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Abstract Estimates of the level of invasion for a
region are traditionally based on relative numbers of
native and alien species. However, alien species
differ dramatically in the size of their invasive ranges.
Here we present the first study to quantify the level of
invasion for several regions of the world in terms of
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the most widely distributed plant species (natives vs.
aliens). Aliens accounted for 51.3% of the 120 most
widely distributed plant species in North America,
43.3% in New South Wales (Australia), 34.2% in
Chile, 29.7% in Argentina, and 22.5% in the Republic
of South Africa. However, Europe had only 1% of
alien species among the most widespread species of
the flora. Across regions, alien species relative to
native species were either as well-distributed
(10 comparisons) or more widely distributed
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(5 comparisons). These striking patterns highlight the
profound contribution that widespread invasive alien
plants make to floristic dominance patterns across
different regions. Many of the most widespread
species are alien plants, and, in particular, Europe
and Asia appear as major contributors to the homog-
enization of the floras in the Americas. We recom-
mend that spatial extent of invasion should be
explicitly incorporated in assessments of invasibility,
globalization, and risk assessments.

Keywords Alien plants - Biotic homogenization -
China - Europe - Globalization - North America -
Plant invasions - South Africa - South America -
Species distributions

Introduction

In recent millennia, increasing human trade has been
bridging the continents, thus somewhat restoring the
old supercontinent Pangaea (Condie 1989; Mack
2001). In fact, moving plant species around the globe
for “food, fuel, forage, and medicine” is said to be
one of the defining characteristics of the human
species (Mack 2001). With exponentially increasing
exploration, trade, and transportation, the intentional
delivery of plant species is breaking geographic
barriers at unprecedented rates, bringing many hitch-
hiking seeds, propagules, and pathogens along with
them (Richardson et al. 2000; Mack 2001; Whinam
et al. 2005; Hulme et al. 2008), in a manner unlike
any previous dispersal events (Wilson et al. 2009).
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We divided the paper into three parts. First, we
provide a brief overview of the potential “homogeni-
zation” of the species around the globe, based largely
on assessments of alien species numbers (or fraction of
floras). Second, we provide the first quantitative
analysis of alien and native species distributions,
focusing on recently compiled datasets on widely
distributed plant species to demonstrate how broadly
biotic homogenization is occurring. Third, we discuss
our major findings with the focus on the history of
“globalization” as the significant cultural and eco-
nomic drivers of environmental change.

Homogenization of biota

The ongoing spread of alien species has been reported
as one of the major causes of biotic homogenization
(Sax et al. 2002; Davis 2003) across the globe.
Homogenization is defined as the increasing similar-
ity of species composition due to the concurrent
extirpation of rare or even unique native species, and
the increase of common, widespread alien species
(definition adapted from McKinney and Lockwood
1999), although it is worth noting that the combined
effects of invasions and extirpations/extinctions can
have no effect on or actually increase the composi-
tional turnover (i.e., beta-diversity) of species (Olden
and Poff 2003; Cassey et al. 2006). Generally,
however, local species assemblages have become
less distinct (McKinney and Lockwood 2001; Olden
and Poff 2003; Pino et al. 2009; Winter et al. 2009).
And, in most regions of the world, invasions exceed
extirpations thereby increasing species richness (Sax
et al. 2002; Stohlgren et al. 2008).

There are two major concerns with such analyses.
First, most studies focus on continental or smaller
scales (e.g. for plants: Rejmanek 2000; McKinney and
Lockwood 2001; Rooney et al. 2004; Qian and
Ricklefs 2006; Castro and Jaksic 2008, Winter et al.
2008; fishes: Olden and Poff 2003; Leprieur et al.
2008; birds: La Sorte and Boecklen 2005; Van
Turnhout et al. 2007), while few studies have looked
at intercontinental or global scales (c.f. La Sorte et al.
2007; Winter et al. 2010, Kueffer et al. 2010). Second,
biotic homogenization has been traditionally analysed
using classical similarity indices based on species
numbers (e.g. Olden and Rooney 2006; Pino et al.
2009). However, using species frequencies and abun-
dances might contribute to a more complete view to
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biotic homogenization than species richness, as these
measures are informative of species dominance in
habitats and regions and therefore likely to result in
impacts on ecosystem function (e.g. McKinney and
Lockwood 2005; McKinney and La Sorte 2007;
Lambdon et al. 2008a).

