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Abstract Understanding the causes of spatial vari-
ation in the distribution and richness of alien species is
a key goal of invasion biology. Thanks to the
increasing availability of geographical compendia of
alien species it is also the subject of a burgeoning
scientific literature. Here, we review elements of this
literature to argue that understanding the causes of
variation in alien species richness cannot be achieved
without knowledge of the number of species intro-
duced to an area—termed colonization pressure. The
implications of a lack of information on colonization
pressure are widespread and, we believe, poorly
recognised. We start by discussing a recent general
model for alien species richness that demonstrates
why colonization pressure is a fundamental
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determinant of this. We then explore the literature on
alien species richness, particularly on islands, to
demonstrate how failing to account for colonization
pressure affects our perception of richness drivers. We
further show that ignoring colonization pressure can
bias our understanding of patterns in the distributions
of alien species. We finish by discussing situations
when colonization pressure may be more or less
important for our understanding of alien invasions.
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Introduction

Alien species are a feature of almost every biological
community worldwide, and the increasing globalisa-
tion of human transport and trade networks means that
the number of successfully established (also termed
naturalised) aliens is growing at ever-increasing rates
(Seebens et al. 2017). However, some regions are
home to more alien species than others. From the
inception of invasion biology as a scientific discipline,
a key question has been what makes some areas more
likely to be invaded by alien species than others? This
question was a focus of Elton’s (1958) influential
monograph that addressed invasion mechanisms
(Blackburn et al. 2011a), while the second of the
three main questions posed by the Scientific Commit-
tee on Problems of the Environment (SCOPE; an arm
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of the International Council of Scientific Unions)
programme on the ecology of biological invasions
(Williamson et al. 1986; Drake et al. 1989) was:
“What site properties determine whether an ecological
system will resist or be prone to invasions?” Elton
(1958) focussed on how interspecific interactions
might limit invasions to locations, but the environment
may also influence invasion success through the
availability of resources and physical (physiological)
constraints (Shea and Chesson 2002).

One way in which the susceptibility of locations to
invasion may be studied is through quantifying
variation in alien species richness. Some areas have
many more alien species present than others, and
identifying the factors underlying this variation can
provide insight into the invasibility of different
locations. Consequently, an essential component of
studies on the invasion process is knowledge of which
alien species are present where, and this has driven
growth in the number of regional and global cata-
logues of the alien species present across a wide range
of locations and taxa. These catalogues represent a
rich resource for addressing a range of questions in
invasion biology, and are increasingly being combined
and mined for high profile studies on the patterns in,
and processes driving, alien species richness.

For example, van Kleunen et al. (2015) assembled a
database on the occurrences of 13,168 naturalized
alien plant species across 481 mainland and 362 island
regions worldwide, and mapped spatial patterns in the
distribution of alien plant richness. Dawson et al.
(2017) used these data and others to model established
alien species richness across eight taxonomic groups
(amphibians, ants, birds, freshwater fishes, mammals,
vascular plants, reptiles and spiders) for 423 mainland
and 186 island regions. They found that regions with
greater per capita gross domestic product (GDPpc),
human population density, and area have higher
established alien richness, and that these effects were
stronger on islands than in continental mainland
regions. Furthermore, island regions had higher alien
species richness than continental mainlands across
these different taxa, while island alien richness was
also positively related to mean annual temperature
(this relationship is negative on the mainland). The
elevated alien richness of islands has long been a focus
of invasion science (Elton 1958).

The richness (and other features) of alien species
assemblages across different areas may be related to
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the underlying biotic and abiotic features of those
areas, as would be expected if alien species followed
the same tenets of general population, community and
macroecological theory as do native species. How-
ever, alien and native species differ in key ways—
particularly as a consequence of human influence.
Species richness is ultimately a function of how rates
of speciation, extinction and dispersal (immigration,
and to a lesser extent emigration) interact in a given
area (Rosenzweig 1995). Human activities are affect-
ing all of these rates, but the key effect when
considering alien species richness is that on species
dispersal.

