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1  | INTRODUC TION

Biological invasions are one of the greatest threats to biodiversity 
(Bellard, Cassey, & Blackburn, 2016; McGeoch et al., 2010; Sala 
et al., 2000) and a major threat to food production, human health 
and livelihoods (Pimentel et al., 2001; Pimentel, Zuniga, & Morrison, 
2005). Global trade and transport play an important role in the 
movement of alien species around the globe (Turbelin, Malamud, & 
Francis, 2017; van Kleunen et al., 2015), and as trade and transport 

have increased in intensity over time (Harrari, 2015), so too has the 
number of alien species introductions (Hulme, 2009; Seebens et al., 
2017).

A principle aim of biosecurity is to either prevent the introduc-
tion of harmful species (often the most efficient and cost-effective 
way to manage biological invasions; Leung et al., 2002; Puth & Post, 
2005; Simberloff et al., 2013), or to detect and manage incursions 
soon after introduction (Simberloff et al., 2013). To achieve this, bi-
osecurity measures at various spatial scales have been developed to 
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prevent harmful alien species from being transported, to detect and 
respond to these species when they arrive in new regions and, where 
required, to prevent them from escaping or being released from con-
finement (Sikes et al., 2018; Wilson, Panetta, & Lindgren, 2017). 
At a global level, a number of international agreements have been 
instituted (e.g. the Agreement on the Application of Sanitary and 
Phytosanitary Measures and the International Convention for the 
Control and Management of Ships' Ballast Water and Sediments), 
and international standards have been set to prevent the transporta-
tion of harmful alien species (Brenton-Rule, Barbieri, & Lester, 2016; 
McGeoch et al., 2010; Turbelin et al., 2017). At a national level, coun-
tries have developed legislation that aims to prevent invasions, and 
have implemented a range of biosecurity interventions (Early et al., 
2016; McGeoch et al., 2010; Sikes et al., 2018). However, although 
both international and national-level responses have increased over 
time, countries differ with regard to their capacity to prevent inva-
sions, their biosecurity protocols and their implementation of inter-
national standards (Bacon, Bacher, & Aebi, 2012; Early et al., 2016; 
Eschen et al., 2015; McGeoch et al., 2010; Ricciardi et al., 2017; 
Turbelin et al., 2017).

Intercountry variation in the implementation of international 
standards means that alien species can be easily transported to new 
regions (Ricciardi et al., 2017; Sikes et al., 2018), while at a national 
level, a low capacity to prevent invasions and poorly developed bi-
osecurity protocols puts a country at risk of new introductions and 
invasions (Early et al., 2016). However, the risks posed by an alien 
species will vary between countries (Benedict, Levine, Hawley, & 
Lounibos, 2007; Thuiller et al., 2005) and, therefore, so too will the 
incentive to prevent invasions. Biological invasions often transcend 
political boundaries (Stoett, 2007), and once a species is introduced 
and establishes in a country that shares land borders with other 
countries, preventing the species from spreading into neighbouring 
countries is extremely difficult (Faulkner, Hurley, Robertson, Rouget, 
& Wilson, 2017). Intercountry variation in biosecurity (termed ‘het-
erogenous biosecurity’ in this paper) and in incentives to prevent 
invasions can, therefore, lead to the introduction and establishment 
of alien populations that can pose a risk to neighbouring countries, 
including those with good biosecurity (Bacon et al., 2012). In Europe, 
for example, inspections are only implemented at the first point of 
entry, but European countries implement differing inspection proto-
cols, and so countries with weaker border controls act as a gateway 
for harmful species (Bacon et al., 2012). Although the biosecurity 
of European countries has been shown to influence that of their 
neighbours (Bacon et al., 2012), there have been few studies into 
how heterogenous biosecurity influences the likelihood that species 
will invade and have an impact in regions with contiguous countries 
(where multiple countries share land borders).

We aimed to improve the understanding of how the biosecurity 
of a country influences that of its neighbours. Here we present sce-
narios that describe invasions in regions with contiguous countries. 
These scenarios consider whether the invasive species spreads from 
the country where it first establishes into neighbouring countries, 
as well as whether the invasion has an impact in the country of first 

establishment and in those that are subsequently invaded. In order 
to assess how prevalent these scenarios might be in the future, we 
used data from alien species databases, socio-economic and bio-
diversity data, and species distribution models to predict future 
biological invasions, and classified each invasion according to the 
scenarios. Information on the capacity of countries to prevent inva-
sions (termed 'proactive response capacity'; Early et al., 2016) was 
used to determine which invasions are unlikely to be prevented. This 
study indicates that biological invasions that span multiple countries 
are likely to be prevalent in the future, and highlights the biosecurity 
implications for the countries involved.

