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Abstract A key question in invasion biology is why

some regions have more alien species than others.

Here, we provide a general framework to answer this.

We model alien species richness as a function of the

number of species introduced (colonization pressure)

and the probability that each species establishes,

which is a function of propagule pressure (the number

of introduction events and the number of individuals

per event) and the probability that a founding

individual leaves a surviving lineage (lineage survival

probability). With this model we show that: (a) alien

species richness is most sensitive to variation in

colonization pressure; (b) heterogeneity in lineage

survival probability lowers the probability of popula-

tion establishment, implying alien richness should be

lower in more spatially or temporally variable envi-

ronments; (c) heterogeneity in lineage survival prob-

ability leads to higher alien richness when a given

propagule pressure is divided into more introduction

events, each involving fewer individuals; and (d) we

cannot quantify how specific components, such as

lineage survival probability, influence alien species

richness without data on other components and

knowledge of how these covary. Overall, the model

provides novel insights into the factors influencing

alien species richness, and shows why we expect

anthropogenic effects to be critical to this.

Keywords Colonization pressure � Establishment �
Founding population � Invasion � Lineage survival �
Propagule pressure

Introduction

One of the primary ways that humans are driving

global environmental change is by introducing species

to areas beyond their natural biogeographic ranges.

Such species—here termed aliens—are now a feature

of virtually every biological community worldwide
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(McGeoch et al. 2010). With the increasing volume

and globalisation of human trade and transport

networks, the numbers of successfully established, or

naturalised, alien species continues to grow at ever-

increasing rates (Seebens et al. 2017; Sikes et al.

2018). Central to understanding the problem of

invasive alien species is explaining why the richness

and composition of alien species varies so dramati-

cally in different parts of the world (Elton 1958). In

just a few centuries, the processes that underpin the

arrival, establishment and spread of alien species have

generated broad-scale patterns in alien species rich-

ness that both parallel and contrast with patterns in

native species richness (Case 1996; Sax et al. 2002;

Dyer et al. 2017). Yet, despite their potential for

revealing the processes driving invasions, document-

ing and understanding patterns in alien species rich-

ness remains a challenge.

On the one hand, the richness (and other features) of

alien assemblages is likely to be influenced by the

biotic and abiotic features of the recipient regions

(Shea and Chesson 2002) on the basis that alien

species may respond in the same way as native species

to geographic drivers known to structure assemblages

in predictable ways (e.g., higher species richness in

tropical relative to temperate regions). However,

natural ecological processes are not the only drivers

of community assembly in invasion biology—the

number and composition of alien species in different

regions is strongly influenced by human activities. In

particular, biological invasion is a multi-stage process:

a species must successfully pass through a series of

sequential stages to become an invasive alien species

(Blackburn et al. 2011). This sequential nature of the

invasion process, means that the characteristics of an

alien assemblage at any given stage depends on the

characteristics of the assemblage in previous stages,

along with those processes that act to determine which

species successfully transition between any two

stages. These filters include factors that depend on

human actions, such as decisions about which species

to transport purposefully to new regions, or the extent

of trade and transportation between regions that

entrains accidental introductions (Hulme 2009). Con-

sequently, to understand the characteristics of alien

assemblages, one has to understand the role of human

actions, particularly in determining which species

were transported and introduced to where. Since those

species that establish and become invasive are a subset

of those introduced (Williamson 1996; Blackburn

et al. 2011), this historical human context is likely to

leave a strong imprint on the composition (Williamson

1996; Cassey et al. 2004a; Diez et al. 2009) and

richness (Dyer et al. 2017) of alien species

assemblages.

While an increasing number of studies are using

geographic data to study how alien species richness

varies around the globe (Van Kleunen et al. 2015a, b;

Dawson et al. 2017; Dyer et al. 2017), most studies do

so in the absence of a clear conceptual framework to

guide interpretation. Analyses of alien species rich-

ness need to be set in the context of the invasion

pathway, specifically accounting for the number of

alien species introduced to an area (colonization

pressure; Lockwood et al. 2009). Here, we outline a

model that describes the processes that determine the

number of alien species successfully established in a

region, given knowledge of colonization pressure.