Biological invasions by alien species are the result
of a process whereby humans transport species to
areas beyond their natural biogeographic boundaries,
and then accidentally or deliberately introduce species
into the wild in these new areas. If these introduced
species survive and reproduce, they may establish
viable alien populations, which may in some cases
spread widely across the new landscape to become
invasive (Blackburn et al. 2011c). The fact that the
stages (transport, introduction, establishment and
spread) are sequential means that the characteristics
of the species exposed to any given stage depends on
the characteristics of species that successfully transi-
tioned the previous stage (i.e., only species that
successfully get introduced have the chance to estab-
lish) (Cassey et al. 2004). Therefore, to understand the
characteristics of established alien species and their
assemblages properly, one has to understand which
species were introduced, and to where. Since those
species that successfully establish alien populations
must be a subset of those introduced (Blackburn et al.
2011c), this human historical context is likely to leave
an imprint in the origins, characteristics, and taxo-
nomic composition of the species concerned.

In this paper, we explore one element of this
historical context, focussing on how the number of
species introduced to an area—termed colonization
pressure (Lonsdale 1999; Lockwood et al. 2009)—
impacts upon patterns in the richness and distribution
of alien species. First, we present a recent general
model for alien species richness in terms of coloniza-
tion pressure, to show that this relationship is funda-
mental to an understanding of biological invasions.
Second, we explore the literature on alien species
richness, focussing in particular on drivers of richness
on islands, to assess the extent to which failing to
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account for colonization pressure affects our percep-
tion of richness drivers. Third, we show how failing to
account for colonization pressure can bias our under-
standing of patterns in the distributions of alien
species. We provide examples of the impacts of
colonization pressure (or the lack thereof) primarily
from the bird literature, as this is where most
quantitative analyses of the effect reside. Finally, we
discuss situations when colonization pressure may be
more or less important as a driver of alien species
richness.

Colonization pressure and alien species richness

Consider three fictional islands, Atuan, Bensalem and
Caprona, home to established populations of one, five
and ten alien bird species, respectively. What factors
might underlie these differences in alien species
richness? One possibility is that the islands differ in
invasibility (Catford et al. 2012), such that an alien
species introduced to Caprona has a higher probability
of establishing in the wild relative to other islands, due
to variation in factors such as habitat diversity or
native species richness across islands. However,
before arguing that differences in invasibility underlie
variation in alien species richness, surely the first
question to ask is how many alien species were
introduced to each island? If the answer is that each
island had ten alien bird species introduced, one might
conclude that Caprona is the most, and Atuan the least,
invasible island, given alien species establishment
probabilities of 1 and 0.1 respectively. Conversely, if
one, five and ten alien bird species, respectively, were
introduced to the islands, one might conclude that the
islands were equally invasible, given the same estab-
lishment probability (one) across all islands (or
alternatively, that there is not yet enough information
to judge definitively on the question of invasibility,
because of the small sample sizes). Either way, it is
clear that the number of species introduced to a
location—colonization pressure—is a critical piece of
information needed to infer the invasibility of loca-
tions from species richness data (Lockwood et al.
2009). Indeed, one could define invasibility as R/S,
where R equals alien species richness, and S equals
colonization pressure.

How alien species richness depends on coloniza-
tion pressure has been expressed mathematically in

different ways (note that we have altered the notation
used in previous studies for consistency throughout
this review). Dyer et al. (2017) described alien
species richness at a location as a function of
colonization pressure, the number of species that
failed to establish, F, and the number of alien species
that spread into a location from established popula-
tions elsewhere, J:

R=S-F+J (1)

Typically, we would expect J to be small, because
most alien range sizes are small relative to native
range sizes—for birds, for example, mean alien range
size is c. 10,500 km?> (Dyer et al. 2016), versus c.
870,000 km? for native ranges (Orme et al. 2006)—
and introduction locations are relatively far apart. R
for most areas of interest (e.g. islands, countries,
administrative regions) is then primarily a function of
how many alien species were introduced, being less
influenced by the relatively small number of alien
species likely to have spread without human interven-
tion from elsewhere. Indeed, Lonsdale (1999) had
earlier disregarded unassisted immigration and pro-
posed that:

R =pS (2)

where p is the proportion of species introduced to a
location that establish. Either way, these equations
make it clear that variation in S is integral to
understanding variation in R. Indeed, if one were
performing a manipulative experiment on the invasi-
bility of different habitats, for example, but did not
know how many species were being introduced to
each plot, we would not expect that study to be
publishable.

