true
for the types of system we envisage where invertebrate
larvae are contained within small, discrete patches of
fruit, fungi, dung and carrion. For a more continuous
approach, where low mobility individuals inhabit a
homogeneous environment, the methods of Bolker &
Pacala (1999) and Law & Dieckmann (2000) hold
much promise. In their models, per capita competitive
effects are calculated as distance-weighted functions to
all other individuals within a local neighbourhood,
and intraspecific aggregation occurs due to limited dis-
persal of progeny from parents. Despite these mechan-
istic differences, many of the general conclusions are
the same: intraspecific aggregation can limit the popu-
lation growth of a competitively superior species, such
that unused resources are available for other species to
invade.

-    

Most non-spatial invasability analyses assume that as
the overall mean density tends towards zero an indi-
vidual will not have to compete with other conspecifics.
For clutch-laying species using patchy resources this is
clearly wrong, and it is this fallacy that Ives (1988a),
Jaenike & James (1991) and Sevenster (1996) have
drawn attention to in the past. However, even when
eggs are laid singly, an individual cannot expect to
occupy a patch of zero density because it will always be
present itself. This subtle point explains why Seven-
ster’s (1996) persistence criterion based upon a ‘relative
effect’ approach does not agree with the corresponding
invasability analysis.

In this paper we ignored the fact that resource
patches typically vary in size or quality (and hence
patch-carrying capacity). This was largely for reasons
of clarity in developing the links between the current
framework and the many previous versions of the
aggregation model. None the less, variation in patch
size is an important issue that needs to be addressed in
determining the mean individual-level experience of
intra- and interspecific density (Sevenster 1996). The
crucial point is whether, and in what manner, females
respond to patch size when distributing their eggs. If
they ignore patch size, then on average each patch will
receive the same number of eggs, but large patches will
harbour lower densities. Conversely, if  females distrib-
ute eggs in proportion to patch size, then all patches
will have similar densities, but large patches will receive
the greatest number of eggs. Importantly, this latter situ-
ation will result in a lower per capita experience of
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density than the former, and hence will lead to higher
equilibrium population sizes. Empirical evidence
suggests a variety of responses, with reports of posit-
ive, negative and no relationship between patch size
and the density of emerging adults (Sevenster & van
Alphen 1996; Mitsui & Kimura 2000). However,
because these studies counted the number of emerging
adults, rather than eggs, the results could be con-
founded by Allée effects and other sources of density-
dependent mortality.

     


All the generalized models derived in this paper assume
that the per capita intraclutch density, §, is density-
independent. However, one can envisage that mean
clutch sizes (and most probably also § ) might decrease
with increasing adult density due to interference
between ovipositing females and an increased likelihood
of harassment by males (McLain & Pratt 1999). This
would mean that § would be higher during invasion
than when present as a resident at equilibrium, making
invasion that much harder and thereby decreasing the
possibility of coexistence between competing species.

Heard (1998) presents evidence suggesting that
clutch sizes increase as the distance between patches
increases (the travel cost hypothesis). If  this effect acts
on both resident and invader, then §x would increase
when resources patches are at low density (making
invasion more difficult), but so also would the relative
equilibrium population, ¶y, of  the resident decrease
(making invasion easier). Thus, depending upon the
functional response of each species, the prospects for
coexistence could be enhanced or worsened by a loss of
resource patches.

    
  

By an explicit consideration of the two steps which lead
to the distribution of individuals across patches, both
at single-species equilibrium and during invasion, we
have derived a general condition for coexistence
between species competing across a system of patchy
and ephemeral resources (eqn 16). One variation of this
condition (eqn 19) demonstrates that the random dis-
tribution of clutches may be a sufficient cause of over-
all aggregation in the resident species, to allow an
inferior species to invade, as suggested by Atkinson &
Shorrocks (1984), Shorrocks & Rosewell (1988) and
later confirmed by Heard & Remer (1997). The reason
that Green (1986) found that coexistence was not facil-
itated by a random distribution of clutches was because
he implicitly insisted that the species have equal patch-
carrying capacities and equal per capita intraclutch
densities. However, in relaxing this constraint we also
note that coexistence is possible only with random
visits when the product of competition coefficients is

less than unity. This condition cannot be achieved
under the assumption of ideal exploitation (resource-
mediated) competition; instead it requires some form
of resource partitioning, consistent priority effects or
differences in the rate of development.

In practice, the product of competition coefficients
may often be greater than one, implying interference
competition (e.g. Ayala, Gilpin & Ehrenfeld 1973). In
such cases, the aggregation model cannot explain coex-
istence without invoking at least some degree of aggre-
gation of clutches by the resident species. Nevertheless,
a small degree of aggregation in the distribution of
clutches can result in a highly aggregated distribution
of eggs across patches if  clutch sizes are large (Ives &
May 1985).