2  | MATERIAL S AND METHODS

2.1 | Invasion scenarios

Six scenarios were developed to describe invasions in regions where 
multiple countries share land borders. The scenarios depict inva-
sions whereby an alien species is introduced and establishes in a 
country (termed ‘country of first establishment’ FE) within a region 
where the species did not previously occur. The scenarios consider 
whether the species subsequently invades neighbouring countries 
(termed ‘country of subsequent invasion’ [SI]), and whether the inva-
sion has an impact in FE or SI. In these scenarios the initial introduc-
tion of the species to FE could occur through any human-mediated 
introduction pathway (CBD, 2014), however, the scenarios do not 
differentiate between the pathways. The spread of a species from FE 
into SI occurs through natural dispersal (termed the ‘unaided path-
way’ in CBD, 2014), or through human-mediated dispersal between 
contiguous countries that is impractical to prevent. In this paper, ter-
ritories were considered as separate ‘countries’ from their sovereign 
states. It was also assumed that in regions with contiguous countries 
the biosecurity of these countries would be highly interdependent, 
while that of isolated countries (e.g. Australia) would be less depend-
ent (Eschen et al., 2015). Details on the invasion scenarios are pro-
vided in Figure 1.

2.2 | Preventing future biological invasions

Biological invasions are a multistage process, and for a species to 
become invasive, it must be introduced to a region where it is not 
native, establish a population and then spread (Blackburn et al., 
2011). We considered each stage of the invasion process and de-
termined where future biological invasions could occur in regions 
with contiguous countries and whether these invasions could cause 
impacts. We then assessed whether such invasions are likely to be 
prevented. The procedure followed is set out in Figure 2: (1) collate 
data for study species and determine where each species is likely 
to (2) be introduced (‘introduction threat’), (3) become invasive (‘in-
vasion threat’) and (4) have an impact; (5) classify the invasions ac-
cording to the relevant invasion scenarios; and (6) for each invasion 
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use information on biosecurity to determine whether the invasion is 
likely to be prevented. More detailed information on these methods 
can be found in the Supporting Information.

2.2.1 | Species data

For this study, our aim was to select a sample of well-studied in-
vasive species from a variety of environments and taxonomic 
groups that have had serious impacts in places where they have 
been introduced. Therefore, for the analysis we selected the spe-
cies on the Global Invasive Species Database's (GISD) list of 100 of 

the world's worst invasive species (Lowe, Browne, Boudjelas, & De 
Poorter, 2000; Luque et al., 2014). Information was required for 
the analysis on the species’ taxonomy, habitat, pathways of intro-
duction, impacts and global range; and species occurrence records 
were required to model the distribution of the species (section 1 
of Figure 2). For each species, information on taxonomy, habitat 
and impacts was obtained from the GISD, while information on the 
species’ pathways of introduction was obtained from the GISD, 
CABI’s Invasive Species Compendium and published literature (see 
Supporting Information for further details). The species’ habitat was 
classified as either terrestrial, marine or freshwater; the pathways 
were classified using the scheme adopted by the Convention on 

F I G U R E  1   Scenarios for invasions that occur in regions with contiguous countries and the biosecurity implications
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F I G U R E  2   The procedure followed to determine where future biological invasions could occur and have impacts in regions with 
contiguous countries, and to assess whether these invasions will be prevented. The numbered sections in bold in the figure correspond to 
the sections of the methods where details are provided on the processes followed and their outputs. Processes are indicated in the figure 
using a number and lower case letter (e.g. 2a). The grey stippled boxes indicate procedures that were followed for each species, while the 
boxes with the grey dashed line indicate procedures that were followed for each invasion per species. The thick arrows indicate where 
multiple scenarios could be possible for each invasion
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Biological Diversity [CBD (CBD, 2014)] into six pathway categories 
and 44 subcategories (Table S3); and impacts were classified ac-
cording to the GISD into three outcome categories and 40 subcat-
egories (see Table S5). Species occurrence data were obtained from 
nine online databases including the Global Biodiversity Information 
Facility, Ocean Biogeographic Information System and eBird (see 
Supporting Information for further details), and information on 
the countries in which each species occurs as either a native or 
alien species was obtained from the GISD and the Global Register 
of Introduced and Invasive Species (Pagad, Genovesi, Carnevali, 
Schigel, & McGeoch, 2018). Viruses (n = 1), Protista (n = 1) and fungi 
(n = 5) were excluded from the analysis (for details see Table S1), as 
were seven species for which fewer than 30 species occurrence re-
cords were available for species distribution modelling (see below 
for further information). Therefore, 86 species were included in the 
analysis.

2.2.2 | Introduction threat

The likelihood of a species being introduced to a new region is often 
positively related to the prominence of the species’ pathways of in-
troduction in that region (Haack, 2001; Levine & D’Antonio, 2003). 
For example, invertebrates or pathogens that are accidentally in-
troduced along with their host plants when the host is intentionally 
imported (‘contaminant on plants’ or ‘parasites on plants’ pathways 
of the CBD, 2014), are more likely to be introduced to regions 
where large quantities of the host are imported than to regions 
where the host is imported in small quantities (Sikes et al., 2018). 
As another example, marine alien species that are transported by 
ships (‘hull fouling’ or ‘ballast water’ pathways of the CBD, 2014) are 
more likely to be introduced to regions with a high shipping inten-
sity than to those where shipping intensity is low (Drake & Lodge, 
2004; Kaluza, Kölzsch, Gastner, & Blasius, 2010; Seebens, Gastner, 
& Blasius, 2013). In order to determine where each species is likely 
to be introduced (section 2 of Figure 2) global socio-economic data 
that are related to each of the 44 pathways of introduction were 
collected from various online sources (for information on the types 
of data used for each pathway and their sources see the Supporting 
Information). For example, country-level data on live plant imports 
were obtained from the UN-Comtrade database (https ://comtr ade.
un.org/) as these data are related to the ‘contaminant on plants’ and 
‘parasites on plants’ pathways, while global cargo ship track data 
were obtained from Halpern et al. (2015) for the ‘ballast water’ and 
‘hull fouling’ pathways. The socio-economic data were used to cre-
ate a continuous 10 min global grid for each pathway (process 2a in 
Figure 2), where grid cells with high values represent sites where 
the pathway is prominent and where a species is likely to be intro-
duced through that pathway. The continuous grid for each pathway 
was then converted into a binary grid (1 or 0) using the 75th per-
centile as a threshold (process 2b in Figure 2), where grid cells with 
a value of one represent sites where an alien species could be intro-
duced through the pathway. Some alien species can be introduced 

