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ABSTRACT

Aim Determining the causes of range size variation in the distributions of alien

species is important for understanding the spread of invasive species. Factors

influencing alien range size have been explored for some species at a regional

level, but to date there has been no global analysis of an entire class. Here, we

present such an analysis for birds, testing for the effects of introduction event,

location and species-level variables on alien range sizes.

Location Global.

Methods We used a novel dataset on the global distributions of alien bird species

to test for relationships between alien range size and colonization pressure,

residence time, extent of the global climatic niche, native range size, body mass

and specialization, using a statistical approach based on phylogenetic generalized

least squares models. We performed this analysis globally, and for separate

biogeographical realms.

Results Approximately half of the variation in alien bird range size is explained

by colonization pressure in univariate analysis. We identified consistent effects

of higher colonization pressure at global and realm levels, as well as support

for effects of native range size and residence time. We found less support for

effects of body mass, specialization or extent of the global climatic niche on

alien range size.

Main conclusions Alien bird range sizes are generally small relative to their

native range sizes, and many are continuing to expand. Nevertheless, current

variation is predictable, most strongly by the event-level factor of colonization

pressure. Whether a species is widespread is a better predictor of alien range

size than whether a species could be widespread (estimated by global climatic

niche extent), while we also find effects of residence time on alien range size.

These relationships may help to identify those alien species that are more likely

to spread and hence have greater environmental and economic impacts where

they have been introduced.

Keywords
Alien, avian ecology, bird, body mass, geographical range size, global

climatic niche extent, number of introductions, residence time, specialisation.

INTRODUCTION

The on-going influences of human settlement, acclimatiza-

tion, recreation and commerce have led to repeated introduc-

tions of bird species into areas to which they are not native

(Long, 1981). Substantial progress in invasion biology has

come from studying these alien birds (Blackburn et al.,

2009), but there remain significant gaps in our understand-

ing. Most notably, apart from a few case studies (e.g.

Liversidge, 1962; Silva et al., 2002), the processes determining

the geographical spread of alien bird species, and their result-

ing geographical range sizes, have largely been ignored (Mack

et al., 2000; Blackburn et al., 2009). Geographical range size
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is one of the fundamental ecological and evolutionary char-

acteristics of a species. It is a strong predictor of extinction

risk (Gaston, 2003) and, with regard to an alien species, the

potential for impact (Parker et al., 1999). Range expansions

are inextricably linked to global environmental and economic

issues of increasing importance: climate change, habitat frag-

mentation, declining biodiversity and genetic introgression

(Vitousek et al., 1997; Kolar & Lodge, 2001). An obvious

question, therefore, is whether it is possible to identify the

factors that are associated with the variation in geographical

range sizes of alien bird species.

The establishment success of alien bird species relates to

characteristics of the species introduced, of the location of the

introduction and of the introduction event itself (Duncan

et al., 2003). The same categories of factors have also been

hypothesized to influence the extent of spread following estab-

lishment. Event-level factors are those that vary independently

of the species and location concerned. In terms of alien geo-

graphical range size, important event-level variables are likely

to be the number of times that a species has been introduced

(colonization pressure, sensu Lockwood et al., 2009) and the

length of time since introduction (residence time, sensu Wilson

et al., 2007). As far as we are aware, only two global-scale anal-

yses have considered the effects that these event-level factors

have on alien range size. These studies found that introduced

pine tree species (Proçhes et al., 2012) and reptiles and

amphibians (Li et al., 2014) that have been introduced more

often have larger alien ranges. Regional studies find similar

relationships for bird species introduced to New Zealand

(Duncan et al., 1999), and Australia (Long & Mawson, 1991;

Duncan et al., 2001), and reportedly also in North America

(Johnston & Garrett, 1994). Regional studies have also demon-

strated that residence time is positively related to alien range

size (Williamson et al., 2009), total latitudinal extent (Guo

et al., 2012) and likelihood of invasion and spread (Py�sek et al.,

2009a). Conversely, Duncan et al. (1999) found no relationship

between residence time and range size for bird species intro-

duced to New Zealand.

