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Human-mediated species invasions are a significant

component of current global environmental change.

There is every indication that the rate at which locations

are accumulating non-native species is accelerating as

free trade and globalization advance. Thus, the need to

incorporate predictive models in the assessment of inva-

sion risk has become acute. However, finding elements

of the invasion process that provide consistent expla-

natory power has proved elusive. Here, we propose

propagule pressure as a key element to understanding

why some introduced populations fail to establish

whereas others succeed. In the process, we illustrate

how the study of propagule pressure can provide an

opportunity to tie together disparate research agendas

within invasion ecology.
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Introduction

Propagule pressure (also termed ‘introduction effort’ [1]) is
a composite measure of the number of individuals released
into a region to which they are not native [2]. It incor-
porates estimates of the absolute number of individuals
involved in any one release event (propagule size) and the
number of discrete release events (propagule number). As
the number of releases and/or the number of individuals
released increases, propagule pressure also increases. Here,
we concentrate on the role of propagule pressure in deter-
mining the establishment success or failure of non-native
populations (Figure 1). However, increasing propagule
pressure might be equally important in understanding
the rate of geographical spread of non-native populations
(e.g. [3]) (Box 1). Determining the role of propagule
pressure within these different invasion contexts should
lead to broader ecological and management insights into
invasive species biology.
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Figure 1. The multi-step process of non-native species invasion. For non-native

species to cause economic or ecological harm, they must first be transported out of

their native range and released within a novel locality, establish a self-sustaining

population in this new location, and expand their geographical range beyond the

point of initial establishment. Each of these successful transitions is represented by

a solid black arrow [3,10]. Propagule pressure will increase the likelihood of estab-

lishing a non-native population and of this population expanding its geographical

range (white arrows). Our primary aim is to consider evidence for the role of

propagule pressure in determining initial establishment success. In this context,

propagule pressure is a product of patterns in the transport vector(s) and modes of
Variation in invasion success

Propagule pressure is an ‘event-level’ characteristic [1,4]:
that is, it can differ for each introduced population. This
is in contrast to location- and species-level traits, which
are constant across repeated introductions (e.g. [5]). For
example, rainbow trout Oncorhynchus mykiss have been
purposefully introduced into Africa, Australia, New
Zealand, Europe and many other locations worldwide
[6]. We can explain the success of rainbow trout using its
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life history or ecological traits (e.g. dietary generalism),
which are species-level characters that do not differ across
the locations to which the rainbow trout was introduced or
across independent release events carried out in any one
location. Alternatively, we can explain the success of
rainbow trout using characteristics of each location into
which the trout were released and subsequently estab-
lished. A site will have a standard set of ecological and
environmental conditions that will not differ between
release events separated by some relatively small time-
frame. However, the number of individual rainbow trout
released during any one event will vary through time and
across locations. Thus, exploring the role of propagule
pressure on establishment success requires us to shift
the focus away from comparisons of the fate of different
species to comparisons of the fate of incipient non-native
populations [7]. The fact that some of these populations
experience long-lasting success whereas others do not has
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release and arrival. Thus, propagule pressure provides a crucial conceptual link

between the early and later invasion stages, and might also account for differences

between species in their invasion success rates across regions.

. doi:10.1016/j.tree.2005.02.004
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Box 1. Propagule pressure, establishment success and the

rate of geographical range expansion

There is considerable empirical and modeling evidence that, once a

non-native population has established, proximity to a source of

dispersing individuals will increase the likelihood that the invasive

species will expand its geographical range [3,52]. For example, the

distribution and percentage cover of three widespread invasive

plants in South Africa were predicted well by the distance of each

newly invaded location to the original invasion foci [3]. Sites close by

received many more seeds than did those further away because

the seeds were wind dispersed. Similarly, the distribution of zebra

mussels in the Great Lakes region of North America was well pre-

dicted by the proximity of each newly invaded lake to one that was

already infested as these lakes were more likely to have been visited

by infested small recreational boats [52].

