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Abstract

The success of alien species on oceanic islands is considered to be one of the classic

observed patterns in ecology. Explanations for this pattern are based on lower species

richness on islands and the lower resistance of species-poor communities to invaders,

but this argument needs re-examination. The important difference between islands and

mainland is in the size of species pools, not in local species richness; invasibility of

islands should therefore be addressed in terms of differences in species pools. Here I

examine whether differences in species pools can affect invasibility in a lottery model

with pools of identical native and exotic species. While in a neutral model with all species

identical, invasibility does not depend on the species pool, a model with non-zero

variation in population growth rates predicts higher invasibility of communities of

smaller pools. This is because of species sampling; drawing species from larger pools

increases the probability that an assemblage will include fast growing species. Such

assemblages are more likely to exclude random invaders. This constitutes a mechanism

through which smaller species pools (such as those of isolated islands) can directly

underlie differences in invasibility.
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I N T R O D U C T I O N

The success of alien species on oceanic islands is considered

one of the classic observed patterns in ecology (Lonsdale

1999; Sax 2001; Denslow 2003). This has been extensively

documented for plants (Lonsdale 1999), birds (Case 1996,

but see Sol 2000), as well as for other groups (Gaston et al.

2003). While many functional explanations of this phenom-

enon (e.g. introduction of herbivores, different fire regimes)

have been proposed (Courchamp et al. 2003), most of the

explanations attribute increased invasibility to lower species

richness.

It has been suggested that species-poor communities

show lower resistance to invaders (Lonsdale 1999; Sax

2001); because islands are generally more species-poor, their

invasibility should be higher. However, a closer examination

is necessary here. First, it is not fully clear whether species-

rich communities are indeed less susceptible to invasion

(Levine & D’Antonio 1999). Analysis of model communities

often shows increased resistance to invasion in species-rich

communities (Case 1990; Law & Morton 1996). However,

Moore et al. (2001) showed in an elegant study that

resistance to invasion in model communities strongly

depends on the mechanism that is assumed to maintain

diversity in these communities; by changing this mechanism,

both negative and positive relationships can be obtained.

Field data show both positive and negative effects of species

richness on invasibility (Naeem et al. 2000; Kennedy et al.

2002; Levine et al. 2002), and the relationship between

native species richness and number of alien species is clearly

scale-dependent (Fridley et al. 2004; Herben et al. 2004). It

can be shown that if there is no constraint on community

size and there is an underlying (statistical or biological)

process that affects species richness, the same process that

increases species richness of local species may also increase

that of aliens (Levine et al. 2002; Shea & Chesson 2002).

Second, the lower species richness on islands is typically

manifested by higher average slopes of the species–area

relationships for islands (Rosenzweig 1995). Thus islands are

more impoverished relative to mainland plots of the same

size, presumably primarily because of restricted immigration

to small and/or isolated islands (MacArthur & Wilson

1967). This means that islands, in particular small islands,

have a smaller species pool. Species pool in this context is
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the set of species whose propagules can reach the

community in reasonable time and therefore have provided

the species that occur in the given habitat (Zobel 1997). A

steeper species–area relationship at the whole island level,

however, does not necessarily mean differences in commu-

nity richness at a smaller scale. The major difference

between islands and continents is not difference in species

richness per unit area, but the fact that an island community

is a small sample from the set of potential species that can

survive in a given set of habitat conditions.

Therefore, invasibility of islands should primarily be

framed in terms of differences in species pools of native

species, not of differences in local species richness. In a

larger pool, the likelihood of finding a better adapted species

or a better competitor for given set of conditions is higher

(Huston 1997; Tilman et al. 1997). This issue has been

extensively addressed in biodiversity studies (�chance� or

�sampling effect�; Lepš et al. 2001; Hector et al. 2002;

Aarssen et al. 2003), but it has not been applied in the

context of invasion ecology.

In this paper, I used a null model to test whether

difference in the size of native species pools (as a consistent

difference between islands and continents) can account for

differences in invasibility, holding local (plot-level) richness

constant. The model used here is a generalized version of

that in Herben et al. (2004). It is a dynamic lottery model,

based on drawing individuals from two pools of identical

species (native and exotic), with lottery processes of

disturbance and local growth (Sale 1977; Chave 2004).