The outcome of introduction events is likely to be con-

strained by characteristics of the environment at the location

of introduction, and of the species introduced. In particular,

the availability of suitable habitat or climate is likely to be

important (Capinha et al., 2015), and therefore species for

which greater land areas are environmentally suitable should

be able to attain larger alien geographical ranges. It is likely

that generalist species, which can tolerate a wider range of

climatic, habitat and dietary variables (Brown, 1984), or spe-

cies that utilize more commonly encountered environments

or resources are likely to be more widespread as a result

(Long & Mawson, 1991; Gaston, 2003). Duncan et al. (1999,

2001) showed that the range sizes of alien bird species in

New Zealand and Australia were determined in part by the

area of suitable habitat, while Forsyth et al. (2004) showed

the same for alien mammals in Australia. Several studies

have also investigated the relationship between alien range

size and native geographical range size, a possible proxy for

the availability of suitable environmental conditions. There is

as yet little consensus on the factors that determine native

range size (Gaston, 2003), but if the same characteristics that

enable a species to become widespread in its native location

also allow it to become widespread in its alien range, a posi-

tive correlation would be expected between the two. Indeed,

native range size has been demonstrated to be an indicator

of the probability of invasiveness in plant species (Py�sek

et al., 2009b), and global native and alien range sizes have

been shown to be correlated in introduced tree species in the

genus Pinus (Proçhes et al., 2012) and for a limited sample

of alien bird species (Guo et al., 2012). Alien geographical

ranges may be constrained by the presence of barriers to

range expansion such as oceans or mountain ranges. In a

global study, Orme et al. (2006) showed that the geographical

range sizes of native bird species are smaller on islands, and

on mountain ranges in the tropics and subtropics.

Life-history traits have also been shown to influence the

extent to which established species can spread. For example,

there is a relationship between the size of alien bird ranges in

New Zealand and Australia and life-history traits associated

with higher rates of population growth (Duncan et al., 1999,

2001). Small body mass and high reproductive rate influ-

enced the spread of alien birds in Florida (Allen et al., 2013),

and adult survival has been found to have an impact on the

potential of alien birds to succeed and spread in the Mediter-

ranean (Blondel, 1991). Species with faster growth rates may

be less vulnerable to local extinction when their population

is small and able to colonize new sites more quickly follow-

ing establishment (Duncan et al., 2001).

To date, tests of the determinants of alien geographical

range sizes have generally considered variation in relatively

few taxa (e.g. a single genus; Proçhes et al., 2012) or

restricted regional assemblages (e.g. New Zealand, Australia;

Duncan et al., 1999, 2001; Forsyth et al., 2004). Here, we

present the first global-scale analysis of spatial variation in

the geographical range sizes of extant alien species with a

known established population for a major taxon, birds. We

simultaneously explore event-, species- and location-level

predictors of alien range size. Notably, we use an ecological

niche modelling method, called range bagging (Drake, 2015),

to estimate the global extent of climatic zones that are suita-

ble for each alien bird species (i.e. an estimate of its potential

geographical range size), to test whether species with larger

global climatic niches also have larger alien geographical

range sizes. We also contrast potential and native geographi-

cal range sizes as predictors of alien range extent. We do this

while controlling for the number of times, and the length of

time, that species have been introduced. Specifically, we test

the hypotheses that bird species will achieve larger alien geo-

graphical range sizes when: (1) they have been introduced

more times, (2) they have longer residence times, (3) they

have larger global climatic niches, (4) they have larger native

geographical range sizes, (5) they have faster life histories,

(6) they are diet and habitat generalists, and (7) they have

been introduced to larger geographical regions.

Geographical range size in alien birds

Global Ecology and Biogeography, 25, 1346–1355, VC 2016 John Wiley & Sons Ltd 1347



METHODS

Data

We based our analyses on the list of bird species with estab-

lished alien populations from the Global Avian Invasions

Atlas (GAVIA) database (Dyer et al., submitted). GAVIA

comprises 27,737 distribution records for 972 alien bird spe-

cies (following the taxonomy of the International Union for

the Conservation of Nature (IUCN) Red List of Threatened

Species, downloaded August 2010), based on 693 published

references and substantial unpublished information derived

from consultation with over 600 organizations and experts

world-wide. A total of 419 bird species have established alien

populations, but we limited our analysis to the 319 species

which had data available for all variables.