First, we derive an equation for alien species richness

in terms of colonization pressure and the probability

that each introduced species establishes a self-sus-

taining population, with this probability described in

terms of the number of introduction events, the

number of individuals in each event (which together

comprise propagule pressure; Lockwood et al. 2005)

and the likelihood a single individual will leave a

surviving lineage and hence found a population

(which we term ‘lineage survival probability’). Col-

onization pressure and propagule pressure depend on

human actions, while lineage survival probability

depends on how favourable the introduction location

is to the arriving species, which determines whether

individuals can survive and reproduce, and ultimately

establish a self-sustaining population. Second, we use

simulations to examine how variation in these param-

eters is expected to influence alien species richness.

Finally, we discuss the implications of our findings in

relation to the causes of variation in alien species

richness.

A general model for alien species richness

Lonsdale (1999) proposed that the richness (R) of alien

species in a region, R = p̂S; where S is the number of

species introduced (colonization pressure) and p̂ is the

proportion of introduced species that survive and

establish a self-sustaining population (note that we
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have altered Lonsdale’s original notation to avoid

confusion below). Rewriting Lonsdale’s (1999) equa-

tion in terms of the probability, Pi, that the ith

introduced species establishes:

R ¼
XS

i¼1

Pi ð1Þ

The probability, Pi, that an introduced species will

establish is well known to depend on propagule

pressure: the number of attempts to introduce a species

and the number of individuals associated with each

attempt (Lockwood et al. 2005; Hayes and Barry 2008;

Blackburn et al. 2009; Simberloff 2009; Duncan et al.

2014; Cassey et al. 2018). For the ith species, a model

for establishment probability as a function of propag-

ule pressure is:

Pi ¼ 1�
YIi

j

1� pij
� �Nij ð2Þ

where Ii is the number of introduction events for

species i (where an event is the introduction of some

number of individuals), Nij is the number of individ-

uals of species i introduced at event j, and pij is lineage

survival probability: the probability that an individual

of species i introduced at event j leaves a surviving

lineage and thus founds a population (Leung et al.

2004; Duncan et al. 2014). The total propagule

pressure for species i is the sum over Ii introduction

events of Nij individuals per event, or the product of Ii
and Nij, when Nij is constant across events. Combining

Eqs. 1 and 2 gives:

R ¼
XS

i

1�
YIi

j

1� pij
� �Nij

" #
ð3Þ

Equation 3 identifies three components underlying

variation in alien species richness. First, alien species

richness should be higher when colonization pressure

is greater. All else being equal, introducing more

species (higher S) should result in more species

establishing. Second, alien species richness should

be higher when average propagule pressure is greater

(the number of introduction events per species, Ii, and

the number of individuals introduced per event, Nij)

because more founding populations or greater found-

ing population size means a higher chance that at least

one founding population succeeds. Finally, alien

species richness should be higher when lineage

survival probability is higher (higher pij), which

implies that conditions at the introduction site (e.g.,

biotic and abiotic variables) are more suited to the

persistence (i.e., survival, growth, reproduction) of the

species, given its ecological, life history and other

demographic characteristics.

We expect two of the three components underlying

variation in alien species richness to be strongly

associated with human actions in the introduction

process: colonization pressure (S) and propagule

pressure (I and N; from now on we drop the subscripts

for convenience). For intentionally introduced species,

these components will be determined largely by

human behaviour, regarding which species to intro-

duce and how many individuals to transport and

release. For accidentally introduced species, these

components will be a feature of the pathways by which

introductions occur, which will determine the number

and type of species, and the number of individuals,

accidentally entrained and transported to new loca-

tions (Wilson et al. 2009). The third component,

lineage survival probability, p, reflects the interaction

between the traits of a species and features of the

environment to which it is introduced. Individuals

introduced to environments that are favourable for

population growth, and that are not subject to large

fluctuations in population size, due to demographic,

genetic or environmental stochasticity, are more likely

to leave surviving lineages and thus establish, than are

individuals introduced to less favourable environ-

ments (Dennis 2002; Lande et al. 2003; Schreiber and

Lloyd-Smith 2009). While it is sometimes possible to

obtain data on colonization pressure and propagule

pressure (e.g., from knowledge of the numbers and

types of species introduced to regions), it is much

more difficult to determine lineage survival probabil-

ity for species prior to introduction because it is hard to

determine how species will behave in a new environ-

ment, the composition of individuals (i.e., demo-

graphic, phenotypic, genotypic), and the precise

conditions they will face on arrival.