Recently, Duncan et al. (2019) extended Lonsdale’s
(1999) model by incorporating the fact that a key
determinant of whether an introduced species estab-
lishes is the number of individuals introduced, or
propagule pressure (Lockwood et al. 2005; Colautti
et al. 2006; Hayes and Barry 2008; Blackburn et al.
2009; Simberloff 2009; Cassey et al. 2018), along with
the probability that an individual leaves a surviving
lineage, and thus establishes a population (termed
lineage survival probability). Propagule pressure has
two components: the number of separate releases of
individuals, I (propagule number), and the number of
individuals per release, N (propagule size), with total
propagule pressure being the sum of the N individuals
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over the I releases. For species i, the probability that it
establishes following introduction is:

Pi=1-J[(1—py)"™ (3)

where I; is the number of separate releases or
introduction events for species i, Nj; is the number of
individuals of species i introduced at event j, and p, is
the lineage survival probability for species i at event j.
Equation 2 (Lonsdale 1999) can be rewritten in terms

of P; (R == Pi) and then combined with Eq. 3, to
give:

I;

S
R:Z =T =py)™ (4)

J

From Eq. 4, it is evident that alien species richness
is a positive function of three key factors: (1) it will be
higher if we introduce more species (greater S); (2) it
will be higher if, on average, we introduce more
individuals per species (the combination of 7 and N for
each species); and (3) it will be higher when lineage
survival probability is higher (higher p), or in other
words, when conditions at the introduction site are
more suited to the persistence of the species.

Duncan et al. (2019) did a simple sensitivity
analysis of the model in Eq. 4 (Fig. 1) that highlighted
three key outcomes. First, alien species richness is
most sensitive to variation in colonization pressure: a
proportional increase in the number of species intro-
duced had a greater impact on alien species richness
than proportional increases in any other parameters, all
else being equal. The logic of this is straightforward.
Increases in propagule pressure and/or lineage sur-
vival potential will lead to higher alien species
richness by increasing the likelihood that an intro-
duced species will establish a viable population, but
can only increase alien species richness up to a limit
imposed by the total number of species introduced. In
contrast, alien species richness is a linear, rather than
an asymptotic, function of colonization pressure, as
doubling S doubles the potential R, all else being equal
(Fig. 1). Second, when there was variation in lineage
survival probability, p, alien species richness was
higher when the founding population was distributed
across more separate release events. This is because
introducing all individuals in one go can lead to
establishment failure if the introduction strikes a
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location that is environmentally unsuitable for the
species (i.e., a location where p is low). More releases
spread that risk in a heterogeneous environment.
Third, all else being equal, alien species richness
decreases as heterogeneity in lineage survival
increases (c.f. Fig. la, d), due to a greater proportion
of very unsuitable environments. One implication of
this is that areas with lower spatial or temporal
variation in lineage survival probability (i.e., more
environmentally homogenous regions) are predicted
to be more invasible, and thus to have higher alien
species richness for a given colonization and propag-
ule pressure.

The model presented in Eq. 4, and the associated
sensitivity analysis (Duncan et al. 2019), suggests that
alien species richness is likely to be strongly affected
by human influences in the invasion process. The
numbers of species and individuals introduced to
locations, and how those individuals are partitioned
among introduction events, are all a direct or indirect
consequence of human activities and associated
introduction pathways and vectors (Hulme 2009).
While species-level and location-level characteristics
that affect lineage survival probability can (and do)
influence patterns of establishment, these effects need
to be particularly strong to substantially alter patterns
of alien species richness given the importance of
propagule pressure and, especially, colonization pres-
sure effects.

Alien species richness on islands

Islands have long been a focus for scientists attempt-
ing to understand determinants of variation in species
richness (well reviewed by Whittaker and Fernandez-
Palacios 2006), and the natural experiment that alien
species introductions constitute has been keenly
embraced as one line of enquiry into diversity
processes. A significant strand in this investigation is
the observation that alien species seem to do partic-
ularly well on islands. One of the first to recognise this
was Elton (1958, p. 147), who wrote that “the natural
habitats on small islands seem to be much more
vulnerable to invading species than those on the
continents. This is especially so on oceanic islands,
which have rather few indigenous species.” Elton not
only identified the pattern, but also what seemed to
him to be the most likely mechanism: a lack of biotic
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Fig. 1 Sensitivity analysis showing how alien species richness
changes with proportional increases in colonization pressure S,
propagule pressure / and N, and lineage survival probability p,
according to the model in Eq. 4 (from Duncan et al. 2019). Initial
values were specified as S =100, /=10, N=10, and
P =0.005, and then increased by up to a factor of 5 while
keeping the other parameters fixed at the initial values. A
assumes no heterogeneity in lineage survival probability, while