Alien and native species distributions

Studies comparing the degree of invasions of regions
are similar to globalization studies, i.e., traditionally
based on relative numbers of native and alien species
(e.g. Lonsdale 1999; Pysek et al. 2004b). Yet, how
widespread alien species are is an important additional
consideration and arguably more tightly linked to the
likely impacts. Moreover, this raises the question—are
alien species distributions fundamentally different
from those of native species, or are they simply adding
to existing abundance-occupancy patterns?

Native species have likely had far more evolu-
tionary time than alien species to migrate, adapt, and
expand their distributions (i.e. to sample ecological
niches in their respective regions). While, as a
general rule, species in their native range do not fill
their fundamental niches (Peterson 2001), the process
of range expansion has rarely been completed for
most plant invasions (e.g. Wilson et al. 2007;
Williamson et al. 2009). However, if alien plant
species are equally as widely distributed as native
species in a much shorter time, this suggests alien
species may have more highly efficient establishment
and dispersal mechanisms. If true, there would still be
a principle difference in that these processes would
have been operating much faster on alien rather than
in native species, possibly reflecting extraordinary
dispersal abilities of aliens and their high competi-
tiveness in colonizing new habitats, for reasons
believed to determine the success of alien invasive
species (PySek and Richardson 2007; Pysek et al.
2009). Quantifying species distributions also is
important because widely distributed species gener-
ally are less prone to environmental stochasticity and
extinction (Jablonski 1989). If aliens were more
widely spread than natives, this would indicate that
part of the invasion process is operating differently to
background distributional range expansion and occu-
pancy (e.g., the alien species are different, the
environment has changed to favour aliens, or human
assisted dispersal enables aliens to gain wider

distributions). If certain aliens have narrower distri-
butions than natives, then this could indicate that
aliens may not have reached their distributional
limits, or for various reasons, these aliens are less
capable of widespread invasions.

To obtain insight into this issue, we compiled data
from available datasets and explored three sub-
hypotheses related to widely distributed species:

The fraction of widely distributed plant species that is
alien, i.e., introduced from other biogeographical
regions, is similar among regions

This is unknown at present. From the onset, we are
concerned only with the most widely distributed plant
species in each region, because we are less concerned,
from a homogenization perspective, about high num-
bers or fractions of alien species with restricted
distributions. Since trade is a two-way street, we
might expect similar exposures or opportunities for
invasion and homogenization among regions. How-
ever, trade imbalance and product differences may
have important consequences. For example, many
more horticultural products are exported from Asia
than are imported (Reichard and White 2001). Europe
has been cast as a donor of plant species to North
America based on a few small case studies (Jiager
1988; di Castri 1989). Trade imbalance does not make
a region a poor donor or receptor, but it may
contribute to the pattern. Some regions might be great
donors of widely spreading species, but poor receptors
of alien species. Similarly some regions, e.g. Austra-
lia, have only been connected recently, and as such,
one might expect invasive plants to be less wide-
spread, i.e., less time available for invasions.

The alien plant species on regional/continental lists
of the most widely distributed plant species are
as widely distributed as native plant species

If the range size of alien species is equal or greater than
that of native plant species, then native and alien
species may behave in the same way to the environ-
ment (Thompson et al. 1995), indicating that global
homogenization may be well on the way. If ranges of
the most widely distributed alien species were, on
average, still smaller than native species’ ranges, we
may be early in the global invasion process, or native
species may be maintaining a distributional advantage.
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Widely distributed native or alien species around
the globe tend to come from particular plant families
or groups

Finding the same species, genera, and families on the
lists of widely spread alien plant species is important
in understanding the traits of highly invasive species,
and such knowledge may be used prevention efforts.