Nevertheless, we can identify key components that

will underlie differences in lineage survival probabil-

ity, which helps clarify some important invasion

concepts (Richardson and Pyšek 2006). Specifically,

p could vary predictably among species due to

differences in traits that increase or decrease lineage

survival probability, and hence establishment success,

in a range of environments (Kolar and Lodge 2001;
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Hayes and Barry 2008). This would result in some

species being classed as more invasive than others

because they possess traits that result in individuals

having a higher probability of leaving a surviving

lineage at a greater range of locations, increasing the

likelihood that founding populations will establish.

Similarly, p could vary predictably among locations

such that some locations are more likely than others to

be invaded by many species because those locations

have favourable environments where founding indi-

viduals of many species have a high chance of leaving

a surviving lineage (Stohlgren et al. 1997; Shea and

Chesson 2002). These definitions highlight that the

concepts of species invasiveness and location invasi-

bility reflect predictable differences among species

and locations in lineage survival probability, which is

the relevant measure of performance independent of

colonization and propagule pressures (Lonsdale 1999;

Duncan et al. 2003; Catford et al. 2012).

We expect p to vary depending on species and

location, and between introduction events of the same

species to the same location if conditions vary over

time (Norris et al. 2002). To explore how this

heterogeneity in p might influence alien richness, we

extend Eq. 3 to allow for variation in p among

introduction events. We can model heterogeneity in

p using a beta distribution, which constrains p to

values between 0 and 1, and provides a flexible

distribution able to capture plausible ways in which p

might vary, including bimodal distributions where

some species or events have high and others low

lineage survival probability. When heterogeneity in p

is modelled using a beta distribution, the equation for

expected alien richness becomes (see Duncan et al.

2014):

R ¼
XS

i

1�
YIi

j

B a;Nij þ b
� �

B a; bð Þ

" #
ð4Þ

where B is the beta function, and a and b are the

parameters of a beta distribution describing the distri-

bution of p values among introduction events. Across all

introduction events, individuals have ameanprobability

of leaving a surviving lineage, �p = a/(a ? b) with

variance rp = ab/[(a ? b)2(a ? b ? 1)]. While it

may be difficult to estimate lineage survival probabil-

ity for a given introduction event (Duncan 2016),

Eq. 4 provides a model that allows the influence of

variation in lineage survival probability on alien

species richness to be explored.

Sensitivity of alien richness to different drivers

Understanding how and why alien species richness

varies among locations or through time involves

understanding the contributions of the components

we have identified in driving richness patterns. As a

starting point, we therefore analysed the sensitivity of

alien species richness to variation in each of the three

components (colonization pressure, S, propagule

pressure, I and N, and lineage survival probability,

p). Given that there will be variation in lineage

survival probability among events, this term has two

components: a mean (�p) and variance (rp) (see above).
Using Eq. 4, we examined the sensitivity of alien

richness to varying four parameters in turn: S, I, N and

�p given four values for r2p (0, 1 9 10-4, 0.001 and

0.005), noting that when r2p = 0, Eq. 4 reduces to

Eq. 3.

The results of the sensitivity analysis are shown in

Fig. 1. All else being equal, greater heterogeneity in p

(i.e., higher r2p for the same �p) reduces the probability

of establishment overall, and thus results in lower

alien species richness R (compare Fig. 1a with no

heterogeneity to the other panels in Fig. 1). This is

because �p typically takes small values so that any

increase in heterogeneity resulting in some larger

p values leads to a skewed distribution with dispro-

portionally more small p values to offset this, lowering

the probability of establishment for most species.

Regardless of the value of r2p, a proportional change

in the number of introduction events I has the same

effect on species richness R, as the same proportional

change in the mean probability of lineage survival �p:

all else being equal, doubling I increases alien species

richness R by the same amount as doubling �p.