resistance on islands. He devoted a whole chapter to
examples of invasions to remote islands, including
Hawai’i, New Zealand, Easter (Rapa Nui) and the
Tristan da Cunha group, comparing the alien and
native richness of various taxonomic groups. He also
devoted a whole chapter to examples of invasions to
continents, although with no obvious comparisons of
continental versus island alien richness.

There is little evidence that alien species richness is
absolutely higher on islands than on continents, and
what there is comes from a couple of restricted studies
of alien birds. Newsome and Noble (1986) listed fewer
alien bird species on continental Australia (including
Tasmania) than on small islands offshore from the

B-D assume increasing levels of heterogeneity in p (equation
a,z, = 0.0001, 0.001 and 0.005, respectively, based on Eq. 4 in

Duncan et al. 2019), to model the fact that conditions at the
introduction site would be expected to vary depending on the
identity of the species and location, and between introduction
events of the same species to the same location if conditions
varied over time

continent, while Sol (2000) noted the same in com-
parisons of Australia and New Zealand, and continen-
tal USA versus the Hawaiian Islands. The maps in
Dyer et al. (2017) suggest that this might be a global
phenomenon in birds, as alien bird richness hotspots
seem to be predominantly on islands, but they provide
no specific analysis of the question.

There is more evidence that alien species richness is
relatively higher on islands than on continents, once
the confounding effect of land area is controlled for.
For example, Dawson et al. (2017) found that alien
species richness across eight taxonomic groups
(plants, spiders, ants, fishes, amphibians, reptiles,
birds and mammals) was higher, on average, on
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islands than on continental mainlands, controlling for
area. Unfortunately, they did not have sufficient data
for most groups to test the effects of island versus
mainland location on richness for each taxon sepa-
rately. Given that most of the species in their analysis
are plants, it is difficult to know the extent to which
they drive the overall relationship. Certainly, islands
tend to have more naturalised alien plant species than
similar sized continental regions (Lonsdale 1999; van
Kleunen et al. 2015), and the same seems likely to be
true for birds (Dyer et al. 2017). In addition to area and
whether or not the location was an island, significant
predictors of alien species richness in Dawson et al.’s
(2017) analysis included per capita Gross Domestic
Product, human population density, mean annual
precipitation, and a metric of how well an area had
been studied (sampling effort). Lonsdale’s (1999) best
model included additional effects of native species
richness and whether or not the location was a nature
reserve.

For native species, richness is generally higher on
continents than on islands for a given land area, but
increases more rapidly with area, such that island and
continental species—area relationships (SARs) are
related as shown in Fig. 2 (from Rosenzweig 1995).
Current evidence suggests a different pattern for
aliens. Comparisons between different islands show
that alien species richness tends to increase with island
area, in a manner similar to native species richness.
Baiser and Li (2018) reviewed studies of alien SARs
that reported data on both alien and native species
richness across sites. Those studies showed that the
slopes of SARs were almost always positive, were
steeper on islands than on segments of continents, and
did not differ depending on whether the species were
alien or native. These data suggest that islands
accumulate alien species with area at the same rate
as natives, but that continental regions accumulate
aliens more slowly. The intercepts of alien species—
area relationships were almost always lower than
those for natives on the same islands, though, but did
not differ across islands and mainlands. This further
suggests that island and continental SARs are related
for aliens as shown in Fig. 2, and thus differ in general
form from native species. On average, islands tend to
house fewer alien species than natives (though there
are examples of the converse situation; e.g. Sax et al.
2002), such that their SARs generally lie below those
of natives, also depicted in Fig. 2.
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Fig. 2 A conceptual depiction of the general relationships
between species and area for native and alien species. Species
richness increases with area as a general rule, but the exact form
of the increase (i.e., slope and intercept) varies depending on
whether we are comparing different-sized areas on continental
mainlands, different-sized islands around those mainlands, or
different-sized biogeographic provinces (the interprovincial
species—area relationship). The blue dots represent the total
area and native species richness of three different provinces; the
other lines represent the species—area relationships for natives
and aliens on the mainland and islands making up this province,
based on relationships found by Baiser and Li (2018). Based on
an original figure in Rosenzweig (1995)