 

The general framework developed in this paper places
a renewed emphasis on the two underlying distribu-
tions which generate the observed aggregation. This
highlights two areas where more data are greatly
needed: (i) empirical measurements of clutch size dis-
tributions, in order to determine §, and (ii) information
on the pattern of female visits across patches. In com-
bination, these two distributions determine how the
overall variance : mean ratio changes with population
density. This is important information if  we are to
predict the value of  this ratio at its single-species
equilibrium (as required by eqn 10), as most empirical
studies can only measure the degree of aggregation a
species achieves while embedded within a multispecies
assemblage (e.g. Sevenster & van Alphen 1996; Wertheim
et al. 2000).

On a modelling front, future effort could be directed
towards determining the internal stability of multispecies
assemblages. Then, it should be possible to ask not just
‘Why so many species coexist?’ on patchy, ephemeral
resources, but also more challenging questions such as
‘Why are certain species rare and others common?’,
and ‘Which will increase and which will decrease in
response to changes in resource abundance?’.

Conclusion

The aggregation model, in its many guises, represents
just one class of explanation for species coexistence,
based upon heterogeneity in the spatial distribution of
individuals. In reality, it will act in concert with other
explanations that rely upon niche partitioning and
temporal heterogeneity. None the less, in situations
where organisms utilize patchy and ephemeral
resources it is likely to be a powerful explanation. In
this paper we have demonstrated how the specific
mechanism(s) by which individuals achieve a particu-
lar distribution across resource patches may subtly
alter the conditions required for mutual invasability.
More importantly, however, we have underscored the
importance of assessing the individual-level experience
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of  density as the basic building block from which
population dynamics are derived.

Acknowledgements

We thank Elli Groner, Dale E. Taneyhill, Coenraad L.
Krijger, Andrew J. Davis, Jan G. Sevenster and an
anonymous referee for helpful and detailed comments
on earlier versions of this paper. This work was partly
funded by a UK Natural Environment Research Coun-
cil grant, GT4/95/148/T.

References

Atkinson, W.D. & Shorrocks, B. (1981) Competition on a
divided and ephemeral resource: a simulation model. Jour-
nal of Animal Ecology, 50, 461– 471.

Atkinson, W.D. & Shorrocks, B. (1984) Aggregation of larval
Diptera over discrete and ephemeral breeding sites: the implica-
tions for coexistence. American Naturalist, 124, 336–351.

Ayala, F.J., Gilpin, M.E. & Ehrenfeld, J.G. (1973) Competi-
tion between species: theoretical models and experimental
tests. Theoretical Population Biology, 4, 331–356.

Bakker, K. (1961) An analysis of factors which determine suc-
cess in competition for food among larvae of Drosophila
melanogaster. Archives Neerlandaises de Zoologie, 14, 200–281.

Bartlett, M.S. (1936) Some notes on insecticide tests in the
laboratory and in the field. Journal of the Royal Statistical
Society, 3(Supplement), 185–194.

Beaver, J. (1977) Non-equilibrium ‘island’ communities of
Diptera breeding in dead snails. Journal of Animal Ecology,
46, 783–798.

Bolker, B.M. & Pacala, S.W. (1999) Spatial moment equations
for plant competition: understanding spatial strategies and
the advantages of short dispersal. American Naturalist, 153,
575–602.

Chesson, P. (2000) Mechanisms of maintenance of species
diversity. Annual Review of Ecology and Systematics, 31,
343–366.

Cliff, A.D. & Ord, J.K. (1981) Spatial Processes: Models and
Applications. Pion Limited, London.

Cornell, J.H. & Lawton, J.H. (1992) Species interactions, local
and regional processes, and limits to the richness of ecolo-
gical communities: a theoretical perspective. Journal of
Animal Ecology, 61, 1–12.

DeBenedictis, P.A. (1977) The meaning and measurement of
frequency-dependent competition. Ecology, 58, 158–166.

Getis, A. & Boots, B. (1978) Models of Spatial Processes: an
Approach to the Study of Point, Line and Area Patterns.
Cambridge University Press, Cambridge.

Gilpin, M.E. & Ayala, F.J. (1973) Global models of growth
and competition. Proceedings of the National Academy of
Sciences, USA, 70, 3590–3593.

Green, R.F. (1986) Does aggregation prevent competitive
exclusion? A response to Atkinson and Shorrocks. American
Naturalist, 128, 301–304.

Green, R.F. (1988) Reply to Shorrocks and Rosewell. American
Naturalist, 131, 772–773.

Hanski, I. (1981) Coexistence of competitors in patchy environ-
ments with and without predation. Oikos, 37, 306–312.

Hassell, M.P. & Comins, H.N. (1976) Discrete time models for
two-species competition. Theoretical Population Biology, 9,
202–221.