The total alien geographical range size for these 319 bird

species was extracted from GAVIA. For this study, alien geo-

graphical range size was calculated as the total size (in km2)

of the global alien range for each species, based on extent-of-

occurrence polygon maps of the most recent data for popula-

tions. The frequency distribution of natural log-transformed

alien range sizes for the 319 species is shown in Fig. 1 (Sha-

piro–Wilk test for normality: W 5 0.99, P 5 0.12).

Estimates of colonization pressure, or the number of times

that a species has been introduced to different locations,

were extracted from the GAVIA database, and include only

those records which explicitly refer to actual releases or

escapes of species at a given location. Colonization pressure

varied from 1 to 110 separate introduction events (mean 5

13.78, median 5 6).

Residence times were calculated as the number of years

from the earliest GAVIA record for that species to the year

2013, when the database was completed. Where there was no

information available on the first date recorded, residence

time was calculated from the date of the earliest published

reference in which that species was mentioned. The longest

recorded residence time of an established species was 1513

years (Gallus gallus, earliest record AD 500), and the shortest 7

years (Polyplectron napoleonis, earliest record 2006) (mean 5

140.4, median 5 98 years).

Native range sizes were extracted from the database of extent-

of-occurrence avian range maps used by Orme et al. (2005),

and were calculated as the total global breeding range size. The

native range sizes of the species in the dataset showed similar

variation to the alien ranges, from 219.67 km2 (Megapodius

pritchardii) to 58.19 3 106 km2 (Tyto alba), but with higher

mean (6.06 3 106 km2) and median (3.02 3 106 km2).

Range bagging, an ecological niche modelling method

(Drake, 2015), was used to predict the extent of the global

climatic niche for each established species’ at a global scale,

based on climatic match to the species’ native range. Range

bagging is a method based on machine learning that seeks to

estimate the boundary of a species’ niche within multidimen-

sional environmental space, as represented by a convex hull.

Calculating a full convex hull from the typical range of cli-

matic variables is computationally unfeasible. Instead, range

bagging approximates the full convex hull by constructing a

series of ‘marginal’ convex hulls, based on subsets of the cli-

mate variables. Range bagging appears to be an effective

method for the prediction of potential species’ ranges in an

invasion context (Cope et al., submitted).

We obtained WorldClim global climate data (Hijmans et al.,

2005), consisting of 19 climate variables at a 5 arcmin resolution

(for a total of 2,287,341 points). We chose, uniformly at ran-

dom, a subset of 1 million of these points to test against the

native range of each species, for increased computational tract-

ability. For each species, we calculated a range bagging score to

the species’ native range for each of these 1 million test points,

i.e. we calculated the proportion of marginal niches for which

each test point was within the species’ marginal niche, deter-

mined from its native range. We used v 5 100 votes and two-

dimensional marginal niches, and built marginal niches from a

proportion p of points within the native range, with p 5 1.0 for

species with small native ranges (<200 points), p 5 0.5 for spe-

cies with native range <10,000 points and p 5 0.25 for species

with large ranges (>10,000 points). These parameters were cho-

sen to be within the range of good performance indicated by

Drake (2015), and to balance marginal niche coverage with

computational efficiency. It is not possible to construct convex

hulls around fewer than three unique points (in two dimen-

sions), as the result is just a line or a point. When there are

small numbers of points beyond this minimal threshold, and

those points are similar in climate (as may be the case when

they originate from a continuous geographical range) the points
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Figure 1 The frequency distribution of log-transformed total alien

range sizes (km2) for the 319 species included in the analysis. Total

alien range size varied from 0.48 km2 (Cacatua sanguinea on Saint

John’s Island, Singapore) to 36.49 3 106 km2 (Passer domesticus)

(mean 5 0.38 3 106 km2, median 10,460 km2).
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may be identical in some covariates, creating a situation where

some marginal niches cannot be constructed. For this reason,

range bagging scores could not be estimated for six established

alien species with small native ranges.

The locations with a range bagging score of at least 0.8 (i.e.

v 5 80, or 80% of marginal niches matching the species’

native range) were deemed to be within the species’ potential

invasive range due to climatic similarity to the native range.

We calculated the proportion of the full set of test points that

were suitable by this metric, as a measure of the proportion

of total global landmass forming a species’ potential climatic

niche extent. This proportion (estimating the potential range

size of bird species with established alien populations) ranged

from 0.000001 (Collocalia bartschi) to 0.87 (Passer montanus).