Islands tend to house more alien plants, ants,
reptiles and mammals if they are more isolated from a
continental mainland, albeit that there is no species-
isolation relationship (positive or negative) for alien
birds (Moser et al. 2018; c.f. Chown et al. 1998;
Blackburn et al. 2008, 2016). This is the reverse of the
pattern for native species, for which richness declines
with isolation (MacArthur and Wilson 1967). The
pattern for aliens has been argued to reflect a lack of
biotic resistance on more isolated islands, due to their
lower native species richness, and the greater naiveté
to novel species interactions (e.g. competition, preda-
tion) amongst the native species that are present
(Moser et al. 2018). However, studies of alien species
richness often find positive relationships with native
species richness, such that “the rich get richer”
(Lonsdale 1999; Stohlgren et al. 2003; Dyer et al.
2017; Tomasetto et al. 2019), including studies of
island alien richness that factor in area and isolation
(Blackburn et al. 2016). Accounting for area, alien
species richness has also been shown to be higher on
warmer islands (Chown et al. 1998; Blackburn et al.
2016; Roura-Pascual et al. 2016), and islands with
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larger human populations (Blackburn et al. 2016;
Roura-Pascual et al. 2016).

Studies exploring the determinants of alien species
richness are accumulating rapidly—more than half of
the papers on alien species—area relationships anal-
ysed by Baiser and Li (2018) were published in the last
decade—and as just described, some interesting
patterns are emerging. Unfortunately, our understand-
ing of the drivers of those patterns is potentially
compromised. The reason is, that to date, few studies
of alien richness have accounted for the effect of
colonization pressure. Yet, as we noted above, theory
suggests that this is likely to be the key determinant of
observed variation. Analyses that incorporate colo-
nization pressure seem to confirm that.

To illustrate how colonization pressure modifies
our understanding of variation in alien species rich-
ness, we analysed alien bird species richness across 35
islands/archipelagoes worldwide, using data on island
area, isolation, and human population size, alien and
native species richness, and colonization pressure
from Blackburn et al. (2008). We used general linear
modelling to produce a full model of alien bird species
richness in terms of all these variables, and then used
backward selection to derive the best fit reduced model
by removing variables that did not explain significant
variation in alien richness. We then repeated the
analysis but excluding colonization pressure (all
variables were logarithmically transformed). Alien
bird richness increases with area (univariate analysis:
coefficient + standard error = 0.18 £ 0.07,
P =0.02), but in the absence of information on
colonization pressure, the best multivariate model
for alien richness is in terms of human population size
and island isolation (Table 1). These two variables
explain 65% of the variation in alien species richness.
With colonization pressure data included, the best
multivariate model for alien richness additionally
includes colonization pressure and island area (albeit
as a negative effect), while the coefficients for
isolation and human population size both decrease
markedly (Table 1). This model explains 93% of the
variation in alien species richness, with colonization
pressure alone explaining 89% (Blackburn et al.
2008). In comparison, human population size alone
explains 28%.

The explanatory power of colonization pressure is not
limited just to islands. Chiron et al. (2009) showed that
colonization pressure is the most important correlate of

Table 1 Minimum adequate models for variation in alien bird
species richness across islands worldwide, with colonisation
pressure either excluded or included in the analysis

Parameter Estimate SE t

Excluding colonization pressure

Intercept —2.24 0.41 — 5.42%%%
Island isolation 0.70 0.12 5.83%%%
Human population size 0.19 0.03 6.14%#%
Including colonization pressure

Intercept - 0.72 0.23 — 3.02%*
Colonization pressure 0.77 0.07 10.817%%*
Island area — 0.07 0.03 —2.17%
Island isolation 0.17 0.07 2.25%
Human population size 0.09 0.02 3.66%**

All variables were logjo transformed for analysis; more
information on them can be found in Blackburn et al. (2008).
N = 35 islands

SE standard error
*P < 0.05; **P < 0.01; ***P < 0.001

alien bird species richness across Europe. This is also true
worldwide, where the most likely final model for
variation in alien bird species richness included one
biotic variable—native bird species richness—and three
anthropogenic variables—residence time (the time since
the first bird introduction to an area), distance from a
historic port, and colonization pressure (Dyer et al. 2017).
Colonization pressure was by far the strongest determi-
nant of alien species richness. Dyer et al. (2017) also
repeated their analysis without colonization pressure to
show that ignorance of this effect leads to different
conclusions about the drivers of alien richness. Notably,
the effect of native species richness was dropped from the
best model, and replaced by annual precipitation: one
would conclude in this case that the abiotic environment
was a more important driver of alien bird richness than
the biotic environment. However, there is no evidence for
direct abiotic effects when colonization pressure is
included.