The number of dispersing individuals is often termed ‘propagule

pressure’ in relation to the source of dispersing individuals;

however, the spatial scale and mechanisms determining propagule

pressure are distinct from those that we review here. In the above

examples, the invasive populations of zebra mussels and plant

species had already established self-sustaining populations in North

America and South Africa, respectively. The sites surrounding the

original invasion foci were likely to receive large numbers of colon-

izing individuals because of the spatial dynamics of local individual

dispersal movements, and because of the localized physical or social

forces constraining that movement (i.e. boat and wind traffic,

respectively). Establishment success reflects very large-scale move-

ments of non-native individuals that, by definition, achieve this

movement with the purposeful or inadvertent help of humans. The

social forces driving these large-scale movements reflect patterns in

global trade and economy. Propagule pressure in this context

reflects human preferences for particular non-native species, extent

of commercial trade between two (or more) countries, and the effort

that humans expended in importing and releasing large numbers of

non-native individuals.

Although our critics may claim that we are cutting this distinction

too finely, we suggest that the differences in how spatial scale and

‘dispersal’ mechanism correlate to propagule pressure are large

enough to consider the role of propagule pressure independently

within each invasion stage. We do recognize that the theory and

models used when explaining the role of propagule pressure in

geographical spread might be readily adapted for use in predicting

the role of propagule pressure in ensuring establishment success

(and vice versa), and we encourage such cross-fertilization of ideas.
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been one of the more frustrating elements of attempts
to find predictive features of the invasion process [8]. We
suggest that differences in propagule pressure between
releases of non-native individuals are a major component
of that variation in invasion success [9,10].

Two decades of modeling and field observation have
shown that small populations are more likely than larger
ones to become extinct [11]. Small populations succumb
more often to stochastic (e.g. environmental variation) or
inverse density-dependent (e.g. Allee) effects. When
population models include a spatial element, two further
principles emerge. First, declining populations can often
be sustained over the long term through constant
immigration (i.e. sources and sinks [12]). Second, popu-
lations are less likely to go extinct if individuals are spread
across space such that adverse conditions in one location
(a ‘subpopulation’) will not also negatively affect indivi-
duals in another [13]. From this theory, conservation
biologists argue for intervention on behalf of a declining
population before it passes a size below which extinction is
almost assured. It also implies that we should maintain as
www.sciencedirect.com
many subpopulations as possible, and ensure that indi-
viduals can successfully disperse between them.

The same arguments can be invoked in the context of
biological invasions, making it immediately clear why
propagule size and number are likely to be so relevant to
invasion success. Releases of large numbers of individuals
should enable the incipient exotic population to weather
the inevitable decreases in survival or reproduction
caused by the environment or demographic accidents.
The repeated release of individuals into one location
essentially functions as a source pool of immigrants, thus
sustaining an incipient population even if the initial
release was of insufficient size (or badly timed) to facilitate
long-term establishment. Large or consistent releases of
individuals into one location should enable the incipient
population to overcome behavioral limitations or other
problems associated with small population sizes. Propa-
gule pressure can also be positively related to the amount
of genetic variation in the introduced population, improv-
ing the chances that the population will be able to adapt
successfully to novel selection pressures in the recipient
location [14]. Finally, spatially disjunct releases help ensure
that at least some of the non-native individuals find a
location where environmental conditions are favorable for
establishment.

Given the focus of conservation biologists on problems
associated with declining and small populations, we might
expect these principles to have been fully explored within
the context of biological invasions. However, early workers
failed to recognize the importance of the relationship
between propagule pressure and invasion success,
especially as it relates to differences in non-native species
richness across locations [15]. One possible reason for this
failure is the limited amount of information readily
available about propagule pressure for historical inva-
sions. Although the probable importance of propagule
pressure is now recognized [10], the lack of information
about it is rarely mentioned as a hindrance to explaining
past patterns in invasion, or to our ability to predict future
invasions (but see [16]).

Nevertheless, those researchers that have been able to
locate such information consistently find that propagule
pressure explains significant variation in establishment
success (Table 1). Evidence from analyses of historical
introductions is matched in its consistency with experi-
mental analyses (Table 1). In addition, many of the studies
show that the influence of propagule pressure swamps the
effects of other postulated influences on establishment,
such as body size, native range size, or introduction
timing. It is unusual to find such a consistent result within
invasion ecology, and even more unusual to find one factor
that reliably explains large amounts of variation in the
outcome of biological invasions across taxa, locations and
modes of inquiry.