Methods

We gathered information on the distributions of the
120 most widely distributed vascular plant species in
each region (Table 1; Fig. 1) based upon their
frequency (occurrences) in defined subregions (eco-
logical zones or administrative units) or grid cells

(typically 10 km x 10 km, or 11 x 12 km; Schonf-
elder 1999). Unfortunately, for China, only prelimin-
ary data listing 109 species (those being woody) were
available. Species were characterized as “native” or
“alien”, the latter being plant species not native to
the biogeographical region or country, having arrived
by means of human activities (Richardson et al.
2000). In Europe, there is often a distinction made
between introduced plants (“neophytes” arriving
after 1500 AD or “archeophytes” arriving prior to
1500 AD; see Pysek et al. 2004a), but for simplicity,
we lumped these here as “aliens.” The initial cutoff
point of 120 species was arbitrary, but based largely
upon our general knowledge of plant frequency
distributions (Stohlgren 2007, p. 7), where plant
frequency distributions level off to low numbers of
occurrences.

Table 1 Regions, subregions, area, and data sources used in this paper

Regions Area (km?) Subregions Data source

Argentina 2,766,890 km?> Zuloaga and Morrone (1996)
(24 bioregional subregions)

Chile 756,950 km> http://www.darwin.edu.ar/Proyectos/FloraArgentina/FA.asp
(13 bioregions)

Europe 10,500,000 km? Alien species: DAISIE (2009); (www.europe-aliens.org)

Catalonia, Spain

Czech Republic

Great Britain and Ireland

New South Wales, Australia

North America (North of Mexico)

California

Florida

Texas

People’s Republic of China

Republic of South Africa

(23 countries)

32,000 km?

(319 grid cells; 10 x 10 km)
78,000 km?

(679 grid cells; 11 x 12 km)
315,134 km?

(3,751 grid cells; 10 x 10 km)
809,444 km?

(13 bioregions)

24,500,000 km?

(64 states or provinces)
410,000 km?

(58 counties)

170,451 km*

(67 counties)

696,241 km?

(254 counties)

9,600,000 km?

(18 biogeographical regions
1,219,912 km?

(1,926 quarter degree grid cells)

Native species: Winter et al. (2010)
Pino et al. (2009);

(http://biodiver.bio.ub.es/biocat/homepage.html)
Pysek et al. (2002)
Preston et al. (2002)
http://plantnet.rbgsyd.nsw.gov.au
Kartesz (2010)
Kartesz (2010)
Kartesz (2010)
Kartesz (2010)

Zhengyi (2003)

Alien species: Henderson (1998); (www.agis.agric.za/wip)

Native species: Germishuizen and Meyer (2003); (
www.sibis.sanbi.org)
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Fig. 1 Map of the general location of floras used in this study

Table 2 Percent of the 120 most widely distributed species
represented by alien plant species

Regions % Aliens
North America 51.3%
New South Wales 43.3
Chile 342
Argentina 29.7
Republic South Africa 22.5
China 12.8
Europe” 2.1
Subregions in Europe

Great Britain and Ireland 33

Catalonia, Spain 8.3

Czech Republic 23.3
Subregions in the United States

California 20.3

Texas 5.8

Florida 0.8

* 40.1% among the 536 most distributed species

° The figure given is for the 536 most distributed species

The sample sites differed greatly in both area and
species richness, so we conducted two additional
tasks. First, we evaluated the top 120 species in three
US states (California, Texas, and Florida), and in
separate European regions (Great Britain and Ireland,
the Czech Republic, and Catalonia in Spain) to see if
patterns held at smaller spatial extents. Second, to be
able to compare Europe with other regions of
comparable size in our data set, we also evaluated

oples
Republic
Chin

New South Wales
Australia

=)
Republic of
South Africa

the top 536 most widely distributed plant species in
the conterminous United States, Republic of South
Africa, and Europe to see if the patterns held at a
larger geographical scale. In this case, the number of
species analyzed was determined by a coarser
resolution of European data; the threshold for the
most distributed species in Europe was set as to
capture the most widely distributed alien species that
were species occurring in at least 20 of 23 subregions
considered (regions for which complete lists both
of alien and native species were collected; see
Winter et al. 2009), and the number of species in
North America and Republic of South Africa was
adapted accordingly to make the three data sets
comparable.