Species differences are modelled by different growth rates;

the neutral lottery model with identical growth rates for all

species (similar to that used by Hubbell 1979) is used as a

reference to account for pure sampling effects. The model

assumes a strict carrying capacity such that the total number

of individuals in the community is fixed. Community

structure is then determined by replacement probabilities of

deceased individuals. Replacement probabilities are influ-

enced by current species abundances, growth rates, and

immigration rates. The only dynamic difference between

native and alien species is that no aliens are allowed in the

initial structuring of the native community, which is allowed

to develop by random drawing of species from the native

species pool for some time.

The model was used to examine the effect of the size of

the native species pool on the number of species and

individuals of aliens in the community; smaller pools of

native species were used as a proxy for an island/continent

contrast in the model. Each simulation run began with a

period over which only native species were drawn from the

species pool (to enable species sorting in the community

under isolation); only later alien species were allowed to

establish. This approach was then used to examine how

invasibility is affected by the length of this period, by the

degree of variation in population growth rates, and by

different disturbance and immigration rates.

M E T H O D S

A �local community� with a constant total number of

individuals (community size, N) was constructed by random

drawing from species pools with a simple dynamic

simulation model of community invasion. The pool is a

set of individuals whose species identity is known; these

species may be either native or alien. Individuals of all

species are identical except that species may differ in per-

capita population growth rates.

First, species pools of native and alien species of given

sizes and immigration rates are constructed. The only

differences between species coming from the native species

pool and those from the alien pool are in rates of

immigration into the local community (malien „ mnative)

and sizes of species pools (Pnative „ Palien). To prevent

trivial effects of species pool size, the immigration probab-

ility summed over all species was kept constant by changing

values of immigration rates according to the size of the

respective species pool (mnativePnative ¼ const., and

malienPalien ¼ const.). This means that a constant number

of immigrant individuals are drawn independently of the

size of each of the species pools. Per-capita population

growth rate of each species (both native and alien) was

drawn from a gamma distribution with a mean of 1 and a

variation coefficient which is one of the model parameters

(for the summary of model parameters, see Table 1). A

gamma distribution was used to generate skewed distribu-

tion (McCullagh & Nelder 1989). Mean growth rate does

not affect the model because only relative growth rates are

important in a null model with a fixed community size.

Identical variation in growth rates was used among species

within both the native and alien species pools.

Next, a new local community is initialized by drawing

N individuals from the species pool of native species; the

probability of an individual of the ith species being drawn is

thus 1/Pnative, where Pnative is the size of native species pool.

Drawing is done with replacement, i.e. several individuals

may be drawn from one species.

Three processes operate in the local community at each

step: disturbance, local replacement, and immigration. To

model disturbance, d N individuals are randomly removed

from the local community at each step (0 < d < 1); each

individual has an equal probability of being removed

irrespective of species identity. Fractional numbers of

individuals are rounded to the nearest integer. The

individuals removed by disturbance are then replaced by

local replacement and by immigration. Local replacement

(i.e. population growth of species already present in the local

community that survived the disturbance event) is simu-
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lated by drawing l d N individuals from species already

present in the community (0 < l < 1). The probability of

drawing an individual from species i is a function of

frequency of that species and its population growth rate,

riNi=ð
P

j rjNjÞ, where Ni is the number of individuals of

the ith species in the community after the disturbance event

and ri its (relative) population growth rate; the summation is

done over all species in the local community. These

individuals can be either native or alien provided they were

present in the community prior to the disturbance (Ni > 0).

Species not present in the community have zero probability

of being drawn here.

The remaining (1 ) l ) d N individuals are replaced by

immigration from the outside of the community. Initially,

only species from the native species pool can immigrate; the

probability of an individual of the ith species being drawn is

then 1/Pnative. After a specified number of steps (one of the

model parameters), individuals of alien species can also

immigrate; the probability of an individual of the ith species

being drawn is then mi/(mnativePnative + malienPalien), where

mnative and malien are relative immigration rates of native and

alien species, respectively, Palien the size of the alien species

pool, and mi equals malien or mnative for alien and native

species, respectively. No account is taken of whether the

species to which the individual drawn belongs is already

present in the community. Individuals are drawn from the

species pools with replacement (i.e. several individuals may

be drawn from one species); this process determines the

abundance distribution of species in the community.