The idiosyncrasy of the invasion process

The importance of propagule pressure to establishment
success can also explain why the invasion process often
appears so idiosyncratic. In a recent exploration of the role
of propagule pressure in the establishment of non-native
bird populations, Cassey and colleagues [16] identify two
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Table 1. Published evidence for the positive effect of propagule pressure on non-native population establishmenta

Taxonomic groupb Geographical location Mode of inquiry (observation

or experimental)

Propagule pressure analyzed

(size or number)c
Refs

Waterstriders Finland Experimental Size [14]

Biocontrol insects Canada Observational Size and number [35]

USA Observational Size [36]

Chrysomelid beetles New York, USA Experimental Size [37]

Freshwater fishes California Observational Size [38]

Birds New Zealand Observational Size [39]

New Zealand Observational Size [40]

New Zealand Observational Size and number [41]

New Zealand Observational Size [42]

New Zealand Observational Size and number [43]

Australia Observational Number [44]

Australia Observational Size [45]

Worldwide Observational Size and number [16]

Galliform birds New Zealand Observational Size [46]

Game birds USA Observational Size [24]

Mammals Australia Observational Number [47]

Mice Maine Islands, USA Experimental Size [48]

Bank vole Stockholm Archipelago, Sweden Experimental Size [49]

Ungulates New Zealand Observational Size [50]

Birds and mammals, reintroductions Worldwide Observational Size [23]

Worldwide Observational Size [51]
aPublications listed are those that we could find that explicitly tested for a relationship between propagule pressure and establishment success. We did not include studies

that explored the relationship between propagule pressure and rate of geographical spread of invasive populations (Box 1).
bThe preponderance of bird studies reflects the greater availability of propagule pressure data for species in this taxon.
cSize, number of individuals released in any one event; number, the number of independent release events.
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reasons for this importance. First, this research showed
that most variation in propagule size was clustered among
release events [16]. Thus, a single species that has been
introduced to several islands or continents (e.g. the house
sparrow Passer domesticus) is likely to have been released
in widely varying propagule sizes or numbers across
those locations. It follows that the influence of forces such
as environmental stochasticity and Allee effects will
manifest at the event level on the invasion process,
making invasion outcomes at the species or location level
unpredictable. Because propagule pressure consistently
explains much about establishment outcome, we should
expect establishment success to appear idiosyncratic in
the absence of such information. Some researchers have
suggested that such ‘unexplainable’ differences in estab-
lishment outcome for one species introduced across
several locations is sufficient reason to doubt the utility
of predictive efforts [17,18].

Second, Cassey and colleagues found that propagule
size was also correlated to several species-level traits that
are commonly considered relevant predictors of establish-
ment success [16]. Thus, the inclusion of propagule size
within multivariate statistical models profoundly influ-
enced the conclusions drawn. When propagule size was
included, it and an increased propensity for dietary
generalism were the only variables independently associ-
ated with the establishment success of non-native birds.
However, when propagule size was excluded, greater
dietary generalism, larger native geographical range,
being introduced to an island rather than a mainland,
less tendency to migrate, and less difference between
donor and recipient latitudes were all independently
associated with greater establishment success. This set
of variables has been found to be important in several
analyses of historical bird introductions (reviewed in [4]),
and are commonly mentioned as traits that might provide
www.sciencedirect.com
some explanatory power for the invasion success of other
taxa [19]. That these variables are confounded with pro-
pagule size in this case raises considerable doubts about
their direct influence on establishment success. If these
results generalize, the commonly observed disparities
in the ability of species- and/or location-level traits to
account for variation in invasion success will, to a greater
or lesser degree, be due to their hidden relationship with
propagule pressure. Although such correlations could in
theory provide us with surrogates for propagule pressure,
we do not yet know the consistency of these relationships.
Nevertheless, the inconsistency of correlations between
introduction success and most variables other than pro-
pagule pressure suggests that their potential as surro-
gates would be poor.
Understanding the role of propagule pressure

The strength of the relationship between propagule
pressure and establishment success does not, however,
negate roles for location and species [20,21], although
it is the interaction of these factors with propagule
pressure that might be the more important element to
furthering our understanding of invasions. In that regard,
we highlight four research agendas that can promote
our understanding of the role of propagule pressure
within invasions beyond recognizing the importance of
large numbers.
Propagule size and number