For the first sub-hypothesis, we simply compared
the fraction of alien and native plant species on the
lists of widely distributed plant species, because the
regions were not randomly selected or totally inde-
pendent in the statistical sense. For the second sub-
hypothesis, we restricted quantitative and statistical
tests to make a few obvious points. We used ¢ tests
(with unequal variance) on log-transformed data to
test for frequency differences within regions. Small
sample sizes in some regions (e.g., aliens in Florida)
prohibited tests. Also, for 11 independent regions, we
regressed the percent alien species in a region with
the difference in frequency distributions (i.e., percent
of subregions occupied by alien species minus the
percent of subregions occupied by native species),
assuming that we had a representative and unbiased
sample of regions around the globe (Fig. 1).
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Table 3 Comparison of widely distributed species in various
regions and subregions around the world

Regions Subregions No. Species Regions or Cells

North America (119 species)

Alien 61 64.0 (0.3),

Native 58 63.6 (0.3),
North America (536 species)

Alien 215 56.8 (0.4),

Native 320 55.0 (0.3)y
California (120 species)

Alien 28 51.4 (0.4),

Native 110 51.9 (0.2),
Texas (120 species)

Alien 7 107.6 (5.3),

Native 113 111.5 (1.7),
Florida (120 species)

Alien 1 62.0 (0.0)

Native 119 63.2 (0.2)
Argentina (118 species)

Alien 35 18.4 (0.5),

Native 83 16.9 (0.2),
Chile (120 species)

Alien 42 10.6 (0.3),

Native 78 9.3 (0.3),
South Africa (120 species)

Alien 27 360.0 (31.0),

Native 93 240.0 (8.8),
South Africa (536 species)

Alien 52 255.3 (21.7),

Native 484 151.9 (2.8)y
Europe (536 species)

Alien 11 20.4 (0.4),

Native 525 20.8 (0.1),
Czech Republic (120 species)

Alien 28 582.2 (5.9),

Native 92 596.7 (4.2),
Great Britain and Ireland (120 species)

Alien 4 3,310.8 (73.9),

Native 116 3,389.6 (20.1),
Catalonia, Spain (120 species)

Alien 10 250.4 (9.4),

Native 110 258.4 (2.0),
New South Wales, Australia (120 species)

Alien 52 12.7 (0.1),

Native 68 12.6 (0.1),

@ Springer

Table 3 continued

Regions Subregions No. Species Regions or Cells
China (109 species)
Alien 14 5.2 (0.9),
Native 95 3.9 (0.4),

Mean numbers of regions or cells occupied are followed by
standard errors in parentheses. 7 tests (unequal variance) were
used to test for frequency differences within regions or
subregions. Different subscripts denote significant differences
in means within a region or subregion

We also arranged the 536 most widely distributed
plant species in the conterminous United States, Republic
of South Africa, and Europe by frequency in subregions
to explore how the proportion of alien species changed
with increasing number of species investigated.

Results

The fraction of widely distributed plant species
that is alien is not similar among regions

The percentage of alien species represented in the
120 most widely distributed species varied greatly
among regions (Table 2). In North America, over half
of these species were from other continents, predom-
inantly Europe (~85%), Eurasia (~7%) and Asia
(~3%). In Argentina and Chile, over 65% of the
alien plant species that are widely spread are from
Europe, with ~9 and ~12%, respectively, from
Eurasia. Alien plant species were also well repre-
sented on the lists for New South Wales (43.3%),
Chile (34.2%), Argentina (29.7%), and the Republic
of South Africa (22.5%). Areas in Europe contained
the fewest aliens on their lists, even though the alien
plant species included neophytes and archaeophytes,
and given Europe’s long history of trade dating back
two millennia or more (Table 2).

Individual subregions in Europe and North Amer-
ica varied considerably in the percentage of aliens on
the 120 most widely distributed species lists
(Table 1). In subregions, the percentage of aliens
can be greater or less than that of the surrounding
region. We found that California, with 5,688 total
native plant species, had 20% aliens on the list, while
Florida, with 3,284 total native plant species had
<1% aliens on the list (Table 2; Kartesz 2010).
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Fig. 2 Relationship of percent alien species in the 120 most
widely distributed species in a region (from Table 1), and the
difference in frequency of occurrences in sub-regions (from
Table 2). Regions above zero on the y-axis denote that alien
species are more widely distributed than native species

The alien plant species on regional/continental
lists of the most widely distributed plant species
are as widely if not more widely distributed

as native plant species

The most surprising and consistent finding was that
aliens often had equal or greater frequencies
(in subregions) compared to native species in all areas
examined and regardless of scale and extent of the study

areas (Table 3). Aliens were significantly more widely
distributed than most native plant species in North
America (when 536 species were examined), Argentina,
Chile, and the Republic of South Africa. Meanwhile,
alien species were as widely distributed as native species
in California, Texas, Florida, and throughout Europe
(i.e., the frequencies were not statistically different). In
general, aliens on the lists were as widely distributed as
their native species counterparts (Table 3).