As a result of these processes, the numbers of species

present in the local community and their abundances reflect

identical rules of disturbance, immigration, and ecological

drift (stochastic variation because of low numbers) under the

constraints of varying population growth rates. The numbers

of individuals and of alien species were recorded after five

and 500 steps of invasion. In addition, abundance distribu-

tion data (both for native and alien species separately) were

collected and summarized by Simpson’s index of dominance

concentration ½
P

i ðNi=N Þ2
, where N ¼

P
i Ni �.

The simulation model was used to perform the following

experiments: (i) a test of the effects of variation in

population growth rate and native species pool size on the

numbers of individuals and species of aliens (for the

parameter values in Table 1); (ii) a test of the effects of

length of native community development (or sorting) time

before invasion and native species pool size on the numbers

of individuals and species of aliens; (iii) a test of the effects

of the proportion of replacement by local individuals and

native species pool size on the numbers of individuals and

species of aliens. In each experiment, 500 realizations of

each parameter combination were run, and the means of

these runs were compared over parameter values of interest.

The parameter values were chosen to cover likely

meaningful values in the field (both species pools 100–

100000 species; local replacement rate 0.1–0.99; disturbance

rate 0.1–0.9; malien: 1–0.001, mnative: 1–0.001; community size

100–5000). These values were tested in preliminary simu-

lations which showed that settings of the parameters do not

qualitatively affect outcome of the simulation.

R E S U L T S

In a fully neutral model with no variation in population

growth rates between species, the size of the local species

Table 1 Parameters used by the simulation

model Parameter Symbol Values used

Community size (number of individuals) N 500, 2000

Number of species in the species pool of native species Pnative 100, 1000, 10000

Number of species in the species pool of aliens Palien 500, 5000

Disturbance rate (number of individuals removed

from the community at each step)

d 0.1, 0.3, 0.5, 0.7

Proportion of local replacement (fraction of vacant

positions filled by growth of species already present

in the community)

l 0.2, 0.5, 0.7, 0.9,

0.99

Rate of immigration of native species into the local

community*

mnative 0.5, 0.05, 0.005

Rate of immigration of alien species into the local

community*

malien 0.1, 0.01

Variation coefficient of species relative population

growth rates

cv(r) 0, 0.05, 0.2, 0.5,

0.7, 0.99

Number of steps before alien species are allowed to arrive 1, 5, 10, 100, 300

Number of steps after alien species are allowed to arrive 5, 100

Default values (values used in most simulations) shown in boldface.

*Values changed together with the species pool size in order to keep the immigration

probability summed over all species in the species pool constant.
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pool did not affect the final number of species or number of

individuals of aliens (Fig. 1, leftmost columns). In contrast,

a model with a non-zero variation in population growth

rates consistently predicted higher numbers of species and,

particularly, numbers of individuals of aliens, if local species

pools were small. The strength of the effect depended on

the coefficient of variation of population growth rates

(Fig. 1); the higher the coefficient, the larger the effect of

species pool size on invasibility of island assemblages. The

length of the period before the alien species were allowed to

settle had an important effect as well; the longer the

community had to sample from the native species pool, the

greater was its resistance to invasion (Fig. 2). The strength

of this effect depends on the proportion of local replace-

ment (Fig. 3), attaining the greatest magnitude for interme-

diate values of local replacement. This relationship is

essentially scale-independent and appeared for any commu-

nity size (number of individuals) studied (data not shown).

The richness of alien species was generally weakly

negatively correlated with the richness of native species

within each combination of parameter values (coefficients

of determination varied between 0 and 0.56, depending on

the parameter values; data not shown). In contrast, when

simulation results using several values of any one parameter

that affects species sorting (e.g. proportion of local

replacement, size of local species pool, etc.) were analysed

together, the correlation changed to positive in spite of

identical community sizes (for an example, see Fig. 4).

Increasing variation in population growth rates among

species also causes abundance distribution curves to become

steeper [median of the Simpson’s index changes from 0.02

for the fully neutral model to 0.72 for the model with
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Figure 1 The effect of the size of the pool

of native species and the CV of growth rate

on the number of species and number of

individuals of aliens. Other parameters:

proportion of local replacement ¼ 0.9; alien

species pool ¼ 500; number of individu-

als ¼ 500; duration of invasion ¼ 10 steps;

number of steps before invasion began ¼
100. Bars indicate 1 SE.
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cv(r) ¼ 0.99]. Massive invasions were therefore more likely

when the abundance distribution of the community was

rather flat, with no major dominant (Fig. 5).