Body mass was used as a proxy for life-history variation, as it

is known to be highly correlated with many other reproductive,

timing, physiological and ecological traits (Peters, 1983), and

relationships have been found between body mass and both

native and alien range size (Gaston & Blackburn, 1996; Duncan

et al., 2001). Body masses were taken from the database used by

Olson et al. (2009), and were calculated as the geometric mean

body mass in grams. Body masses in the sample varied from

0.0062 kg (Collocalia bartschi) to 109.65 kg (Struthio camelus)

(mean 5 1.1 kg; median 5 0.12 kg).

In order to address the effect of the level of specialism (or

inversely, generalism) of a species, a specialization index was

calculated using the number of food types (diets) that a spe-

cies is known to consume, and the number of habitats that it

is known to utilize, where the specialization index 5 ln[100/

(number of diets 3 number of habitats)] (after Sekercioglu,

2011). Data on bird habitat and diet were obtained from a

global bird ecology database covering all the bird species of

the world (see Sekercioglu, 2012). The specialization index in

the sample varied from 0.87 (Alectura lathami and Corvus

frugilegus) to 4.6 (Agapornis personatus and Polyplectron

napoleonis) (mean 5 2.3, median 5 2.4). A low specialization

index indicates that a species is more of a generalist in terms

of its diet and habitat preferences, whereas a high specializa-

tion index indicates that a species is a specialist and utilizes

fewer habitats and dietary resources.

Species ranges were assigned to biogeographical realms

(Afrotropical, Australasian, Indo-Malayan, Nearctic, Neotrop-

ical, Oceanic and Palaearctic) following Olson et al. (2001).

A spatial layer depicting the biogeographical realms was cre-

ated using ESRI ARCGIS version 9.3 (2008), and realm-level

alien range sizes, residence time and colonization pressure

were extracted from GAVIA, as was the total land area of

each realm. We also calculated the proportion of test points

within each biogeographical realm that were suitable for each

species using range bagging, as above. The Antarctic realm

was excluded from the analysis due to a small sample size.

Statistical analyses

The parameters were tested to see if they were phylogenetically

correlated using Pagel’s k calculated using the function

phylosig from the R package phytools (Revell, 2012). To

account for uncertainty in the avian phylogeny, these tests

were repeated for a random selection of 100 bird trees for the

319 species in our analysis, downloaded from http://www.bird-

tree.org (Jetz et al., 2012; Hackett backbone, downloaded 19

May 2016). Alien range size showed a low phylogenetic corre-

lation [mean k (2.5th percentile, 97.5th percentile): 7 3 1025

(5 3 1025, 7 3 1025)], as did colonization pressure [0.06

(0.05, 0.07)], whereas phylogenetic correlations were higher

for global climatic niche extent [0.59 (0.54, 0.64)], native

range size [0.69 (0.61, 0.77)], residence time [0.13 (0.11,

0.16)], body mass [1.00 (1.00, 1.00)] and specialization index

[0.60 (0.56, 0.64)]. Therefore, in order to account for any phy-

logenetic autocorrelation in our analyses, the tests of the

determinants of alien range size were based on phylogenetic

generalized least squares (PGLS) models applied using the

function pgls from the R package caper (Orme et al., 2013).

Tests of collinearity between the predictor variables using the

R functions cor and corr.p found these to be generally only

weakly correlated (Table S1 in the Supporting Information). The

one exception was a strong correlation between global climatic

niche extent and native range size. As we were interested in the

effects of both these variables, we retained both, and therefore all

variables were used in subsequent analyses. We initially examined

the relationships between alien range size and each variable,

using univariate PGLS models. We tested for the significance of

squared terms for all variables, and retained these terms for the

multivariate analysis where there was evidence that they

improved model fit based on the Akaike information criterion

corrected for small sample sizes (AICc), such that DAICc> 4.

We then examined the relationship between alien range

size and the variables in a multivariate PGLS model. We used

the dredge and model.avg functions from the package MuMIn

(Barton, 2014) to fit all possible models. We then calculated

the full (i.e. including models from which a variable is

absent) model-averaged coefficients (6 standard error) for

each variable, and the variable importance (the sum of the

Akaike weights across all models) based on the AICc, for all

models with DAICc within four of the most likely model.

Because of the strong correlation between global climatic

niche extent and native range size, we also repeated the mul-

tivariate analysis without native range size.