However, when there is heterogeneity in p (r2p [ 0),

R is less sensitive to changes in the number of

individuals per introduction attempt N than it is to

changes in I and �p, and becomes increasingly less

sensitive as r2p increases. This means that, when there

is variation in lineage survival probability among

events within species, alien species richness will be

greater if the total propagule pressure for each species

123

2668 R. P. Duncan et al.



(I 9 N) is divided into more introduction events

I involving fewer individuals per event N (Fig. 1b-

d). When there is no heterogeneity in p, it makes no

difference to alien species richness whether individ-

uals are introduced in one large event or several

smaller events (Fig. 1a). This sensitivity of outcomes

to variation in p may explain why different studies

have reached different conclusions regarding the

importance of I versus N in controlling establishment

success (Hopper and Roush 1993; Haccou and Iwasa

1996; Grevstad 1999; Haccou and Vatutin 2003;

Cassey et al. 2014).

Variation in alien species richness R was most

sensitive to variation in colonization pressure S. When

S is fixed and any of I, N or p increases, R cannot

exceed the limit at R = S, when every introduced

species succeeds in establishing. This constrains by

how much alien species richness can increase as we

increase I, N and p, and hence limits the sensitivity of

R to variation in these parameters. In contrast, alien

Fig. 1 Sensitivity analysis showing how alien species richness

changes with a proportional increase in the parameters of Eqs. 3

and 4: colonization pressure S, propagule pressure I and N, and

mean lineage survival probability �p. We specified initial values

of number of species introduced to a location S = 100, the

number of introduction events per species I = 10, the number of

individuals introduced per event N = 10, and lineage survival

probability �p = 0.005. With these parameters, Eq. 3 gives the

expected alien species richness R = 39. We then measured the

effect on R of increasing each parameter, in turn, by a proportion

ranging from 1 to 5 (i.e., increasing each parameter by up to 5

times the initial value), while keeping the other parameters fixed

at the initial values. Choosing different initial values results in

qualitatively the same outcomes. a is the sensitivity analysis

assuming no heterogeneity in lineage survival probability

(Eq. 3; r2p = 0), while b–d assume increasing levels of

heterogeneity in �p (Eq. 4 with r2p = 0.0001, 0.001 and 0.005,

respectively; with these values shown above each plot)
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species richness is more sensitive to altering colo-

nization pressure: doubling S increases R by a greater

proportion than doubling the other parameters because

alien species richness increases as a linear (rather than

asymptotic) function of the number of species intro-

duced. This implies that differences among locations

in alien species richness will be more sensitive to

varying colonization pressure than to varying propag-

ule pressure or lineage survival probability, if other

things stay constant. Other things, however, are

unlikely to remain constant: we consider next how

this might affect establishment outcomes.

Covariation between colonization pressure,

propagule pressure and lineage survival

In our sensitivity analysis we varied each parameter

while maintaining others constant at their initial

values. In reality, however, parameters are likely to

covary, potentially in predictable ways. For example,

with intentional introductions the environment at a

location may affect people’s choices about the number

and type of species to introduce, and the effort

expended in introducing different types of species,

causing propagule pressure to be positively correlated

with lineage survival probability. Horticulturalists, for

example, often select ornamental species on the basis

of how well matched these are to the local climate

(e.g., using hardiness zones), leading to well-matched

species (those likely to have higher p) being planted

more often and more extensively (higher I and N)

(Maurel et al. 2016). This may also mean that more

species are introduced to locations with relatively

benign climates compared to those with harsher

climates, such that S and p are positively correlated.

In addition to covariation, parameters could also

vary predictably through time. Globally, alien species

richness is often positively correlated with measures

of trade (Meyerson and Mooney 2007; Westphal et al.

2007; Hulme 2009; Sikes et al. 2018). This is

expected, because trade is a key conduit for accidental

introductions, with greater trade volumes leading to

more individuals being accidentally transported to

new locations (Wilson et al. 2009). Lockwood et al.