through multiple pathways (Essl et al., 2015; Foxcroft, Spear, van 
Wilgen, & McGeoch, 2019; Pergl et al., 2017). Using the informa-
tion collected on the species’ pathways of introduction (section 1 
of Figure 2), we identified all of the pathways that had previously 
facilitated the introduction of each species to parts of the world 
where it is not native. For each species, the binary grids for all of 
the species’ pathways of introduction were combined by taking the 
maximum value for each cell (process 2c in Figure 2). This resulted 
in a binary grid (1 or 0) for each species indicating sites where the 
species is likely to be introduced, or in other words where the spe-
cies poses an introduction threat.

2.2.3 | Invasion threat

Species distribution models (SDMs) were used to identify parts of 
the globe that are environmentally suitable for each species to sur-
vive and persist (section 3 of Figure 2). For each species, information 
on habitat, species occurrence records (section 1 of Figure 2) and 
ecologically relevant predictor variables were required for modelling.

The quality of the species occurrence records that were col-
lected for each species (section 1 of Figure 2) was assessed using 
the ‘Biogeo’ package in R (Robertson, Visser, & Hui, 2016), and 
records with errors were either corrected or removed. Records 
that were removed included those that were missing co-ordinate 
data, those that were too imprecise for the analysis and duplicate 
records (for further details see Table S6). As SDMs do not pre-
dict consistently well with a sample size of fewer than 30 occur-
rence records (Wisz et al., 2008), SDMs were built for all species 
for which more than 30 clean occurrence records were available 
(86 species). An average of ~2,500 clean occurrence records per 
species were available for modelling (range 46–47,594, for details 
see Table S6).

Climatic variables from the Worldclim 10 min data set (Hijmans, 
Cameron, Parra, Jones, & Jarvis, 2005) were used to model the dis-
tributions of the terrestrial and freshwater species, but for fresh-
water species a topographic variable—topographic wetness index 
from the Envirem data set (Title & Bemmels, 2018) was also used. 
Marine environmental variables from the Bio-ORACLE data set 
(Tyberghein et al., 2012) aggregated to a 10 min resolution were 
used to model the distributions of the marine species. For each habi-
tat, we selected predictor variables that have an important influence 
on organisms and their distributions, and that have been successfully 
used to model the distributions of species. The selected variables 
were checked for colinearity using the Pearson correlation coeffi-
cient, and in instances of colinearity one of the colinear variables 
was excluded. Seven climatic variables were used to model the dis-
tributions of the terrestrial species, eight climatic and topographic 
variables were used for the freshwater species and eight marine en-
vironmental variables were used for the marine species (for further 
details see Table S7).

The cleaned occurrence records and environmental predictors 
were used to build an ensemble species distribution model for each 

https://comtrade.un.org/
https://comtrade.un.org/
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species (process 3a of Figure 2) using the ‘Biomod2’ package in 
R (Thuiller, Lafourcade, Engler, & Araújo, 2009). The SDMs were 
built using six algorithms: (a) generalized linear models, (b) gener-
alized boosting trees, (c) multivariate adaptive regression splines, 
(d) random forest, (e) flexible discriminate analysis and (f) maxi-
mum entropy. Five sets of pseudo-absence records were gener-
ated for each species by selecting 1,000 or 10,000 random points 
(depending on the number of clean occurrence records available) 
from the environments in which the species is found. The models 
were evaluated using a fourfold repeated split procedure, whereby 
models were calibrated on 70% of the data and tested on 30% of 
the data. Two test statistics, the area under the receiver operating 
curve (AUC; Fielding & Bell, 1997) and the true skill statistic (TSS; 
Allouche, Tsoar, & Kadmon, 2006), were used to evaluate the mod-
els. The final ensemble model for each species was generated using 
all the data and by calculating the weighted mean of the probabil-
ities for each algorithm. Only models with TSS greater than 0.6 
were used in the ensemble model and were weighted in proportion 
to the TSS evaluation. The projected ensemble models performed 
well for all species, with TSS values ranging between 0.69 and 
0.98, and AUC values ranging between 0.93 and 0.99 (Figure S2).  
The continuous SDM outputs were converted into binary grids (1 
or 0), using the lowest predicted value at which an occurrence re-
cord was found as the threshold (process 3b of Figure 2). These 
binary grids indicated sites that are suitable for the species to sur-
vive and persist.