A species with alien population(s) can attain its global alien

range size in a variety of ways. For example, a species may have

been introduced to a single area and spread out to attain a

range size of 1000 km2, or to five different locations, each time

spreading to 200 km2. The global model treats these two hypo-

thetical species as the same, as the global alien range size is the

sum of the overall alien populations of the ranges, regardless of

the number of separate areas to which a species has been intro-

duced. We addressed the effect of multiple introductions by

including colonization pressure (total number of introductions)

for each species with at least one alien population. However, we

additionally explored the effect of different routes to an overall

alien range size by dividing the global data into realm-level

ranges, and repeating the univariate and multivariate models

Geographical range size in alien birds
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separately using the data for each realm. This tested the robust-

ness of our global model and the extent to which global pat-

terns are driven by species introduced to multiple realms.

ANOVA was used to test for differences in the mean alien range

sizes between realms, and also to test whether the land area of

the realm influenced the mean alien range size.

All analyses were conducted in R version 3.2.5 (R Core

Team, 2016). Alien range size, native range size, colonization

pressure, residence time and body mass were logarithmically

transformed, and global climatic niche extent square-root

transformed, for analysis.

RESULTS

Native range sizes were significantly larger than alien range sizes

for the species in our dataset (paired t-test: t 5 232.3,

d.f. 5 318, P< 0.001). Univariate PGLS models showed that col-

onization pressure, global climatic niche extent, native range

size, residence time and the specialization index were related to

alien range size, whereas body mass was not (Fig. 2). The rela-

tionship for colonization pressure was improved by the addition

of a squared term. All the significant relationships were positive

except that for specialization index, with the negative relation-

ship for this last variable meaning that more generalist species

have larger alien range sizes.

Out of all possible multivariate PGLS models from the

variables in our analysis, 12 were well supported, in that they

had DAICc< 4 relative to the most likely model. Full model

averaging showed that colonization pressure was the only

variable significantly related to alien range size in birds, and

this variable (and its squared term) were present in all the

most likely models (variable importance 5 1; Table 1): species

introduced more times have larger alien range sizes. Resi-

dence time and native range size also attained high variable

importance values, but the PGLS coefficients for these varia-

bles did not differ significantly from zero. Bird species have

larger alien ranges if they were introduced more recently and

have larger native range sizes (Table 1).

There was less evidence for effects of global climatic niche

extent, body mass or specialization index on alien range size

in birds: the highest variable importance value across these

three variables was 0.51 for global climatic niche extent, and

none of the coefficients for these variables differed signifi-

cantly from zero (Table 1). However, re-running the model

in Table 1 without native range size (which was strongly cor-

related with global climatic niche extent; Table S1) resulted

in a strong and significant positive effect of global climatic

niche extent on alien range size (estimate 6 SE 5 2.27 6 0.56,

z 5 4.04, P< 0.001; importance 5 1), but no qualitative

changes to the effects of the other variables in the model.

Mean log-transformed alien range size differed between

realms (F6,583 5 4.94, P< 0.001), but was not related to land

area within each realm (F1,5 5 0.44, P 5 0.54). Univariate

PGLS models at the realm level showed that colonization

pressure was always positively related to alien range size, while

residence time and native range size were positively related to

alien range size in most realms (Table S2, Fig. S1). In con-

trast, body mass showed no relationship to alien range size in

any realm, while specialization index was negatively related to

alien range size only in two realms, and global climatic niche

extent in three (Table S2). Full model averaging based on all

possible multivariate PGLS models for each realm found that

the relative influence of different variables varied between

realms (Table S3), but was generally congruent with the

results from the global model (Table 1): colonization pressure

was present in all the most likely models for every realm,

while native range size and residence time were the next two

highest ranked variables in terms of importance, and were

present in all the most likely models for two realms (Table 2).

DISCUSSION

Birds possess some of the greatest dispersal abilities of ani-

mals in the terrestrial environment (Wernham et al., 2002).