(2009) demonstrated that when individuals are ran-

domly sampled from a source community, with an

underlying log series abundance distribution, increas-

ing the number of individuals per sample increased

both colonization pressure and mean propagule pres-

sure, meaning S, I and N are positively correlated,

reinforcing the association between trade and alien

species richness (see Fig. 2). Here we use simulations

to extend these findings. We show that when few

individuals are sampled from the source community,

increasing the number of individuals leads to a faster

increase in colonization pressure than mean propagule

pressure (Fig. 2b). This suggests that increasing

numbers of new species arriving (greater colonization

pressure), rather than increasing propagule pressure,

drives the increase in alien species richness at low

trade volumes. At higher trade volumes, however,

colonization pressure will asymptote as samples

become large enough to include most species. As

trade volume increases beyond this point, propagule

pressure continues to increase as more individuals of

the same species are included in each sample. As a

consequence, rather than slowing as colonization

pressure asymptotes, alien species richness may

continue to increase steadily with increasing trade

volume due to propagule pressure taking over from

colonization pressure as the driver of establishment

(Fig. 2c). How the form of the relationship between

colonization and propagule pressure differs for other

realistic species-abundance distributions is unknown

but, regardless of the particular assumptions, S, I and

N are likely to covary in ways that alter the drivers of

alien species establishment as trade volumes vary in

time and/or space. Modelling the consequences of this

covariation for alien species richness is a clear avenue

for future work.

Other features of the introduction process could

further result in parameter covariation, or cause

parameters to change in predictable ways through

time. For intentional introductions, less interest in

pursuing later introductions once some alien species

have established may cause propagule pressure to

decline (I and N are negatively correlated with S). This

could explain declines in the annual rate at which

some species, particularly birds and mammals, have

established in many countries following earlier efforts

at acclimatisation (Duncan and Blackburn 2002;

Seebens et al. 2017), particularly once the negative

impacts of established species became apparent and

efforts shifted to preventing new introductions through

biosecurity measures (McDowall 1994). Nevertheless,

declining establishment rates through time could be

due to other processes. One possibility is that the pool

123

2670 R. P. Duncan et al.



of species available for introduction is being

exhausted (Levine and D’Antonio 2003), although

Fig. 2 shows that even when this occurs, establishment

rates can still rise when increasing trade volume

continues to increase propagule pressure. Recent

analysis further suggests that the pool of potential

alien species is increasing for most unintentionally

transported taxa due to widening trade connections

(Seebens et al. 2018). Another possibility invokes the

idea of saturation: as alien species accumulate in a

region it becomes increasingly difficult for new

species to establish, due to niche pre-emption, which

implies that p is negatively correlated with R indepen-

dent of variation in propagule pressure (Moulton and

Pimm 1983; Duncan 1997; Tilman 2004). Identifying

which components of alien species richness (colo-

nization pressure, propagule pressure or lineage sur-

vival probability) are driving variation in

establishment rates across time and space is clearly

challenging because it requires separating out the

effects of covarying components.

Fig. 2 Output from a simulation where different numbers of

individuals (10, 50, 100, 500, 1000, 2000, 3000, 4000, 5000,

10,000, 25,000, 50,000, 75,000 and 100,000 on the x-axis) were

each sampled 1000 times from a community with the species

abundance distribution in a (a Poisson-lognormal distribution

with 1000 species having (log) mean abundance = 0.5 and

standard deviation = 2). This community can be considered the

source pool of alien species from which the different numbers of

individuals were sampled; b shows the median number of

species per sample as a function of the total number of

individuals per sample, with the maximum value of 1000

species shown as a dotted line; c shows the median number of

individuals per species as a function of the total number of

individuals per sample; d shows median alien species richness

(calculated using Eq. 3 with p = 0.005) as a function of the total

number of individuals per sample
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Implications of the model for alien species richness

Lonsdale (1999) highlighted that the number of alien

species in a region is a function of both the number of

species introduced and the likelihood that a species

establishes a self-sustaining population. Establish-

ment probability is in turn a function of propagule

pressure, allowing us to extend Lonsdale’s model and

identify the three critical components underlying

variation in alien species richness: colonization pres-

sure, propagule pressure and lineage survival proba-

bility. Our model (Eqs. 3, 4) has at least two important

implications for the study of alien species richness.