When we examined the relationship of percent alien
species in the 120 most widely distributed species in a
region (from Table 2), and the difference in frequency
of occurrences in subregions (from Table 3), we found
that many regions were above zero on the y-axis
denoting that alien species were generally more widely
distributed than their native species counterparts
(Fig. 2a). However, the correlation of the two factors
was not statistically significant (P = 0.21). When
larger datasets and regions were included from North
America, Europe, and the Republic of South Africa
(Fig. 2b), there appeared to be less of correlation
between the factors, but the data points are not
independent, so the correlation was not tested.

When we arranged these 536 species in the
conterminous United States, Republic of South Africa,
and Europe by frequency in subregions, we found
many of the alien species on the lists in North America
and the Republic of South Africa were also the most
widespread (Fig. 3). About 40% of these species in the
United States were alien, while only 2.1% of them
were alien to Europe. The Republic of South Africa
had an intermediate pattern of invasion, with 16 alien
species among the top 26 most widely distributed plant
species. As more species were included in each of
these large regions, native species began to dominate
the lists in terms of cumulative proportion of species.
However, the pattern in North America and South
Africa suggest that “super-invaders” are among the
top-most widely distributed species. Hence, we see
the rapidly decreasing proportion of native species for
the most widely distributed plant species (Fig. 3).

Widely distributed native or alien species around
the globe do tend to come from particular plant
families or groups

Many families overlap across continents such as

Asteraceae, Brassicaceae, Poaceae, and Fabaceae
(Appendix S1—Electronic Supplementary Material).
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Fig. 3 Cumulative proportion of native species from the most
widely distributed plant species to the 536th most widely
distributed plant species in Europe, Republic of South Africa,
and North America (north of Mexico). The data from the
Republic of South Africa are a preliminary compilation of two
datasets (aliens and natives in PRECIS (herbarium records) in
the PRECIS dataset) and aliens only in the SAPIA dataset,
which underestimates the number of sparsely distributed non-
natives relative to confirmed naturalized populations

Likewise, many families often overlap between
native and alien species (or archaeotype species)
within countries or regions (Appendix S1—Elec-
tronic Supplementary Material). The Poaceae and
Asteraceae contain broadly spread native and alien
species in North America, South Africa, and New
South Wales. Asteraceae is widespread native and
alien family in Great Britain and Ireland. Pinaceae
and Salicaceae dominate preliminary lists of native
and alien in China, but these lists are incomplete,
especially for understory species.

There were too many species-level findings to
report given this limited space, but a few examples are
noteworthy. For example, Chenopodium album, a
widely dispersed native species in Catalonia, Spain
and the Czech Republic, is considered mostly exotic
in North America, but with several native infraspecific
taxa alien to Chile and New South Wales. Likewise,
Cirsium vulgare, a native species in Great Britain and
Ireland, and Catalonia, is a widely dispersed alien
species in Chile, New South Wales, North America,
and South Africa. In these cases, widely distributed
native species became widely distributed alien spe-
cies. The most widespread alien species in South
Africa is Opuntia ficus-indica (L.) Mill. (Cactaceae),
while in North America, it is Taraxacum officinale
G.H. Weber ex Wiggers (Asteraceae).

Some species were more widely spread in their
invaded habitat compared to their native homelands.
Some species were more widely spread in their
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invaded habitat compared to their native homelands.
Senecio vulgaris ranged broadly in Catalonia, and
Great Britain and Ireland, but was less widespread in
North America. Likewise, Agrostis stolonifera, native
and widespread species in Great Britain and Ireland,
was less so in Catalonia, and a significantly wide-
spread alien weed in Chile. However, Bromus tecto-
rum (cheat grass), a well known alien invader in North
America, did not appear on any other lists. Likewise,
Opuntia ficus-indica, the most widely distributed alien
invader in South Africa, did not appear on the other
lists, except in Argentina. Taraxacum officinale, the
most widespread invasive in North America, is
somewhat limited in its distribution in Asia.