As some of the species have already been introduced to parts of 
the world that were predicted as environmentally suitable, and as 
the focus of the work was on future rather than current biological in-
vasions, we excluded predicted cells in countries in which the species 
already occur (process 3c of Figure 2). The species occurrence data 
and information on the species’ ranges (section 1 of Figure 2) were 
used to identify any country in which the species occurs, and these 
grid cells were excluded. For each species, the predicted cells were 
then classified into separate invasions based on whether the cells 
formed a contiguous group and whether they fell within the same 
political boundaries, with separate contiguous groups of cells found 
within the same country classified as the same invasion (process 3c 
of Figure 2). Therefore, multiple invasions are possible for each spe-
cies. Invasions that were predicted to occur on land masses where 
only one country is present were excluded (e.g. Australia), as were 
invasions for which there was no introduction threat (process 3c of 
Figure 2). This resulted in a grid for each species which indicates sites 
where the environment is suitable for the species to establish in the 
future, or in other words where the species poses an invasion threat, 
with all the cells related to a specific invasion uniquely classified.

2.2.4 | Impact

Alien species can have a wide range of environmental and socio-
economic impacts, however, the magnitude of these impacts will 
partly depend on the properties of the invaded site. Sensitive sites 

are those where the consequences of the invasion are severe or 
where the invasion is particularly undesirable (McGeoch et al., 
2016). For example, alien species that cause a reduction in native 
biodiversity are likely to have the greatest impact in regions that 
have been identified as global conservation priorities. As another 
example, invasions by species that have impacts on tourism may 
be particularly undesirable in regions where tourism is economi-
cally important. In order to determine where each species is likely 
to have an especially undesirable negative impact (section 4 of 
Figure 2), global environmental and socio-economic data that are 
related to the 40 types of impact were obtained from various on-
line databases (for information on the types of data used for each 
type of impact and their sources see the Supporting Information). 
For example, digital data for the Global 200 Ecoregions from 
the World Wildlife Fund (World Wildlife Fund, 2012) were used 
to identify sites that are a priority for conservation and that are, 
therefore, particularly sensitive to invasions by species that cause 
a reduction in native biodiversity. As another example, country-
level data on the contribution of tourism to Gross Domestic 
Product obtained from the World Travel and Tourism Council 
(2016) were used to identify sites where tourism is economically 
important and that are sensitive to invasions by species that have 
impacts on tourism. The socio-economic data were used to create 
a global binary grid (1 or 0) for each type of impact (process 4a of 
Figure 2), where grid cells with a value of one represent sites that 
are particularly sensitive to invasions. Using the information col-
lected on the species impacts (see section 1 of Figure 2), we iden-
tified all of the impacts each species has had in their introduced 
range. An alien species can have multiple impacts, and so for each 
species, we combined the binary grids for all of the impacts that 
the species has had by taking the maximum value for each cell 
(process 4b in Figure 2). This resulted in a global binary grid (1 or 0) 
for each species, which indicates sensitive sites where the species 
could have an impact if it is introduced.

2.2.5 | Scenario classification

The introduction threat, invasion threat and impact results were 
combined and a map of the country boundaries was then used to 
identify the countries where, for each invasion, the species is likely 
to first establish, subsequently invade and have an impact (section 
5 of Figure 2).

We assumed that the country of first establishment for an inva-
sion would be any country with sites where the species is likely to 
be introduced and subsequently establish. Therefore, for each inva-
sion, sites where the species could first establish were identified by 
combining the introduction threat and invasion threat grids by cal-
culating the product for each cell (process 5a of Figure 2). A map of 
country boundaries was obtained from Natural Earth (version 2.2.0 
at a scale of 1:50) and was superimposed onto the resultant grid 
(process 5a of Figure 2) to identify the country, for each invasion, 
where the species could first establish.



     |  7FAULKNER Et AL.

For each invasion, countries where the species could subse-
quently invade were identified by superimposing a map of country 
boundaries onto the invasion threat grid and eliminating the country 
of first establishment (process 5b in Figure 2).

We assumed that countries where the species could have an 
impact would be any country with sensitive sites where the spe-
cies is likely to establish. Therefore, for each invasion, sites where 
the species could have an impact were identified by combining 
the invasion threat and impact grids by calculating the product 
for each cell (process 5c of Figure 2). For each invasion, countries 
where the species could have an impact were identified by super-
imposing a map of country boundaries onto the resultant grid (pro-
cess 5c in Figure 2).

Finally, for each invasion, the countries where the species is 
likely to first establish, subsequently invade and have an impact 
were compared and each country was classified as (a) a country of 
first establishment where there is no impact, (b) a country of first 
establishment where there is an impact, (c) a country of subsequent 
invasion  where there is no impact or (d) a country of subsequent 
invasion where there is an impact (process 5d in Figure 2). The in-
vasions were then classified according to the invasion scenario(s) 
to which they conform (process 5d in Figure 2). For some invasions 
there was more than one country where first establishment could 
occur, and as a consequence, multiple scenarios are possible. In 
these instances, the invasions were classified according to all the in-
vasion scenarios that were applicable.