D I S C U S S I O N

The simulations show that if variation in population growth

rates is non-zero, no other process is needed to explain

higher invasibility of communities with smaller pools of

native species. This is because of the initial period of

sampling of species from the native species pool combined

with local replacement: species with higher population

growth rates are more likely to survive and thus become

dominant if dead individuals are replaced by growth of

species already present. If the period over which such

sorting takes place is sufficiently long, the species pool is

sampled thoroughly enough to produce a local community

composed of �good� (i.e. having high population growth

rates) species. Such an assemblage is therefore much more

likely to block establishment of a randomly drawn invader,

because the invader’s population growth rate is on average

lower that that of most species already present in the

community (because these already are a non-random sample

because of the sorting). For the same reason, the invasibility

decreases with the time period over which sampling from

the local pool can take place: the longer the species pool is

sampled, the more likely a community of faster growing

species is obtained.
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Figure 2 The effect of the size of the pool

of native species and number of time steps

before invasion on the number of species

and number of individuals of aliens. Steps:

number of time steps before species from

the alien pool are allowed to establish. Other

parameters: alien species pool ¼ 500; num-

ber of individuals ¼ 500; duration of inva-

sion ¼ 100 steps; variation coefficient of

species population growth rates ¼ 0.5; pro-

portion of local replacement ¼ 0.9.
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A similar effect (sampling effect) has been identified and

extensively studied in biodiversity–productivity studies

(Huston 1997; Tilman et al. 1997): species-rich communities

are more likely to contain a highly successful species that

drives ecosystem functions, such as productivity, irrespect-

ive of the effect of diversity per se. This process is identical

to that operating in the present model. The sampling effect

has been shown to account for a large part of the effect of

richness on productivity and other ecosystem functions

(Lepš et al. 2001; Hector et al. 2002; Polley et al. 2003).

In the present context, species growth rates should be

understood strictly in relative terms within the given

environment: population growth rate is used here as a

proxy for species performance in an environment, regardless

of whether its success is because of competitive superiority,

stress tolerance, or other mechanisms. The assumption of

varying population growth rate makes it possible, in very

general terms, to account for species sorting by environ-

mental conditions and the realistic dominance hierarchies

that exist among species in ecological systems.

The relationship between species pool size and invasibil-

ity has rarely been explicitly addressed. In an elegant study,

Smith & Knapp (2001) showed that species pool does have

a strong effect on invasibility; communities with larger

species pools were less invasible. However, in most field

studies, data are collected at only one scale, making the

effects of species pool difficult to separate from species

richness (see e.g. Pärtel et al. 1996; Grace 2001; Wilson &

Anderson 2001). This is true both for data sampled at

smaller scales, where only richness data are available without

any information on species pools (e.g. Davis et al. 2000;

Kennedy et al. 2002; Fargione et al. 2003), or large-scale data,

which are generally collected on larger plots where species

richness and species pool are difficult to distinguish (see e.g.

Lonsdale 1999).

This null version of species sorting according to their

population growth rates tends to produce communities with

higher skew in their abundance distribution as they become

dominated by a few highly successful (i.e. fast growing)

100

1000

10 000

Native pool

0.20 0.50 0.70 0.90 0.99

Proportion of local replacement

0

100

200

N
u

m
b

er
 o

f 
in

d
iv

id
u

al
s 

o
f 

al
ie

n
 s

p
ec

ie
s

Figure 3 The effect of the size of the

proportion of local replacement and the

pool of native species on the number of

individuals of aliens. Number of time steps

before species from the alien pool are

allowed to establish ¼ 100; alien species

pool ¼ 500; number of individuals ¼ 500;

duration of invasion ¼ 100 steps; variation

coefficient of species population growth

rates ¼ 0.5. Bars indicate 1 SE.
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Figure 4 Relationship between the number of native species and

the number of aliens over different proportions of local

replacement (simulations with all values of this parameter are

lumped together). Number of time steps before species from

the alien pool are allowed to establish ¼ 100; alien species pool ¼
500; number of individuals ¼ 500; duration of invasion ¼ 100

steps; variation coefficient of species population growth rates ¼
0.5; local species pool ¼ 1000.
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species (see also Bell 2000). Field data do indicate that

invasibility may be related to evenness, although both

positive (Robinson et al. 1995) and negative (Smith et al.