Discussion

This study is the first collection of frequencies of alien
and native species at almost a global scale (or with a
global extent), producing a few salient patterns.

Patterns of invasion of widely distributed plant
species are highly variable

We reject our sub-hypothesis that the fraction of the
plant species that is alien is similar among regions.
North America and Europe represent two ends of the
spectrum (Table 2). Over half of the 120 most widely
distributed species in North America were from other
countries. In North America, about 40% of these
plants appear on the lists from the other seven
countries or regions. Meanwhile, native plant species
comprise the vast majority of widely distributed
plants species in Europe and its regions sampled. The
species level analysis to date suggests Europe is a
better donor than receptor of plant species (di Castri
1989; Pysek 1998; Weber 2003; Winter et al. 2010),
while North America proves to be a melting pot of
both its flora, as well as its people; reflecting a highly
correlated pattern of both types of immigrations over
the past 500 years. However, every region on the
globe must be considered a potential donor of alien
species. Increased trade and transportation over the
past five Centuries has drastically transformed the
flora of North America. A new exhaustive phytogeo-
graphic assessment for all 36,000 North American
plant taxa (species and infraspecific entities) occur-
ring north of Mexico, reveals that 24% of the taxa
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occurring within the 72 major geopolitical subunits
(US states and Canadian provinces) were introduced
from other continents (Kartesz 2010). California,
which had the highest native species diversity of any
subunit, also had a high level of alien species.

Alien species, as a group in a region or country,
tend to be as widely distributed as native species

We accept this primary sub-hypothesis. This is the
first study to quantify that alien plant species tend to
be as widely distributed as common native species
(despite the disparity in the sizes of the areas
evaluated, or in the proportion of alien species in
different floras). This seems true despite widely
different residence times for native and alien species
in a region, and for different residence times of alien
species among regions (e.g., Europe with North
America). For many non-mutually exclusive reasons,
plant species that continue to spread globally often
have: (1) small seeds dispersed by wind and animals,
(2) escaped from pathogens and herbivores, or (3)
generalized habitat suitability (PySek and Richardson
2007). However, regardless of the proportion of alien
species on the lists, alien have become widely
distributed in their new countries or regions (Table 3;
Fig. 2), probably for the same reasons. It has been
recently shown that it takes on average about
150 years for an alien plant species in Europe to
achieve a full distribution according to Williamson
et al. (2009) and Gasso et al. (2010). Those authors
also showed that, although many aliens are still in the
process of extending their ranges, it may be assumed
that some have made more progress than others.

Plant families associated with small seeds, food,
forage, and hitchhiking dominate our lists
of widely distributed native and alien species

The Asteraceae, Brassicaceae, Poaceae, and Fabaceae
families are particularly widespread (Appendix S1—
Electronic Supplementary Material). These plant
families and certain species within them are more
common than others across the lists of widely
distributed native or alien species around the globe.
These families are large, so we might expect to see
many invaders among them. Our finding also support
those of Duncan and Williams (2002) in New
Zealand, who found that species with congeneric

relatives are significantly more, not less, likely to
naturalize, because “they share with their native
relatives traits that pre-adapt them to their new
environment.” Finding common invaders in many
countries may aid in prevention and containment
efforts. Obviously, effective prevention programs for
harmful invasive species would benefit from tracking
widely distributed alien and widely distributed native
species around the globe (Pysek et al. 2009).