The overwhelming effect of colonization pressure
on alien bird species richness, both across a sample of
oceanic islands and globally, poses a major problem
for any study examining the causes of variation in
alien richness without this variable. Without colo-
nization pressure data, the primary driver of alien
species richness is likely to be missing from the
analysis. Consequently, variables that covary with

@ Springer



1228

T. M. Blackburn et al.

colonization pressure are likely to be identified as
important, clouding interpretation because these vari-
ables may only be indirectly associated with variation
in alien richness, through correlations with coloniza-
tion pressure, rather than being direct drivers. At
present, studies lacking data on colonization pressure
usually try to interpret outcomes in terms of both direct
drivers of alien species richness and likely proxies of
colonization pressure (e.g. Moser et al. 2018). This is
problematic, however, because we have little under-
standing of what determines colonization pressure.
Variables associated with trade, such as transport
volumes, GDP, or human population size, are likely
candidates. The best model for alien bird colonization
pressure across the 35 islands includes human popu-
lation size (0.18 & 0.03, P < 0.0001) and isolation
(0.71 £ 0.14, P < 0.0001) and explains 56% of the
variation, but this dataset does not include information
on trade. Without information on colonization pres-
sure, whether Atuan, Bensalem or Caprona have
different alien species richness purely because of
colonization pressure, or because the islands are more
or less invasible, will remain entirely unclear.

Colonization pressure and alien species
distributions

If colonization pressure is a key determinant of
variation in alien species richness, it follows that it
should also affect variation in alien species distribu-
tions (i.e., the number of sites or regions occupied by
each alien species). Distribution and richness are not
independent, as can be understood by considering a
matrix of species occurrences by site. Figure 3
presents an idealized depiction of the distribution of
twelve alien species (A-L) across twelve sites (1-12).
The number of species occupying a site equates to its
species richness, while the locations occupied by a
species equates to its distribution (Ryti and Gilpin
1987; Gaston and Blackburn 2000); species richness
and the extent of a species’ distribution are simply the
row and column sums of the species x site occupancy
matrix. Thus, the distribution of alien species across
novel locations is a function of where the species were
introduced, and alien species richness is a function of
the number of species introduced at each location.
Furthermore, how each species is distributed across
these sites determines patterns in richness and
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Fig. 3 An illustration of the interdependence of the richness
and distribution of species, for twelve alien species (A-L)
distributed across twelve sampling sites (1-12). Richness is the
sum, for each site, of the species present, while distribution is the
sum, for each species, of the sites occupied. Most alien species
have small alien geographic ranges, meaning that in general,
locations where species are present will broadly reflect locations
where they have been introduced

distribution: in Fig. 3, species richness seems to
increase from left to right. Once we accept that where
species have been introduced is a strong determinant
of variation in alien richness, we must also accept that
where species have been introduced is a strong
determinant of variation in alien species distributions.

There are few analyses that explore patterns in alien
species distributions in the context of colonization
pressure (Maclsaac and Johansson 2017), but those
that we know best (i.e., alien birds) show that where
species are introduced is key to our understanding of
variation. For example, global data show that the
geographic range sizes (measured as mean total
latitudinal extents) of established alien bird species
tend to increase with latitude, consistent with Rapo-
port’s rule (Dyer 2016). However, rather than aliens
recapitulating a pattern observed in native species,
their variation in range size is largely a consequence of
where species have been introduced. Species occupy a
larger latitudinal range as aliens if they have been
introduced to a larger range of latitudes. There are also
strong positive correlations between the midpoints,
upper latitudinal limits, and lower latitudinal limits, of
the established and introduced ranges (r > 0.75 in all
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cases). Thus, the size and location of alien bird ranges
is strongly linked to where those birds were introduced
(Dyer 2016). Where species were introduced was also
the strongest predictor of alien bird range size
(measured as km?) in an analysis that also included
data on native range size, global climatic niche extent,
residence time and ecological generalism (Dyer et al.
2016).