First, as we indicated above, it is not possible to

quantify how specific components, such as lineage

survival probability, influence alien species richness

without quantifying the other components, particu-

larly colonization pressure (Williamson 1996; Lons-

dale 1999). Our sensitivity analysis (Fig. 1) implies

that variation in colonization pressure is most likely a

key component of variation in alien richness, with the

number of established species increasing as a linear

function of the number introduced, in contrast to other

parameters that vary asymptotically. The logic of this

difference is straightforward: for a given number of

introduced species, increasing the number of intro-

duced individuals per species (I and N) or the

likelihood that any one individual leaves a surviving

lineage (p) can increase establishment success, but can

only ever increase alien species richness up to the limit

set by colonization pressure (S). Introducing more

species increases this limit, and hence alien species

richness is more sensitive to changes in S than I, N and

p. The influence of propagule pressure on invasion

outcomes has already been argued to be a ‘null model

for biological invasions’ (Colautti et al. 2006; Cassey

et al. 2018), in the sense that it should be included in

any attempt to understand and model the invasion

process. We propose that colonization pressure should

also be considered a null model for biological

invasions. Nevertheless, like propagule pressure it is

often difficult to quantify colonization pressure: in

most regions we do not know how many alien species

have been introduced, but subsequently failed to

establish. Unfortunately this means that, in the

absence of data for S, it is very difficult to unravel

what underlies variation in alien species richness

because we are missing information on what is

probably the most important driver (Diez et al. 2009;

Garcı́a-Dı́az et al. 2015). It may be possible to use

proxies for S, such as trade volume, albeit advising

similar caution as for the use of proxies for propagule

pressure because of the potential for spurious corre-

lations (Pigot et al. 2018).

Second, our model shows how colonization pres-

sure, propagule pressure, and lineage survival proba-

bility combine to determine alien species richness

(Eqs. 3, 4), but we need to understand how these

components covary in real situations. Such covariation

could lead to reinforcement (e.g., a positive correla-

tion between propagule pressure and lineage survival

probability for intentionally introduced species), sub-

stitution (e.g., propagule pressure taking over from

colonization pressure as trade volume increases) or the

cancelling out (e.g., negative correlation between

lineage survival probability and colonization pressure

due to niche pre-emption) of effects. More generally,

our model provides a framework for understanding

how specific factors are likely to affect alien richness

through their combined influence on colonization

pressure, propagule pressure and lineage survival

probability. For example, we have argued that both

colonization and propagule pressure should be posi-

tively correlated with trade volume (Fig. 2) but that

alien richness should be more sensitive to changes in

colonization pressure. This implies that, for a given

trade volume, a country should be at greater risk of

alien invasion if it trades with a wide range of partners

(high colonization pressure through exposure to many

partners, but lower propagule pressure per partner)

than if trade is concentrated in fewer partners (higher

propagule pressure per partner but lower colonization

pressure), an outcome supported by simulation

(Fig. 3). More generally, by specifying how factors

such as trade interact with the different components of

alien species richness, and understanding the sensitiv-

ity of these different components (Fig. 1), we should

be able to identify the most important interactions

underlying variation in alien species richness, gener-

ating predictions that can be empirically tested.

Overall, anthropogenic effects are likely to be

strong determinants of alien species richness by

directly influencing colonization pressure and propag-

ule pressure, and by changing lineage survival prob-

ability to favour alien species through environmental

modification (e.g., land use or climate change). As we

have identified, differences among locations in their

inherent invasibility must result from differences in
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lineage survival probability, independent of variation

in colonization pressure or propagule pressure (Cat-

ford et al. 2012). Given that colonization and propag-

ule pressure can vary widely, locations would have to

show very strong and consistent differences in lineage

survival probability for this to be a major driver of

variation in alien species richness. A recent global

analysis of alien bird species richness supports this

finding, with variation in alien richness primarily

explained by variation in anthropogenic factors,

especially a strong positive effect of colonization

pressure, but with some variance explained by a

positive effect of native species richness at the

recipient location, which could reflect differences in

the suitability of locations for both native and alien

species persistence (Dyer et al. 2017).

Species traits could also predictably influence

lineage survival probability, but perhaps more impor-

tant are likely to be the relationships between traits and

propagule pressure and (indirectly) colonization pres-

sure (Maurel et al. 2016; Peoples and Goforth 2017).