2.2.6 | Biosecurity

Country-level data on proactive response capacity have been pub-
lished by Early et al. (2016). These data indicate the likelihood that 
invasions will be prevented or contained early in the invasion pro-
cess. Countries that have a high proactive response capacity have 
comprehensive border control policies and programmes for re-
search, monitoring and public engagement on biological invasions 
(Early et al., 2016). National reports on the implementation of the 
Convention on Biological Diversity were used to estimate proactive 
response capacity, with estimates ranging between zero and three 
at intervals of 0.5 (Early et al., 2016). These data were used to de-
termine, for each invasion, the proactive response capacity of the 
country of first establishment and assess if the invasion is likely to be 
prevented (process 6a in Figure 2). We classified proactive response 
capacity into three categories, where a proactive response capacity 
of 0, 0.5 or 1 was low, 1.5 or 2 was intermediate and 2.5 or 3 was 
high. For invasions where first establishment could occur in more 
than one country multiple scenarios are possible, and for each pos-
sible scenario the proactive response capacity available to prevent 
the invasion could vary depending on the country where the spe-
cies first establishes. In these instances proactive response capacity 
was assessed for each possible scenario by calculating the minimum 
proactive response capacity of the countries of first establishment. 
Furthermore, in instances where first establishment could occur in 

more than one country, countries of first establishment with a high 
proactive response capacity could prevent the introduction of the 
species but will still be at risk if other countries of first establish-
ment in the region have a low proactive response capacity. In order 
to assess the prevalence of this issue we calculated the minimum and 
maximum proactive response capacity for every scenario to which 
an invasion conformed.

For each invasion, the pathways of introduction that could facil-
itate the introduction of the species to each country of first estab-
lishment were identified and we determined the impacts that the 
species could have in all the countries that could be invaded (see 
Appendix S1).

All analyses and plotting were performed in R (R Core Team, 
2017) and ArcMap version 10.

3  | RESULTS

We predicted that introductions of the 86 invaders to regions 
with contiguous countries could result in 2,523 future biological 
invasions. Although many of the invaders could be introduced and 
become invasive in both developed and developing regions, the 
number of invaders that could have impacts is higher for devel-
oping regions than for developed regions (Figure S3). The path-
ways of introduction for most of the invaders are prominent in 
restricted parts of the studied regions, and so in many regions 
these species pose an introduction threat to a relatively confined 
area (Figure S3). However, large parts of these regions are envi-
ronmentally suitable for these species and are sensitive to their 
impacts (Figure S3).

There were predicted invasions that conformed to all six of the 
invasion scenarios (Figure 1 and Table 1). Of the predicted future 
invasions, 1,550 could conform to scenarios 1 or 2 (Table 1), and 
so for most (61.4%) of the predicted invasions the alien species will 
be introduced and establish in a country, but will not spread into 
neighbouring countries. These invasions will not pose a threat re-
gionally, but in most cases are predicted to cause impacts, and so 
should be a national priority for management (Table 1 and Figure 1). 
Unfortunately, the majority of these invasions are unlikely to be pre-
vented, due to the low proactive response capacity of the country in 
which they are predicted to occur (Table 1).

For more than a third of the predicted invasions (973 invasions 
or 38.6%), the alien species is likely to be introduced and establish 
in a country and then subsequently spread into neighbouring coun-
tries (see results for scenarios 3–6 in Table 1 and for further details 
Figure S4). For 151 of these invasions, there is more than one coun-
try where the species could first establish and as a consequence 
multiple scenarios are possible (see Figure S4).

Of the invasions that are predicted to span multiple coun-
tries, 115 (4.6%) could conform to scenario 3 and so are unlikely 
to cause impacts in any of the countries that the invasion spans 
(Table 1; Figure S4 for further details). Most of these invasions are 
likely to be prevented as the country where the species could first 
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establish has a high proactive response capacity (Table 1 and for 
further details see Figure S5). In these instances, countries with 
high proactive response capacity could assist their neighbours by 
preventing invasions, but these invasions are not a management 
priority for the country of first establishment or for the region 
(Figure 1).

A few invasions (64 invasions; 2.5%) could conform to scenario 
5 and so will cause impacts in the country where the species first 
establishes, but will not cause impacts in any of the countries that 
are subsequently invaded (Table 1; Figure S4 for further details). 
These invasions should be a management priority for the country of 
first establishment, but not for the entire region (Figure 1). Most of 

Scenario
Number of 
invasions

Proactive response capacity

Number Notation Low Intermediate High

1 FE -X-> SI 326 145 47 63

2 FE* -X-> SI 1,224 696 204 158

3 FE ---> SI 115 29 16 69

4 FE* ---> SI* 791 608 88 90

5 FE* ---> SI 64 20 18 18

6 FE ---> SI* 154 96 27 22

Note: Information on proactive response capacity was not available for some invasions. Multiple 
scenarios are possible for 151 of the invasions that are predicted to spread into neighbouring 
countries (see Figure S4), and so the number of invasions conforming to the scenarios (2,674) is 
greater than the total number of invasions predicted (2,523 invasions).
FE is the country of first establishment; SI is the country of subsequent invasion; ---> is spread; -X-> 
is no spread; *there are impacts; no asterisk there are no impacts. See Figure 1 for further details.