Where species are introduced also influences spa-
tial variation in the traits of established alien bird
species. Thus, Blackburn et al. (2019b) showed that
the body masses of alien bird species established at
higher latitudes are larger, on average, than the masses
of species established at lower latitudes. This recapit-
ulates the pattern, known as Bergmann’s Rule, shown
by native bird species (Olson et al. 2009). Once again,
however, the pattern for established alien birds is
largely a consequence of where alien species were
introduced: we now find larger-bodied, on average,
bird species at higher latitudes because the species
introduced there were larger-bodied, on average.
Differential failure of introduced populations of
different body masses modifies these patterns to a
degree, but does not erase them (Blackburn et al.
2019b).

These studies on alien bird species raise the
significant question of what we can say about the
spatial patterns expressed by alien species without
information on which species were introduced where?
It is already well-established that determinants of
establishment success cannot be understood except in
the context of colonization pressure, as analyses need
to distinguish between the features of introductions
that succeed and those that fail, and this is impossible
without data on the failures (Cassey et al. 2004; Diez
et al. 2009; van Kleunen et al. 2010). It is now clear
that variation in both alien species richness and
geographic distribution (range size and location) is
also strongly determined by this, and that lacking
colonization pressure data, analyses are likely to come
to misleading conclusions. This has significant impli-
cations for some of the classic hypotheses in invasion
biology proposed to explain the richness and distribu-
tion of alien species, including the biotic resistance
hypothesis, Darwin’s naturalisation hypothesis, and
enemy release. How the processes underpinning these
classic hypotheses affect alien establishment success
cannot be assessed without knowledge of the popula-
tions that failed. The island biogeography of alien

species also needs to be re-considered in this light. In
fact, as the analysis of Bergmann’s Rule in alien birds
shows, spatial variation in any feature of established
species is likely to be heavily influenced by which
species are introduced where. This will not just be true
for birds, given that we know that introduced species
are a non-random selection of other taxa as well (e.g.
Tingley et al. 2010; Capellini et al. 2015; Allen et al.
2017; Blackburn et al. 2017; Pysek et al. 2017). Alien
macroecology is unlikely to provide many insights
into species responses to the environment without this
information. The implications of a lack of information
on colonization pressure are widespread and, we
believe, poorly recognised.

When is colonization pressure not important?

So far, we have made the case that data on colonization
pressure are key to addressing some important ques-
tions in invasion biology. However, comprehensive
data on colonization pressure are rare, and it is
reasonable to ask if there are questions we can answer
correctly in the absence of such data. We consider two
situations: first, where data on colonization pressure
would assist but is not essential to obtaining the correct
answer, and second, where we do not need coloniza-
tion pressure data to answer the question correctly.

As an example of the first situation, we return to the
question of alien species richness. As noted above, we
generally require colonization pressure data to under-
stand the drivers of variation in richness, in part
because colonization pressure sets a ceiling on rich-
ness. That ceiling is hard in closed systems, such as
many oceanic islands, where aliens only arrive
through introduction, and not through spread from
other areas. In such cases, the relationship between
species richness, R, and colonization pressure can be
expressed as a relationship between R and R + F (the
number of established aliens, R, plus the number that
were introduced but failed, F) Relationships of this
form, which can be generalised as between Y and
X + Y, are termed “spurious” (Prairie and Bird 1989;
Brett 2004). The null expectation for a spurious
relationship is positive, rather than zero, meaning we
expect alien species richness a priori to be a positive
function of colonization pressure.