In general, widespread, abundant species are more

likely to be introduced to new environments, while

large-bodied animal species are more likely to be

deliberately translocated (Blackburn and Duncan

2001; Jeschke and Strayer 2006; Tingley et al. 2010;

Blackburn et al. 2017). Globally, propagule pressure is

positively related to geographic range size, annual

fecundity, body mass and migratory tendency in birds

(Cassey et al. 2004b). The characteristics of species

entrained in the invasion pathway are therefore a

biased subset relative to the pool of all potential alien

species. Thus, the traditional view of the influence of

species’ traits on alien species richness—that these

affect lineage survival probability by influencing the

ability of species to survive and reproduce at new

localities—may be less important than the manner in

which traits affect how humans perceive and interact

with species, directly through deliberate trade or

indirectly through the likelihood of accidental translo-

cation (Chapple et al. 2012).

Equation 3 is a general model describing alien

richness given knowledge of the species introduced,

the number of introduction events and numbers of

individuals of each species introduced, and the

probability a founding individual in each event would

leave a surviving lineage. This generic model can

include a wide range of more specific processes that

can be modelled by specifying particular relationships

among the parameters (e.g., Fig. 3). For example,

according to MacArthur and Wilson’s (1963, 1967)

equilibrium theory of island biogeography, the rate at

which species arrive and establish on an island

declines as a function of the number of species already

present due to exhaustion of the mainland species pool

and competition with residents. Within our frame-

work, this could be modelled by specifying a negative

relationship between R and either S or p, or both.

Similarly, Allee effects, which can be important in the

dynamics of invading populations (Drake 2004; Tobin

et al. 2011), would imply that p becomes small

whenever N falls below a particular threshold. Nev-

ertheless, while Eq. 3 describes a generic and very

Fig. 3 Output from a simulation where different numbers of

individuals (10, 50, 100, 500, 1000, 2000, 3000, 4000, 5000,

10,000, 25,000, 50,000, 75,000 and 100,000 on the x-axis) were

sampled from either 1, 2, 5 or 10 different communities (the

different lines). The total number of individuals could represent

the number of aliens arriving in a country (a function of trade

volume), and each community the source pool of aliens from a

different trading partner. Each community is characterised by

the species abundance distribution shown in Fig. 2a (a Poisson-

lognormal distribution with 1000 species having (log) mean

abundance = 0.5 and standard deviation = 2). We modelled

arrival such that the total number of arriving individuals (x-axis)

was evenly distributed among the number of trading partners (1,

2, 5 or 10). Median alien species richness (calculated using

Eq. 3 with p = 0.005 from 1000 simulations) is higher when

there are more trading partners (and thus fewer arriving

individuals per partner), than when there are fewer partners

(and thus more arriving individuals per partner)
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flexible model, fitting the model to data on alien

species richness with the aim of quantifying the main

drivers of variation requires data on some of the key

components, particularly colonization and propagule

pressure. Data on lineage survival probability are

difficult to obtain, if not impossible, despite this being

the key parameter to assess differences in invasion risk

among species or locations. Consequently, studies

typically aim to estimate this parameter and how it

varies given data on the remaining components (Sol

et al. 2012). Equation 4 may assist with this because it

allows for generic modelling of variation via a

distribution, rather than having to estimate lineage

survival separately for each species or introduction

event (for examples, see Duncan et al. 2014; Duncan

2016). Additionally, lineage survival probability can

be modelled as a function of general environmental

(e.g. seasonality) or species (e.g. life-history) attri-

butes. Nevertheless, we emphasise that without data

on at least some components, particularly colonization

pressure, it is impossible to quantify the relative

importance of other components in driving variation in

alien species richness (Lonsdale 1999). This is partic-

ularly so where covariates, often used to explain

variation in alien species richness (including anthro-

pogenic factors such as trade volume), can influence

outcomes via several pathways.

Acknowledging heterogeneity in lineage survival

probability p (Eq. 4) also has important implications

for understanding variation in alien species richness.