TA B L E  1   The number of invasions 
predicted to occur in regions with 
contiguous countries which conform 
to each scenario. For each invasion, 
the minimum proactive response 
capacity available in countries of first 
establishment (FE) was calculated, and 
expressed here is the number of invasions 
for which the minimum proactive 
response was low, intermediate or high. 
There will be low proactive response 
capacity to prevent most invasions

F I G U R E  3   Hiptage (Hiptage 
benghalensis (L.) Kurz) (a) is predicted 
to invade the west coast of Africa (b), 
where the species could spread and have 
an impact

Native range and current invasions:
Hiptage is a vine-like shrub of the family Malpighiaceae that is native to south and South-
East Asia (China, Taiwan, India, Indonesia, Malaysia, Myanmar, Philippines, Sri Lanka, and 
Thailand; Global Invasive Species Database, 2019; Starr, Starr, & Loope, 2003). The species 
has been introduced to Australia, the USA (including Hawaii) and the islands of Mauritius 
and Réunion (Global Invasive Species Database, 2019; Starr et al., 2003), where it was 
cultivated as an ornamental plant and occasionally for medicinal purposes (Starr et al., 2003). 
Where the species has become invasive it climbs over and smothers native plants and 
prevents them from growing or regenerating (Pacific Island Ecosystems at Risk (PIER), 
2013).

Potential invasion:
New introductions of this species are likely through the ornamental plant trade (CAB 
International, 2007), and the species could be introduced to the west coast of Africa, where it 
could establish and become invasive. Hiptage can be propagated from cuttings, and as the 
seeds of the plant are dispersed by the wind (Pacific Island Ecosystems at Risk (PIER), 
2013), the species could easily spread in west Africa, resulting in an invasion that could span 
15 countries. The species is likely to have environmental impacts in most of these countries, 
with the invasion overlapping with ecoregions that are priorities for conservation (Olson & 
Dinerstein, 2002). As the countries in which impacts could occur include some of the 12 
countries in the region where the species could first establish, the invasion could conform to 
either invasion scenario 4 or 6. All of the countries in which the species could first establish 
have a low proactive response capacity. Consequently, this invasion is unlikely to be 
prevented, unless there is regional co-operation and communication.

(a) (b)
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these invasions are unlikely to be prevented due to the low proactive 
response capacity of the countries in which the species could first 
establish (Table 1 and for further details see Figure S5).

Almost a third of the predicted invasions (827 invasions, 32.8%) 
could conform to scenario 4 and/or scenario 6 and, therefore, could 
have impacts in some of the countries that are subsequently in-
vaded (see Figure S4). In these instances countries will rely on the 
biosecurity of their neighbours and so these invasions should be a 
management priority for the region. Unfortunately, the majority of 
these invasions are unlikely to be prevented due to the low proactive 
response capacity of some of the countries where the species could 
first establish (see Figure S6).

Almost a third of the invasions (791 invasions; 31.4%) could 
conform to scenario 4 and so are likely to have impacts in both 
the country where the species first establishes and in some of the 
countries that are subsequently invaded (Table 1; Figure S4 for 
further details). One predicted invasion that could conform to this 
scenario is that of hiptage (Hiptage benghalensis (L.) Kurz) on the 
west coast of Africa (Figure 3). Such invasions should be a man-
agement priority for the country of first establishment, as well as 
for the entire region (Figure 1), but most of these invasions are 
unlikely to be prevented as some or all of the countries where the 
species could first establish have a low proactive response capac-
ity (Table 1 and Figure 4). For some of these invasions, a subset of 

F I G U R E  4   The minimum and maximum proactive response capacity of all of the potential countries of first establishment (FE) for 
invasions that conform to scenario 4. In scenario 4 an invasive species has an impact in the country of first establishment, and spreads into 
countries of subsequent invasion (SI), where it also has an impact. Panel a shows the likelihood that an invasion will occur given the capacity 
available, and Panel b shows the number of invasions for which each section of the diagram is relevant. Information on proactive response 
capacity was not available for five invasions that conformed to this scenario

F I G U R E  5   Regions with contiguous countries where invasions that conform to scenario 6 could occur. Invasions conform to scenario 
6 when an invasive species spreads from the country of first establishment (FE), where there is no impact, into countries of subsequent 
invasion (SI), where there is an impact. Isolated countries (e.g. Australia) were not included in the analysis and are shown in white on the map
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the countries where first establishment could occur have a high 
proactive response capacity, however, these countries will still be 
at risk due to their neighbours’ weak biosecurity (Figure 4).

Of the predicted invasions, 154 (6.1%) could conform to sce-
nario 6 and are unlikely to have impacts in the country where the 
species could first establish, but could have impacts in some of the 
countries that will be subsequently invaded (Table 1; Figure S4 for 
further details). Many of these invasions are predicted to occur in 
Africa, South and Central America, eastern Europe and the Middle 
East (Figure 5). Such invasions are unlikely to be a management 
priority for the country of first establishment, but should be a pri-
ority at a regional level (Figure 1). Therefore, these invasions are 
unlikely to be prevented, no matter the proactive response capac-
ity available (but for details see Table 1; Figure S5), as there will 
be little incentive for the country of first establishment to prevent 
and manage the invasion. The predicted invasion of hiptage on the 
west coast of Africa could conform to this scenario and, therefore, 
is unlikely to be prevented (Figure 3).