Nevertheless, in the majority of cases, alien distributions

actually tend to be relatively small, and most aliens have not

reached the distributional extent observed in their native

range (Guo et al., 2012). Indeed, the median non-native

range size of the 319 established alien bird species is just

0.3% of the median for the native geographical ranges of

those same species (10,457 km2 vs. 3,014,856 km2, respec-

tively). Therefore, despite being able to maintain a self-

sustaining population in a new environment, in most instan-

ces alien bird species have not (yet) spread far from their

point of introduction (Blackburn et al., 2009). There are, of

course, exceptions to this rule, with species such as the com-

mon pheasant (Phasianus colchicus), common starling (Stur-

nus vulgaris), mute swan (Cygnus olor) and house sparrow

(Passer domesticus) having alien range sizes more than 1 mil-

lion km2 larger than their native geographical ranges. Our

aim here was to take the first steps towards understanding

the causes of this large variation.

Characteristics of the introduction event best explain cur-

rent variation in alien geographical range size in birds. In

particular, colonization pressure was the most consistent pre-

dictor, explaining 53% of the global variation in alien range

size in univariate analyses (Table S2, Fig. 2), and being pres-

ent in all the most likely models for both global and realm

analyses (Tables 1, 2 & S3). This is consistent with relation-

ships found in regional studies (Long & Mawson, 1991;

Johnston & Garrett, 1994; Duncan et al., 1999, 2001), and

suggests that this effect is general and global. Species with

more introduction events are likely to have been introduced

to a larger number of areas, and are therefore likely to attain

a larger alien range. Multiple introductions also tend to

involve larger overall propagule pressures (Blackburn et al.,

2015) which increase the likelihood of successful establish-

ment (Lockwood et al., 2005), and may also encompass

greater genetic variation, enabling the population better to

adapt to (or to include genotypes pre-adapted to) local con-

ditions and to realize a broader geographical range (Black-

burn et al., 2009, 2015).

E. E. Dyer et al.
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Figure 2 The relationship between log total alien range size (km2) and (a) log colonization pressure (linear term slope

estimate 6 SE 5 0.96 6 0.29, pCI 5 7.9 3 1024; squared term slope estimate 6 SE 5 0.21 6 0.07, pCI 5 1.7 3 1024); R2 5 0.53, P< 0.001;

(b) log residence time (years) (slope estimate 6 SE 5 1.39 6 0.19, R2 5 0.15, P< 0.001, pCI 5 0.002); (c) square root (sqrt) global

climatic niche extent (slope estimate 6 SE 5 5.83 6 0.76, R2 5 0.15, P< 0.001, pCI 5 0.007); (d) log total native range size (km2) (slope

estimate 6 SE 5 0.57 6 0.08; R2 5 0.13, P< 0.001, pCI 5 0.002); (e) log body mass (g) (slope estimate 6 SE 5 0.16 6 0.15; R2 5 0.00,

P 5 0.29, pCI 5 0.02); and (f) specialization index (slope estimate 6 SE 5 21.01 6 0.26; R2 5 0.04, P< 0.001, pCI 5 0.002). The solid

lines represent the univariate phylogenetic generalized least-squares models (slope estimate), the dashed lines the models with a squared

term, and the thin black line in (d) is the 1:1 line (alien range size 5 native range). SE, standard error; pCI, phylogenetic confidence

interval; n 5 319 for all standard errors and estimates.
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Native range size was also a relatively consistent predictor

of alien range size: it explained 13% of the variance in alien

range size in univariate analyses (Fig. 2), and was present in

most of the likely global models (Table 1) and all of the most

likely models for two of the seven realms (Tables 2 & S3).

Even with the effect of colonization pressure taken into

account, species with larger native ranges were more likely to

achieve larger alien ranges. It is generally observed that closely

related species tend not to have similar geographical range

sizes (Gaston, 2003), and the lack of phylogenetic correlation

in alien range sizes adheres to this pattern. Surprisingly, how-

ever, our results revealed a reasonably strong phylogenetic cor-

relation in the native range sizes of established alien bird

species, with k 5 0.69. Waldron (2007) reviewed published k
values for native range sizes, finding a mean of 0.38. Why the

species in our sample show such a high lambda value is

unclear, although it may be the result of phylogenetic cluster-

ing evident in introduced species (Blackburn et al., 2009).