Heard, S.B. (1998) Resource patch density and larval aggre-
gation in mushroom-breeding flies. Oikos, 81, 187–195.

Heard, S.B. & Remer, L.C. (1997) Clutch-size behaviour
and coexistence in ephemeral-patch competition models.
American Naturalist, 150, 744–770.

Hoffmeister, T.S. & Rohlfs, M. (2001) Aggregative egg dis-
tributions may promote species co-existence – but why do
they exist? Evolutionary Ecology Research, 3, 37–50.

Hutchinson, G.E. (1959) Homage to Santa Rosalina, or why
are there so many kinds of animals. American Naturalist,
93, 145–159.

Inouye, B.D. (1999) Integrating nested spatial scales: implica-
tions for the coexistence of competitors on a patchy
resource. Journal of Animal Ecology, 68, 150–162.

Ives, A.R. (1988a) Aggregation and coexistence of competitors.
Annales Zoologici Fennici, 25, 75–88.

Ives, A.R. (1988b) Covariance, coexistence and the popula-
tion dynamics of two competitors using a patchy resource.
Journal of Theoretical Biology, 133, 345–361.

Ives, A.R. (1991) Aggregation and coexistence in a carrion fly
community. Ecological Monographs, 61, 75–94.

Ives, A.R. & May, R.M. (1985) Competition within and
between species in a patchy environment: relations between
microscopic and macroscopic models. Journal of Theoretical
Biology, 115, 65–92.

Iwao, S. (1968) A new regression method for analyzing the
aggregation pattern of animal populations. Researches on
Population Ecology, 10, 1–20.

Iwao, S. (1976) A note on the related concepts ‘mean crowd-
ing’ and ‘mean concentration’. Researches on Population
Ecology, 17, 240–242.

Iwao, S. (1977) Analysis of spatial association between two
species based on the interspecies mean crowding.
Researches on Population Ecology, 18, 243–260.

Iwao, S. & Kuno, E. (1968) Use of the regression of mean
crowding on mean density for estimating sample size and
the transformation of data for the analysis of variance.
Researches on Population Ecology, 10, 210–214.

Iwao, S. & Kuno, E. (1971) An approach to the analysis of
aggregation pattern in biological populations. Statistical Eco-
logy (eds G.P. Patil, E.C. Pielou & W.E. Waters), pp. 461–
513. Pennsylvania State University Press, Philadelphia.

Jaenike, J. & James, A.C. (1991) Aggregation and the coexist-
ence of mycophagous Drosophila. Journal of Animal Ecology,
60, 913–928.

de Jong, G., (1979) The influence of the distribution of juve-
niles over patches of food on the dynamics of a population.
Netherlands Journal of Zoology, 29, 33–51.

Kuno, E. (1988) Aggregation pattern of individuals and the
outcomes of  competition within and between species:
differential equation models. Researches on Population
Ecology, 30, 69–82.

Kuno, E. (1991) Sampling and analysis of insect populations.
Annual Review of Entomology, 36, 285–304.

Law, R. & Dieckmann, U. (2000) A dynamical system for
neighbourhoods in plant communities. Ecology, 81, 2137–
2148.

Lloyd, M. (1967) Mean crowding. Journal of Animal Ecology,
36, 1–30.

McLain, D.K. & Pratt, A.E. (1999) The cost of sexual coer-
cion and heterospecific sexual harassment on the fecundity
of a host-specific seed-eating insect (Neacoryphus bicrucis).
Behavioral Ecology and Sociobiology, 46, 164–170.

Mitsui, H. & Kimura, T.M. (2000) Coexistence of drosophilid
flies: Aggregation, patch size diversity and parasitism. Eco-
logical Research, 15, 93–100.

Pielou, E.C. (1977) Mathematical Ecology, 2nd edn. J. Wiley
& Sons, New York.

Rosewell, J., Shorrocks, B. & Edwards, K. (1990) Competition on
a divided and ephemeral resource: testing the assumptions.
I. Aggregation. Journal of Animal Ecology, 59, 977–1001.

Sevenster, J.G. (1996) Aggregation and coexistence 1. Theory
and analysis. Journal of Animal Ecology, 65, 297–307.

Sevenster, J.G. & van Alphen, J.J.M. (1993) A life-history
trade-off  in Drosophila species and community structure in
variable environments. Journal of Animal Ecology, 62, 720–736.



661
General framework 
for the aggregation 
model

© 2002 British 
Ecological Society, 
Journal of Animal 
Ecology, 71,
651–662

Sevenster, J.G. & van Alphen, J.J.M. (1996) Aggregation and
coexistence 2. A neotropical Drosophila community. Jour-
nal of Animal Ecology, 65, 308–324.