The focus on trade and transportation

Our results clearly focus attention on the changing
rate of globalization throughout history (Hopkins
2004). Since the dawn of trade—with the first trade-
route arguably between the Sumer and Indus Valleys
over 5,000 years ago (Frank 1998)—alien plants,
animals, parasites, pathogens, and diseases were
intentionally and accidentally exchanged (Comas
et al. 1998). Globalization has more recently
expanded in a stair-step fashion driven by specific
technological innovations. For example, long-dis-
tance merchant ships in the Minoan, Greek, and
Roman civilizations shortened the time to market for
grain and other goods further connecting Europe,
Africa, and Asia. Indeed by 67 BC, the vast Roman
Empire had cargo ships designed to carry 70,000 kg
of grain, food, and other supplies from far and wide
(Kessler and Temin 2007), and many invasive plant
species in Italy can be traced to these times (Celesti-
Grapow et al. 2009). Trade in crops accelerated in the
Old World in the Islamic Golden Age (mid-eighth
century to mid thirteenth century AD), when traders
widely distributed sugar, cotton and other goods
(Hobson 2004). Long before Marco Polo’s explora-
tions to China, peoples brought pasta wheat, sugar
cane, spinach, and eggplant to the Mediterranean
(Bober 2001). Likewise, in the New World, Native
Americans were trading obsidian, shells, tobacco,
maize, squash and dozens of other products (Wood
1972).

In the fifteenth to seventeenth century AD, the Age
of Discovery (or Age of Exploration; or the Colom-
bian Exchange) connected the Old World with the
New World, thus greatly accelerating the exchange of
agricultural products, precious metals, and even
human cargo (di Castri 1989; Mack 2001). Food
crops such as potatoes, tomatoes and maize, other
agricultural crops (e.g., cotton, tobacco) and diseases
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(e.g. syphilis) moved from the New World to the Old
World, while different crops (e.g. wheat and sugar
cane), livestock (e.g. pigs, horses, cattle), pests and
diseases (e.g. rats, plague, small pox, measles), and
humans (e.g. slaves and settlers) were exchanged
(Crosby 1972). In the late 18th century, the isolated
southern-hemisphere continent of Australia was
brought into somewhat permanent connection with
the rest of the world when it was established by the
British as a penal colony. Since then, a total of 26,242
alien plant species have been introduced into Aus-
tralia (Randall 2007) from many different regions of
the world (Groves and Hosking 1998; Cook and Dias
2006; Harris et al. 2007; Phillips et al. 2010a), with
some notable periods of rapid exchange (e.g. between
1840 and 1880 as well as between 1980 and the
present, Phillips et al. 2010b). More recently, but to a
limited degree, even Antarctica has also been subject
to globalization. In short, all the continents are
essentially connected once again. For example, a
MacDonald’s Big Mac with fries and a coffee,
contain plants from all eight global centers of
cultivated plant diversity (Proches et al. 2008).

The frequency of inter-change has increased
similarly. International trade skyrocketed between
1870 and 1913. Growth of the global economy was
directly related to shipping, where freight rates fell on
average by 50%, while global trade increased 400%
(Jacks and Pendakur 2008). One analysis suggests
that the combination of maritime and air cargo
increased global trade roughly sixfold between 1950
and 2000 (Jacks et al. 2008). Another synthesis
showed that after 1950, the volume of world
merchandise increased 17-fold, while world Gross
Domestic Product increased just sixfold (Flemming
2004). Thus, in the modern day, most of the goods
consumed by humans stem from imports.

As the global economy expanded, so did trade in
live organisms. Smith et al. (2009) synthesized trends
that are alarming: billions of live animals and animal
products are traded globally each year. These species
have the potential to compete with native species for
resources, alter ecosystems, damage infrastructure,
and destroy crops. Likewise, the introduction of
hitch-hiking pathogens and diseases threaten human
health, agricultural production and biodiversity. The
trade in live plant materials is equally alarming. In
Great Britain, for example, about 27% of ornamental
species on sale in nineteenth century were recorded
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growing outside cultivation (Smith et al. 2009).
Ornamental horticulture is still a major pathway for
plant introductions, and the dominant pathway for
woody plant invaders (Reichard and White 2001;
Hulme et al. 2008). The advent of e-commerce also
makes the trade in live plants and seeds quicker and
cheaper. For example, Maki and Galatowitsch (2004)
found that prohibited alien aquatic plant species
could easily be bought from plant vendors across the
United States.