This positive relationship between alien and native range

sizes suggests that whatever factor(s) allow a species to attain

a large native range also enable a species to achieve a large

alien range. The causes of variation in native range size are

still being debated (Gaston, 2003), but niche position (i.e.

how typical of the environment a species’ favoured resources

are) is a likely determinant. For alien ranges, an effect of

niche position is suggested by studies showing that climate

matching increases both establishment success (Blackburn &

Duncan, 2001) and the extent of alien range sizes at the

regional level (Duncan et al., 1999, 2001; Forsyth et al.,

2004). Consistent with this, we found that global climatic

niche extent has the second strongest univariate relationship

with alien range size after colonization pressure (Fig. 2), and

is highly correlated with native range size (Table S1, Fig. S2).

Nevertheless, native range size is a more consistent predictor

of alien range size than is global climatic niche extent, being

more likely to be present in the best global and realm models

(Tables 1, 2 & S3). Species with a given native range vary

considerably in global climatic niche: for example, species

with native ranges of c. 20,000 km2 have niche extents span-

ning from about 0.2 to 0.6 of the land area of the world

(Fig. S2). Yet, whether a species is widespread is a better pre-

dictor of alien range size than whether a species could be

widespread. Why this is the case is unclear, although one

possibility may be a general bias towards introducing bird

species to and from higher latitudes (Blackburn et al., 2009).

Tropical species may have large areas that are potentially cli-

matically suitable, yet be constrained in their native and alien

ranges by other factors, such as biotic interactions. Global

climatic niche extent is a consistent predictor of alien range

size in a multivariate global model from which native range

size is excluded.

The relationship between alien and native range sizes does

not seem to be a consequence of generalist species (those

with greater niche breadth; Gaston, 2003) being able to attain

larger range sizes. Species that can tolerate a wider range of

conditions have been hypothesized to be able to have larger

range sizes as a result, and in native bird assemblages the

degree of habitat specialism has been found to correlate with

range size (e.g. Davies et al., 2009), with specialist species

usually occupying narrow ranges (Belmaker et al., 2011).

However, the specialization index was a generally weak pre-

dictor of alien range size in the multivariate analyses (Fig. 2,

Table 2 Variable importance (the sum of the Akaike weights across all models with DAICc< 4 of the best model) for the relationship

between alien range size (km2) and the predictor variable in the first column for each biogeographical realm separately, from full model

averaging based on all possible multivariate phylogenetic generalized least squares models for each realm. Full details of the model for

each realm are provided in Table S3.

Variable Neotropical Nearctic Palaearctic Afrotropical Indo-Malayan Australasian Oceanic Mean

Colonization pressure 1 1 1 1 1 1 1 1

Native range size 0.56 0.52 0.18 0.15 0.84 1 1 0.61

Residence time 0.22 0.38 1 0.28 1 0.31 0.38 0.51

Body mass 0.17 0.22 0.88 0.73 0.17 0.25 0.32 0.39

Global climatic niche extent 0.27 0.38 0.34 0.30 0.26 0.41 0.51 0.35

Specialization index 0.40 0.54 0.20 0.15 0.13 0.15 0.29 0.27

Table 1 The relationship between alien range size (km2) and

the predictor variable in the first column at the global scale,

from full model averaging based on all possible multivariate phy-

logenetic generalized least squares models.

Variable Estimate SE Z-value P Importance

Intercept 4.63 1.64 2.82 <0.01

Colonization pressure 1.10 0.29 3.78 <0.001 1

(Colonization pressure)2 0.17 0.07 2.46 <0.05 1

Global climatic

niche extent

0.79 1.07 0.74 0.46 0.51

Native range size 0.17 0.12 1.41 0.16 0.78

Residence time 20.29 0.20 1.49 0.14 0.85

Body mass 20.002 0.03 0.07 0.94 0.18

Specialization index 20.002 0.08 0.03 0.98 0.17

Squared terms were included if they improved the fit of the univari-

ate model as described in Fig. 2.

Estimate, the coefficient of the relationship between the predictor

and response variables; SE, standard error; Importance, the sum of

the Akaike weights across all models with DAICc< 4 of the best

model; n 5 319.
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Tables 1, 2, S2 & S3). Thus, the relationship between alien

and native range size persists when the degree of specialism

is accounted for.