2004) relationships have been reported. The null model

presented confirms that skew of the abundance distribution

and different invasibilities can be because of the same

underlying process (species sorting) and a relationship

between them is likely, in particular if invasibility is

measured by number of individuals (Fig. 5).

Fully neutral models generally predict scale-dependent

relationship between number of native and number of alien

species (Fridley et al. 2004; Herben et al. 2004). The

simulations here show that a completely different picture

emerges if variation in population growth rates is included

and species pool is examined instead of species richness. In

contrast to species richness, species pool is a manipulated

(i.e. independent) variable in the model, and can therefore

be used to establish a cause-and-effect relationship between

the number of species in the species pool and invasibility:

smaller species pools lead to communities that are more

invasible, and the relationship is not scale-dependent.

The model also makes predictions about the relationship

between numbers of native and exotic species. The

predicted relationship is negative for any specific parameter

combination (because of neutral effects of limited commu-

nity size, Herben et al. 2004); however, it becomes positive if

simulations with several values of one parameter are

combined, even if community size does not change. This

is because of the following mechanism. In the model, a

larger native species pool leads to lower native species

richness and higher dominance concentration as communi-

ties sampled from larger species pools are likely to contain

faster growing species (i.e. �stronger competitors� in the

model; Fig. 5). This produces a negative relationship

between native species pool size and native species richness.

At the same time, these faster growing species are more

likely to prevent invasions of random invaders, thus leading

to a negative relationship between native species pool size

and alien species richness; the result is a positive relationship

between native and alien local species richness (Fig. 4). This

may be seen as an example where differences in species

richness of both native and alien species are because of a

common mechanism that produces a positive correlation

between the two. In this case, the mechanism is sampling

from native species pools of different sizes, which produces

communities with different proportions of strong compet-

itors. It is unlikely that such a mechanism would directly act

in the field, as positive relationships between species pool

size and species richness are generally found (Zobel 1997).

On the other hand, the role of the sampling process and

species pool size is independent of the actual mechanism of

diversity maintenance (Moore et al. 2001) and may lead to

differences in invasion resistance under other diversity-

maintenance mechanisms as well. For example, in niche

based mechanisms of coexistence, if the species pool is

smaller, there is also a smaller probability of containing the

native species that occupies the same niche as the invader.

The distinction between local species richness and

species pool should be taken into consideration whenever

large differences in species pools across habitats are likely

to occur. This is typically the case for oceanic island/

continent or isolated/non-isolated island contrasts, but is

also likely to be relevant to many contrasts within the

mainland as well (see e.g. Ewald 2003). The size of species

pools may also be an important difference between oceanic

and terrestrial (habitat) islands; as migration is generally
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Figure 5 The effect of the size of the pool of native species on the

number of individuals of aliens. Number of time steps before

species from the alien pool are allowed to establish ¼ 100; alien

species pool ¼ 500; number of individuals ¼ 500; duration of

invasion ¼ 100 steps; variation coefficient of species population

growth rates ¼ 0.5; local replacement proportion ¼ 0.7.
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much easier between habitat islands, their species pools are

likely to be larger. This would explain why terrestrial

islands of any habitat type, in contrast to true oceanic

islands, are much less affected by invasions of alien species

(Lonsdale 1999). In the present model, the native species

pool of an island is treated as a fixed number. Over longer

time scales, the species pool of an island is a dynamic

entity and depends on long-term immigration patterns as

well (MacArthur & Wilson 1967). Species pool differences

may be thought of as reflecting the long-term immigration

rate to the island and may be safely assumed to be slow

enough to be able to be represented by a static variable

(native species pool), given the massive propagule input in

the past few centuries because of human activity (see e.g.

Gaston et al. 2003).

The model shows that if a smaller pool of native species

is the only difference between islands and continents,

sampling effect will suffice to explain the higher invasibility

of island biotas. If such a null model with no idiosyncratic

differences between species (except growth rates) is able to

explain differences in invasibility, it might serve as a baseline

with which further analyses could be compared.
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