4  | DISCUSSION

Heterogeneous biosecurity can put regions with contiguous coun-
tries at risk of biological invasions, when one country acts as an entry 
point for harmful species that subsequently spread into neighbour-
ing countries. While this issue is known to affect the biosecurity of 
regions with open borders, such as Europe (Bacon et al., 2012), our 
results show that this is a global issue that is likely to be a problem 
in all regions with contiguous countries. To prevent biological inva-
sions and their impacts, the influence of heterogeneous biosecurity 
on regional invasion risks needs to be addressed, however, there are 
unlikely to be easy solutions.

Our analysis predicted that further introductions of well-
known invaders could result in thousands of future biological in-
vasions in regions with contiguous countries, with most of these 
invasions likely to cause negative socio-economic or environmen-
tal impacts. The rate at which alien species are being introduced to 
new regions continues to increase (Seebens et al., 2017) and new 
invaders, which have no history of invasion, are still being intro-
duced globally at a high rate (Seebens et al., 2018). These species 
and many other invaders that have a history of invasion were not 
included in this study as our stringent analysis was not possible 
for invaders that are not well-studied or for future invaders whose 
identity is unknown. However, we expect that many such inva-
sions will also spread from the country of first establishment and 
cause significant negative impacts in neighbouring countries (i.e. 
scenarios 4 and 6 in Figure 1 will become increasingly common).

The well-known invaders included in our study are likely to 
be introduced and become invasive in many regions with con-
tiguous countries, including developed and developing regions. 
While many of these invaders have already been introduced to 
developed regions, our results show that there are still opportu-
nities available in these regions for some of these species to be 

introduced and become invasive. In line with our findings, a num-
ber of previous studies have predicted that the number of intro-
ductions and invasions in developing regions are set to increase 
dramatically (Early et al., 2016; Seebens et al., 2015; Turbelin 
et al., 2017; van Kleunen et al., 2015). This is not only as many 
well-known invaders have not yet been introduced to these re-
gions, but also as there has been a recent increase in trade and 
transport between developing countries and other parts of the 
world (Early et al., 2016; Seebens et al., 2015; Turbelin et al., 
2017; van Kleunen et al., 2015). Although many of these well-
known invaders could be introduced and become invasive in both 
developed and developing regions, the number that could have 
negative impacts appears to be greater in developing regions. This 
is not surprising as economies and food production in developing 
regions are particularly vulnerable, and as it is in these regions 
where most of the world's remaining biodiversity is found (Early 
et al., 2016). Most of the invaders are likely to be introduced to 
restricted parts of the studied regions, but large areas of these re-
gions are environmentally suitable for these species and are sen-
sitive to their impacts. Therefore, following introduction, these 
species are likely to become widespread and could have impacts 
far from where they were initially introduced. Consequently, the 
management actions required to prevent many of these harmful 
invasions will need to be implemented far from where there will 
be consequences.

Many alien species in regions with contiguous countries have 
not spread into neighbouring countries from the country where they 
were initially introduced (Chiron, Shirley, & Kark, 2010; Faulkner 
et al., 2017; Lambdon et al., 2008; Roques et al., 2016). In line with 
these findings, most of the predicted invasions in our study are un-
likely to spread from the country of first establishment into neigh-
bouring countries. However, we did predict many invasions that 
could span multiple countries. If an alien species is introduced and 
establishes in a region with contiguous countries and large areas 
that are environmentally suitable, spread between these countries is 
highly likely. This is not only due to the high propagule pressure and 
short geographical distances that characterize these types of dis-
persal, but also because managing the natural dispersal of alien spe-
cies is extremely difficult (Faulkner et al., 2017; Wilson, Dormontt, 
Prentis, Lowe, & Richardson, 2009). As the movement of alien spe-
cies between countries has recently increased in some regions, for 
example, continental Africa (Faulkner et al., 2017, 2020), the prom-
inence of invasions that span multiple countries could be increasing 
(Stoett, 2007).

While a number of factors could limit the extent of invasions (e.g. 
the environment, limited dispersal capabilities), our analysis only 
considered whether a species is likely to be introduced and find a 
suitable environment in a new region, and so we assumed that the 
species could disperse to all areas that are suitable. Species vary in 
their dispersal capabilities and so for some of the predicted invasions 
the extent of the invasion and its impacts may be overestimated. 
However, it is important to note that all the species considered in 
this analysis have previously demonstrated their ability to invade 
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and are unlikely to be limited by poor dispersal capabilities. In the 
development of the stringent analysis used in this study many other 
necessary assumptions were made and a number of thresholds were 
applied to generate the introduction threat, invasion threat and im-
pact results. For example, we assumed that the pathways that have 
facilitated the introduction of the studied species in the past will 
continue to do so in the future, and that species are most likely to 
be introduced where their pathways of introduction are most prom-
inent. However, pathways of introduction vary over time (Essl et al., 
2015), and so in the future these species could be introduced through 
pathways that have not previously facilitated their introduction. 
Furthermore, while the likelihood of introduction is often positively 
related to the prominence of a species’ pathways of introduction, 
this is not always the case and other factors (e.g. the size of the spe-
cies pool and biosecurity) could influence the strength of this link 
(Sikes et al., 2018). Our assumptions and simplifications undoubtedly 
influenced the outputs, and as a consequence the number of inva-
sions, their extent and impacts could be overestimated. However, 
we believe that it is more likely that the invasions and their impacts 
are underestimated as many more species than the 86 included in 
this study will become invasive in the future (see above) and as in 
most cases our estimates and thresholds erred on the conservative 
side. While these assumptions will influence how many of the inva-
sions conform to the different scenarios, it is clear that the over-
all conclusion holds—biosecurity is often a regional issue. Regional 
biosecurity needs both regional pathway-specific management, and 
species-specific plans that consider prevention, contingency plan-
ning, containment and impact reduction. Such regional planning 
must be underpinned by detailed context-specific distribution and 
spread models (ideally based on mechanistic understanding of the 
underlying processes). The models presented here are not intended 
for such a purpose.