Alien range sizes were not correlated with the extent of

land in a realm (cf. Orme et al., 2006). The alien range sizes

of most species are still small relative to their native range

sizes (Fig. 2), suggesting that it may be too early in the pro-

cess of range expansion for geographical limits to have been

reached for most species. Range sizes will tend to be smaller

for all species in the period immediately following introduc-

tion, while species with longer residence times will have had

longer to adapt to and spread across the recipient environ-

ment, and univariate analyses show a general positive rela-

tionship between residence time and alien range size in birds

(Table S2, Figs 2 & S1). Nevertheless, evidence for an effect

of residence time on alien range size to date has been mixed

(cf. Duncan et al., 1999 with Py�sek et al., 2009a; Williamson

et al., 2009), and we actually found a negative effect of resi-

dence time in the global multivariate model (Table 1), and in

four of the seven realm-level multivariate models that

included this variable (Table S3). This result was unexpected.

One possibility is that it is a consequence of changing drivers

of bird introductions. Historical introductions (those with a

longer residence time) were more likely to be deliberate, and

to be targeted to specific regions through the efforts of accli-

matization societies (Blackburn et al., 2009). More recent

introductions are more likely to be a result of unintentional

and untargeted releases from the pet trade (Dyer et al., sub-

mitted), and may therefore be more likely to occur over a

larger area for a given number of introductions.

Body mass was included as a proxy for life-history varia-

tion, as previous studies have shown that species with fast

life histories (smaller body size, shorter development times,

higher fecundity) tend to have larger alien range sizes (e.g.

Duncan et al., 1999, 2001; Allen et al., 2013). However, body

mass was not related to alien range size in univariate models

(Table S2), and was not consistently related to alien range

size in multivariate models (Tables 1 & S3).

The data used in this study are the best currently available

for an entire major taxon, but nonetheless come with caveats.

The maps of alien ranges on which these analyses are based

represent extents of occurrence, rather than areas of occu-

pancy (Gaston & Fuller, 2009), and species are unlikely to be

extant in every part of their total recorded alien range (as is

the case with most commonly used native species range

maps). The species analysed are likely to be at different stages

in their alien range expansion (Blackburn et al., 2009), and

many (or most) may therefore still be spreading from their

point of introduction. Others may yet die out in the future.

The measure of colonization pressure may be influenced by

higher or lower recording effort in certain regions. All of

these issues add noise to our analyses, although we do not

believe that they will have generated any of the results we

present here as artefacts. The general consistency of our

results across different biogeographical realms also suggests

that these analyses are robust. The variables included within

the best models for alien range size varied across realms

(Table S3), but in general there was good consistency in the

global (Table 1) and realm-level predictors of alien range size.

In conclusion, we have shown that of the seven hypotheses

laid out in the Introduction, the only one to receive consistent

and unequivocal support from our analyses is that bird species

achieve larger alien geographical range sizes when they have

been introduced more times. We also find strong support for

the idea that whatever it is that causes native geographical

range sizes to be larger also feeds through into larger alien

range sizes. There is some evidence that alien geographical

range size is related to residence time, but the expected posi-

tive effect is only recovered in univariate analyses (compare

Table S2 with Tables 1 & S3). We find little consistent evidence

that alien range sizes are related to global climatic niche

extent, body mass, specialism or the size of the realm into

which a bird species is introduced, although the effect of

global climatic niche extent may be intertwined with that of

native geographical range size. This information can be com-

bined with studies concerning predictors of the impact of alien

birds in order to identify those species that have the potential

to have a high impact on native ecosystems. It is important

that we understand the structure and mechanisms behind alien

geographical ranges so that we can more readily identify those

alien species that are likely to spread. This will help to inform

policy and conservation action by highlighting which species

pose the greatest overall threat (Parker et al., 1999), and there-

fore where limited management funds should be targeted.
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variables.

Table S2 Univariate phylogenetic generalized least squares

relationships between log alien range size (km2) and the

predictor variable, at the global scale, and for bird species

established in each biogeographical realm separately.

Table S3 The relationship between log alien range size (km2)

and the predictor variable for each biogeographical realm

separately, from full model averaging based on all possible

multivariate phylogenetic generalized least squares models for

each realm.

Figure S1 The relationship, where significant, between log

total alien range size (km2) and (a) log colonization pressure;

(b) log total native range size (km2); (c) square root global

climatic niche extent (d) log residence time (years); (e) log

body mass (g); and (f) specialization index, for each realm

separately.

Figure S2 The relationship between global climatic niche

extent (proportion of total global landmass) and native

geographical range size (km2) for the 319 bird species with

established alien populations in our analysis.
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