First, heterogeneity in lineage survival probability

reduces overall establishment probability and lowers

alien species richness across the range of parameter

values we simulated (Fig. 1). Second, when there is

heterogeneity in lineage survival probability among

locations, increasing the number of introduction

events I has the same effect on alien species richness

as an equivalent proportional increase in lineage

survival probability, but alien species richness is less

sensitive to an equivalent proportional increase in the

number of individuals per introduction attempt

N (Fig. 1). This implies that when there is hetero-

geneity in lineage survival probability due, for exam-

ple, to spatial and/or temporal variation in the

suitability of locations for establishment, then estab-

lishment probability (and alien species richness) will

be higher when total propagule pressure for a species

is divided into more introductions of fewer individu-

als. This occurs because, with environmental

heterogeneity, it is better to try many locations, at

least one of which may be suitable for establishment

with even a few individuals, rather than risking all

individuals at one or a few locations that may turn out

to be unsuitable (see also Haccou and Iwasa 1996;

Grevstad 1999; Haccou and Vatutin 2003).

The above finding implies that if two regions have

the same mean lineage survival probability, then the

region with greater spatial and temporal heterogeneity

in lineage survival probability should have lower alien

species richness, suggesting that regions with low

environmental heterogeneity might be easier to

invade. This negative effect of environmental hetero-

geneity on alien establishment may appear surprising

given that environmental heterogeneity is generally

expected to promote diversity by stabilising coexis-

tence. An intriguing possibility is that the higher alien

species richness found on islands, relative to conti-

nental regions (Dawson et al. 2017), could then be a

consequence of lower environmental heterogeneity in

suitable habitats, due to their small size and oceanic

climate. If so, a further implication would be that,

relative to continental regions, introductions of alien

species to islands would be less sensitive to how total

propagule pressure was distributed across introduction

events. Conversely, many introductions of few indi-

viduals to continents should increase success, because

there are more places or times where introductions

would fail on continents, relative to islands, due to low

values of p. Other areas with low environmental

heterogeneity may include cities, especially in tem-

perate climates, where the urban heat island effect

reduces climatic variability, and where anthropogenic

food sources (e.g., rubbish dumps, bins, supplemental

feeding) may reduce periods of food scarcity. Alien

species are particularly prevalent in cities and on

islands (van Kleunen et al. 2015a, b; Dawson et al.

2017; Gaertner et al. 2017), although this could

equally be due to variation in colonization and

propagule pressure (Blackburn et al. 2008; Dawson

et al. 2017; Dyer et al. 2017).

In summary, we have outlined a generic model to

describe variation in alien species richness, highlight-

ing three critical components—colonization pressure,

propagule pressure and lineage survival probability—

that underlie this variation. Substantial research effort

in invasion biology has been devoted to understanding

the characteristics that make some locations more

invasible and some species more likely to become
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alien invaders. Indeed, these were the two key

questions posed by the influential SCOPE program

on alien species (Drake et al. 1989; Williamson 1996).

Our model highlights that location and species-level

traits are each components of lineage survival prob-

ability p, and that this combines with propagule and

colonization pressure to determine establishment

success and alien species richness (Fig. 3). While it

remains important to identify the traits that underlie

variation in lineage survival probability, it is clear that

as much effort, if not more, needs to be focussed on

understanding determinants of variation in coloniza-

tion pressure S and propagule pressure (N 9 I). Traits

that determine which species are introduced more

often and in larger numbers may matter more in

driving the distribution and richness of alien species

than traits that increase the likelihood that an individ-

ual will leave a surviving lineage in a novel environ-

ment. Our model further highlights the need to

understand how these components covary, and empha-

sises that it is impossible to infer the importance of one

component without some understanding of the others.

Given the importance of colonization pressure as a

driver of alien species richness, an extension of our

model would be to consider more thoroughly how

colonization pressure can vary, particularly in relation

to the pool of native species available as potential new

alien introductions, the characteristics of the native

pool (in terms of species abundances and exposure to

humans that might influence the likelihood species

will be picked up and transported to new locations),

and how anthropogenic factors such as trade influence

rates of species arrival (for a start on this, see Leung

et al. 2012). We suspect that much of the global

variation in alien species richness will be best

explained by these factors.
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