First, we echo the call of Ruiz and Carlton [22] for more
nuanced analyses of the relationship between propagule
pressure and establishment success. These authors reframe
this relationship within a biophysical context and refer to
it as the ‘dose-response curve’, where dose is propagule
size or number and the response is establishment prob-
ability (Figure 2). In most of the research summarized
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Figure 2. The dose-response curve of biological invasions [20], where dose is

propagule pressure and the response is probability of establishment. Variability in

the shape of the curve is of considerable practical interest [20]. Exponential (green

dashed) or linear (green solid) responses suggest that there is a consistentmarginal

benefit to either releasing (e.g. biocontrol or conservation reintroductions), or

prohibiting the release (regulatory control of transportation vectors), of every

individual. A dose-response curve that contains thresholds (blue lines) suggests

that, beyond a certain propagule size, effort expended to prohibit or encourage the

release of more individuals is redundant.
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within Table 1, the authors were unable to (or did not)
portray propagule pressure or establishment probability
as continuous variables (but see [23,24]). Thus, we have a
poor idea as to the true shape of this relationship or to
factors that affect it (although see Figure 2).

In addition, we do not have a clear understanding of
the relative roles of number of individuals released versus
the number and spatial configuration of release events.
These measures of propagule pressure are likely to
have unique relationships with establishment probability.
Propagule size serves to overcome stochastic and inverse
density-dependent forces, whereas propagule number
serves to reduce the influence of negative forces that are
spatially structured (e.g. climate or biotic interactions).
Under what circumstances does one element of propagule
pressure become more important than the other? The
answer dictates how society might best regulate the flow
of goods such that the more crucial element to propagule
pressure (whatever that turns out to be) is reduced [22].
For example, Drake and Lodge [25] identified global hot-
spots of marine and estuarine invasion, constructed a
ship traffic transportation network model, and estimated
the future rate of invasion under three different manage-
ment scenarios. They concluded that reducing the
average probability of an individual ship causing an
invasion is more effective for reducing the rate of biotic
homogenization than is eliminating key ports that
were significant donor centers for the global spread of
invasive species.

Whether propagule number and size function in
either a synergistic or independent manner with respect
to one another also needs to be considered. The answer
to this question will determine the best approach to
modeling the role of propagule pressure in invasion
research, and will dictate the design of experimental
analyses that incorporate differences in propagule pres-
sure between treatments.
www.sciencedirect.com
Genetic variability and evolution

Second, we suggest that the relationship between propa-
gule pressure and genetic diversity deserves greater
attention than it has received, because it might be more
complex than is commonly appreciated. Typically, we
think of incipient non-native populations as having low
genetic variability. These few founding individuals con-
tain only a fraction of the total heterozygosity observed
in their native population, and the inter-mating of the
few founding individuals leads to substantial genetic drift
(e.g. [26]). Experience with the conservation of very small
populations gives us plenty of evidence that such low
levels of genetic variation will decrease the probability of
non-native population establishment [27]. We expect that
increased propagule pressure will serve to increase gene-
tic variability in the incipient non-native population, and
thereby increase the chances of establishment (e.g. [14]).

Recent work by Kolbe and colleagues [28] indicates
that, if propagules are coming from different native source
areas and that these native populations show spatial
genetic structure, genetic diversity can be increased over
that observed within any of the native populations. For
non-native populations of the lizard Anolis sagrei, this
increase resulted from the inter-mingling of distinct
native haplotypes within the non-native populations in
Florida [28]. Such infusions of novel genetic material
might provide the variation (genetic and phenotypic) for
the non-native population to establish successfully and
begin expanding its range after relatively long lag phases.
It might also provide unprecedented opportunities for
novel genetic recombination within the non-native popu-
lation, with the accompanying possibility of evolutionary
shifts in key life-history or morphological characters [28].