Caveats and cautious generalizations

There are several caveats to a study such as this one.
We lack a probabilistic sampling design—our sites
were subjectively selected (opportunistic sampling of
available data from only eight countries or regions).
The study sites varied in size from 9,596,960 km? for
the People’s Republic of China to 20,600 km? for
Catalonia. Additionally, some study areas used
political subregions, some used bioregions, and
others use grid cells to determine frequency of
occurrence. Therefore, the mean frequency values
in Table 3 are exaggerated when data were collected
by regions rather than smaller grid cells and they are
not directly comparable across sites. The data we use
reflect the availability of data on invasive plants
globally, with still existing geographical bias due to
which the quality of data across the globe varies,
being generally poor in understudied continents
(Pysek et al. 2008). In some areas, there may be
botanical bias against collecting alien species, and the
density of botanists may have resulted in more
complete datasets in some areas.

Areas of future research

We still do not know why some areas are more easily
invaded than others (Richardson et al. 2005; Chytry
et al. 2008). General observations suggest that areas
with high numbers of native species are vulnerable
to invasions due to high resource availability and
high environmental heterogeneity—and this pattern
holds up generally well over large portions of the
earth from local and regional scales (Stohlgren et al.
1999, 2003) to global scales (Lonsdale 1999).
Increasing trade and transportation diminishes dis-
persal limitations, and increases the number of
introductions and species overlap among regions
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and nations (Hulme et al. 2009; PySek et al. 2010).
The number and overlap of alien taxa among
countries or regions (Appendix S1—Electronic Sup-
plementary Material) is a testament to trade and
transportation. However, the paucity of widely
distributed alien species in Europe and People’s
Republic of China remains an aberration. Very few
of the 1,600 alien species, known to be introduced to
Europe since 1500 AD, have become widespread,
therefore, approximately 12,000 native plant species
seem to be holding their ground (Winter et al. 2009).
This is despite the fact alien species in Europe and
China have been used intensively and extensively for
agriculture, horticultural, silviculture, and for envi-
ronmental engineering.

Climate, level of disturbance, time since introduc-
tion, and trade volume are often given as reasons for
differences in invasion patterns. However, portions of
the People’s Republic of China, North America, and
portions of Europe include temperate zones with very
different invasion patterns. All these areas are heavily
affected by land use change. The inclusion of
archeophytes in Europe showed that as a group, they
are equally distributed despite wildly different times
since introduction (Pysek et al. 2002, 2004b; Winter
et al. 2010; but see La Sorte and Pysek 2009).
Increased volume of trade and transportation with
People’s Republic of China, a very species-rich
country (Ricklefs 2005), may create additional chal-
lenges in other countries and regions. Europe,
especially its Mediterranean region, has been tradi-
tionally considered a donor of invasive species to
other parts of the world due to historical reasons and
long association of plants and animals with humans
since the beginning of agriculture some 10,000 years
ago (di Castri 1989), which is reflected by the
majority of invasive species on other continents being
of Eurasian origin (Pysek 1998; Weber 2003).

Regional and national plant inventories and dat-
abases are essential to understand patterns and
impacts of invasions (Stohlgren et al. 2005; Cadotte
et al. 2006; Crall et al. 2006; Lambdon et al. 2008b;
Jarnevich and Stohlgren 2009, Vila et al. et al. 2010).
Yet in many cases, we are unable to determine the
exact donor country or region of an alien species. In
many cases, genetic research is needed to identify
donor areas and to understand pathways of introduc-
tions. Such research is vital to developing effective
prevention programs (Cox 2004).

Conclusion

Our data clearly show the changing origins of widely
distributed plant species in several countries and
regions worldwide. For most countries, over the past
few hundred years, widely distributed species lists
have gone from nearly all native species to a large
percentage of alien species. Ricklefs (2005) proposed
that: “On balance, regional comparisons of patterns of
species richness suggest that large-scale processes
(i.e., species formation) and unique historical and
geographic circumstances have had a strong impact on
patterns of plant diversity.” While these processes
may have determined the initial patterns of species
richness around the globe, trade and transportation
and changing patterns of widely distributed species
may dominate future patterns of biodiversity. We may
be witnessing accelerating effects of the great reshuf-
fling of species on the globe (Mack 2001) as
geographic isolation diminishes over time. Human
assisted migrations, and unintentional species estab-
lishment followed by natural dispersal by wind, water,
and animals may further spread alien species from
local to global scales. While the scientific community
is making great strides in tracking global invasive
species (Simpson et al. 2009), it might be prudent to
begin thinking about the tracking on widely distrib-
uted native species as likely donor populations.
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