However, spurious relationships of this form can
vary in strength depending on the relative magnitudes
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of X and Y, with the correlation being smaller when
Y is much smaller than X. Brett (2004) used simula-
tions to show that X 4 Y explains around 50% of the
variation in Y (r & 0.7) when X and Y are equal,
falling to around 5% (r ~ 0.22) when ¥/X = 0.2. The
absolute magnitudes of X and Y made little difference
to these effects. For studies of alien species, this means
that alien species richness will be strongly determined
by colonization pressure when a relatively high
proportion of introductions succeed (Y > X), but will
tend to be more weakly correlated with colonization
pressure if most introductions fail (¥ < X) (Blackburn
et al. 2019a). Data for alien island birds suggest that
the numbers of successful and failed introductions are
about equal overall (Blackburn et al. 2008), and so we
would expect colonization pressure to be a strong
determinant of alien species richness in this example.
This may not always be the case: Jeschke and Strayer
(2005) showed that establishment success rates can be
highly variable, both between and within taxa. When
most introductions fail, colonization pressure will be
more weakly correlated and explain less variation in
richness. Nevertheless, even with an 80% failure rate,
colonization pressure would be expected to explain
5% of the variance in alien species richness, which still
makes it a reasonably strong predictor of variation in
the context of the effect sizes commonly reported for
ecological variables (Mgller and Jennions 2002).

The ceiling that colonization pressure sets on
richness will be more permeable in open systems,
where alien species can arrive by dispersal from
previously established populations, as well as by direct
introduction. In such cases, the equation for richness
becomes R =S — F + J, where J is the number of
alien species that colonize ‘naturally’ through spread.
This may have the effect of reducing the relative
contribution of S to the elements right of the equality,
depending on the magnitudes of S and J. Thus,
colonization pressure is also likely to matter less in
open systems, although the precise strength of its
effect still depends on establishment failure rate, and
how frequent are immigrant alien populations. In
practice, most alien populations do not (or perhaps
more accurately, have not yet) spread far from their
location of introduction (most alien range sizes are
small; Dyer et al. 2016). Spread may become more
important as time passes, especially if biosecurity and
other mitigations reduce the rate of species
introductions.

@ Springer

Data on colonization pressure may also matter less
in situations where it co-varies with other variables in
Eq. 4, namely propagule pressure and/or lineage
survival probability. While sensitivity analysis iden-
tified colonization pressure as the key determinant of
alien species richness in this model (Duncan et al.
2019), those tests only explored independent variation
in the model variables. However, trade-offs between
colonization pressure and either propagule pressure or
lineage survival probability may cause the relationship
between colonization pressure and alien species
richness to become weaker—for example if introduc-
ing more species results in fewer introduced individ-
vals per species. Acclimatisation  Society
introductions of birds to New Zealand might be an
example: their actions meant that these islands expe-
rienced a disproportionately large number of bird
introductions (n ~ 120 species), but the high mortal-
ity cost of ship transportation (Pipek et al. 2019) meant
that most of the species were introduced in very low
numbers (Duncan et al. 2006). Analyses have con-
vincingly revealed that propagule pressure was a
major determinant of the establishment success of
these introductions (e.g. Veltman et al. 1996; Duncan
1997; Blackburn et al. 2011b; Cassey et al. 2018), but
the majority of species failed (n > 80), probably
because of small propagule sizes. In fact, models
suggest that colonization pressure and propagule
pressure should be positively related, at least in situ-
ations where translocated individuals are collected at
random (Lockwood et al. 2009). A recent study of
organisms in ballast water found evidence for such a
positive relationship for dinoflagellates, but not for
diatoms or invertebrates (Briski et al. 2012).

There are situations where we do not need
colonization pressure data to understand the invasion
process. For example, any study that is not compar-
ative, but focusses on the features of specific alien
populations, is unlikely to benefit from knowledge of
the number of species introduced. Nevertheless,
situations where we would not normally need colo-
nization pressure data are fewer than might be
generally appreciated. Studies of the transport and
introduction stages of the invasion pathway necessar-
ily speak to the numbers and composition of species
entrained, and so colonization pressure data are
integral to them. Studies of establishment success
obviously require colonization pressure data in many
cases, especially for analyses of historical data: one
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can only accurately assess determinants of establish-
ment success with knowledge of the characteristics of
species that failed, and of locations where failures
happened. While some progress can be made in
understanding invasion processes with incomplete
knowledge of which species have been introduced
where, our review highlights the central importance of
this information in answering key questions in inva-
sion biology, and the difficulty of assessing the extent
to which our understanding is biased when data on
colonization pressure are missing. The relationship
between propagule pressure and establishment success
is sufficiently general that it has been suggested to be a
“null model for biological invasions” (Colautti et al.
2006). We suggest that the effect of colonization
pressure is sufficiently important for our understand-
ing of the invasion process that it should be a second
null model for biological invasions (Duncan et al.
2019).
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