The prevalence with which increasing propagule pres-
sure serves to increase genetic variation over native
values is currently difficult to know because of the rela-
tively limited number of studies of the genetics of non-
native populations. It is possible that increased genetic
variation within the non-native range will boost the
probability of establishment well beyond what we would
expect if we were to discount problems of low genetic
variability, and might also account for variation in estab-
lishment success that propagule pressure fails to explain.
However, finding increased genetic variation in the non-
native population is dependent on a transportation vector
that effectively ‘samples’ from across the native range of
the species. Not all vectors will act in this manner, and not
all native populations are spatially structured such that
sampling would add novel genetic material. Finally, this is
also an example of how the study of propagule pressure
might tie together previously disparate research threads.
The increase in genetic variability that accompanies
increased propagule pressure should enhance establish-
ment success as well as the potential for the non-native to
expand its range and cause ecological harm.

Location and species-specific effects

Third, we suggest investigation of how the shape of the
dose-response curve varies depending on the condition of
the recipient location, the species (or group) under con-
sideration, or the nature of interactions between newly
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arriving species and those already established [19]. Several
authors have highlighted the role of disturbance in influenc-
ing establishment success. D’Antonio and colleagues [21]
suggest that any location can be invaded by non-native
individuals given the appropriate conditions (see also
[29]). The more disturbed the location (e.g. experiencing
physiological stress or resource flux), the lower the pro-
pagule pressure necessary to enable successful establish-
ment of the non-native population, and vice versa. Crawley
[30] suggested a similar role for life history, whereby some
species have traits that enable them to establish success-
fully even if released as small propagules, whereas others
would require substantial propagule pressure for successful
establishment. Certainly, although propagule size and
establishment success are correlated within bird families,
they are not correlated across families, suggesting that
different taxa respond differently to increases in numbers
released [16].

It is also possible that non-native populations that have
already established can influence the propagule pressure
that is necessary for later introductions of other non-
native species to succeed. Some non-native species have
large effects on resources or biotic interactions within
the native community. The presence of these non-native
species represents a form of disturbance and, just as with
physical disturbances, the presence of these species might
enable newly arriving non-natives to establish success-
fully with low propagule sizes or numbers [21]. A similar
effect could be realized through synergistic or mutualistic
interactions between existing non-natives and new non-
native arrivals [31]. These examples illustrate that the
influence of location- and species-level effects on establish-
ment will indirectly influence the relationship between
propagule pressure and establishment success. This will
often lead to seemingly odd results, whereby similar
numbers of individuals of the same species do not always
ensure success across locations (e.g. [16]).

Experimental investigations of the dose-response curve

Fourth, and following on from above, there is a clear need
for experimental investigations to address explicitly the
role of propagule pressure in explaining the probability of
establishment success. Because the dose-response curve
can vary substantially according to the physical and bio-
logical context of the introduction, retrospective analyses
are inherently limited and cannot provide causative con-
nections between propagule pressure and other relevant
factors. Currently, most experiments add species (usually
plants) to plots that differ in one or more elements that
are thought to be important for establishment success
(e.g. native species richness or disturbance level) and
follow the fate of these potential invaders through time
(e.g. [32,33]). However, almost without exception, the
number of individuals (seeds) ‘released’ is held constant
and the ‘release event’ (seed additions) occurs only once at
the beginning of the experiment. The results relating to
the influence of species- and location-specific effects on
propagule pressure suggest that the outcome of these
experiments would be quite different if propagule size,
propagule number, or both, are varied in a nested or
crossed design with other factors considered of importance.
www.sciencedirect.com
The results from such experiments should serve to deline-
ate clearly how the dose-response curve responds to vari-
ations in biophysical elements, number of native species
and intensity of competition, predation, or mutualism.
Conclusions

Elucidating the factors that determine introduction suc-
cess involves disentangling the influence of characteristics
of the species and environment, and the idiosyncrasies of
specific introduction events [4]. From the array of possi-
bilities available, propagule pressure is emerging as a
single consistent correlate of establishment success. Pro-
pagule pressure can explain not only why some introduc-
tions succeed when others fail, but also why introduction
success is so idiosyncratic. However, although propagule
pressure has good explanatory power, its predictive ability
is untested. Being able to explain which species have
already become biological invaders does not imply that
we can predict which species will be the new invaders [34].
An important step now is to assess whether propagule
pressure has the power to predict the future as well as it
explains the past.
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