Shorrocks, B., Atkinson, W.D. & Charlesworth, P. (1979)
Competition on a divided and ephemeral resource. Journal
of Animal Ecology, 48, 899–908.

Shorrocks, B. & Bingley, M. (1994) Priority effects and
species coexistence: experiments with fungal-breeding
Drosophila. Journal of Animal Ecology, 63, 799–806.

Shorrocks, B. & Rosewell, J. (1988) Aggregation does prevent
competitive exclusion: a response to Green. American
Naturalist, 131, 765–771.

Shorrocks, B., Rosewell, J., Edwards, K. & Atkinson, W.
(1984) Interspecific competition is not a major organizing
force in many insect communities. Nature, 310, 310–312.

Shorrocks, B. & Sevenster, J.G. (1995) Explaining local spe-
cies diversity. Proceedings of the Royal Society of London
Series B-Biological Sciences, 260, 305–309.

Taylor, L.R. (1961) Aggregation, variance and the mean.
Nature, 189, 732–735.

Taylor, L.R., Woiwod, I.P. & Perry, J.N. (1978) The density-
dependence of spatial behaviour and the rarity of random-
ness. Journal of Animal Ecology, 47, 383–406.

Taylor, L.R., Woiwod, I.P. & Perry, J.N. (1979) The negative
binomial as a dynamic ecological model for aggregation,
and the density dependence of k. Journal of Animal Eco-
logy, 48, 289–304.

Watanabe, N. (1988) A new proposal for the measurement
of adjusted mean crowding through consideration of size
variability in habitat units. Researches on Population
Ecology, 13, 215–225.

Wertheim, B., Sevenster, J.G., Eijs, I.E.M. & van Alphen,
J.J.M. (2000) Species diversity in a mycophagous insect
community: the case of  spatial aggregation vs. resource
partitioning. Journal of Animal Ecology, 69, 335–351.

Yamamura, K. (1990) Sampling scale dependence of Taylor’s
power law. Oikos, 59, 121–125.

Received 25 June 2001; accepted 11 March 2002

Appendix I

  

  

  

αxy Lotka–Volterra competition coefficient, the per capita effect of species y on x.
α y-intercept of the regression of • against M. (Often assumed equal to µ2)
β slope of the regression of • against M.
εxy ratio of patch-carrying capacities (ex/ey) (Sevenster 1996)
Θxy measure of association between species x and y (= Cxy + 1).
A parameter in the Iwao & Kuno quadratic variance–mean relationship (= α + 1)
a coefficient in Taylor’s (1961) variance–mean Power Law relationship
a shape parameter in the logarithmic series distribution
B parameter in the Iwao & Kuno quadratic variance–mean relationship (= β − 1)
b exponent in Taylor’s (1961) variance–mean Power Law relationship
§x mean per capita density in a single clutch of species x (= µ2x + 1) (Iwao 1976)
Cxy measure of association between species x and y (Ives 1988a).
CV 2 coefficient of variation squared (= V/M 2)
Ex regional equilibrium population size in a patchy system for species x
ex carrying capacity of a single patch for species x.
Gxy general criterion for the successful invasion of species x into an equilibrium population of species y
J index of crowding relative to a random distribution of the same mean (Ives 1988a)
Kx regional carrying capacity of species x, in a homogeneous environment (= exP)
k aggregation parameter of the negative binomial distribution
• mean crowding (Lloyd 1967)
Mx overall mean number of eggs per patch, laid by species x
¶x overall mean number of eggs per patch, laid by species x, at its single-species equilibrium.
•xy mean interspecies crowding (Lloyd 1967)
m1x mean number of clutches laid per patch species x
m2x mean number of eggs per clutch laid by species x
Nx total number of individuals of species x, across all patches
NBD negative binomial distribution
P number of patches in the system
RVRC random visit, random clutch (i.e. a Poisson∨logarithmic model)
rx intrinsic rate of increase for species x
Txy invasability criterion (Sevenster 1996)
TPL Taylor’s power law
Vx overall variance of the number of eggs laid per patch by species x
v1x variance of the number of clutches laid per patch by species x
v2x variance of the number of eggs per clutch laid by species x
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Appendix II

    

The logarithmic series distribution is defined by a single
parameter, a, from which the mean and variance can be
calculated (eqns A1 & A2, after Getis & Boot 1978).

m2 = a/[ln{1/(1 − a)}(1 − a)] eqn A1

v2 = [m2/(1 − a)] − m2
2 eqn A2

When the number of eggs per clutch follows a logarith-
mic series distribution, the per capita intraclutch den-
sity (§, eqn 5) simplifies to [1/(1 − a)]. As a → 0, all
clutches consist of a single egg; as a → 1, clutches
become infinitely large with v2 >> m2; and when a =
0·632, m2 = v2 = 1·72.