The capacity to manage invasions varies across countries (Early 
et al., 2016), and although the assumption has been made that devel-
oped countries have a high capacity and developing countries have a 
low capacity (Ricciardi et al., 2017), this has been refuted (Zenni, Ziller, 
Pauchard, Rodriguez-Cabal, & Nuñez, 2017). In general, the capacity 
to manage invasions is low all over the world (Zenni et al., 2017), par-
ticularly the capacity to prevent invasions (Early et al., 2016; Turbelin 
et al., 2017), with exceptions being countries where there are many in-
vasive species and where invasions have been particularly devastating 
(Turbelin et al., 2017; Zenni et al., 2017). As a consequence, most of the 
invasions predicted in this study, whether they span multiple countries 
or not, are unlikely to be prevented. This is especially worrying as the 
studied species have had serious impacts where introduced and are 
listed as some of the world's worst invasive species, and as the thou-
sands of biological invasions predicted here are only a small proportion 
of those that could occur in the future.

The majority of the invasions that were predicted to span 
one country are likely to cause impacts, and so should be a na-
tional management priority. However, as these invasions will not 
spread into neighbouring countries, there will be no undesirable 
consequences for neighbouring countries if the country where 

the invasion is predicted has weak biosecurity. In contrast, when 
invasions span multiple countries, some of the countries involved 
will have to rely on the biosecurity of a neighbouring country. 
Although countries with good biosecurity could assist their neigh-
bours by preventing invasions, as we show here, this scenario 
tends to occur in regions where there are unlikely to be impacts. 
For almost a third of the predicted invasions, countries where im-
pacts could occur will have to rely on a neighbouring country's 
biosecurity, and in most cases these countries have a low proac-
tive response capacity. For most of the predicted invasions that 
could cause impacts in countries that are subsequently invaded, 
countries will rely on the biosecurity of a neighbour where the in-
vasion will cause impacts. In these instances, countries with weak 
biosecurity will put themselves and their neighbours at risk (inde-
pendent of the capacity of neighbouring countries to prevent in-
vasions). The countries affected by these invasions will, however, 
have a shared interest in preventing the invasion. Unfortunately, 
this is not always the case, and in some instances countries will 
rely on the biosecurity of a neighbouring country in which the in-
vasion will not cause an impact. Management priorities are usu-
ally determined at a national level (e.g. Branquart, 2007; Faulkner, 
Robertson, Rouget, & Wilson, 2014; Locke, 2009), and countries 
are unlikely to direct limited resources to prevent invasions that 
are not national priorities. These invasions are, therefore, partic-
ularly concerning as they are unlikely to be prevented, even in in-
stances where all of the countries involved have good biosecurity. 
In regions with open borders, such situations could be exploited. 
In these regions imports are only checked at the first point of 
entry, and so species could be imported into a country where it is 
legal to do so, and then moved into countries within the same re-
gion where import is illegal. Additionally, efforts to prevent these 
invasions could cause conflicts of interest if the country of first es-
tablishment stands to derive benefits from the introduction of the 
alien species. For example, sweet prickly pear (Opuntia ficus-indica 
(L.) Mill.) is an agricultural crop in Mediterranean countries, and 
in order to control the false carmine cochineal scale (Dactylopius 
opuntiae Cockerell), a serious pest of prickly pear in this region, 
biological control agents [e.g. mealybug destroyer (Cryptolaemus 
montrouzieri Mulsant)] have been released (Mazzeo, Nucifora, 
Russo, & Suma, 2019). As biological control agents can uninten-
tionally spread between countries (Pratt & Center, 2012), the re-
lease of these agents in countries like Morocco could negatively 
impact cactus biocontrol in South Africa and Kenya, where sweet 
prickly pear is highly invasive and the false carmine cochineal 
scale is used as a biological control agent (Winston et al., 2014). 
Therefore, while countries with a low capacity to prevent inva-
sions put their neighbours at risk, so too do those with biosecu-
rity protocols that only focus on national risks. This issue likely 
poses a challenge for management in all regions with contiguous 
countries. However, the consequences of failing to prevent these 
invasions are likely to be greater in developing regions, where the 
management of invasions that span multiple countries is also most 
likely to cause conflicts of interest.
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In conclusion, our study predicted that further introductions 
of well-known invaders could result in thousands of biological 
invasions, with most predicted to have negative environmental 
or socio-economic impacts. Most of the predicted invasions are 
unlikely to be prevented. Our results, therefore, further support 
the view that better international policies need to be developed 
(Ricciardi et al., 2017; Sikes et al., 2018) and that improvements 
to national-level biosecurity are required (Zenni et al., 2017). 
However, for almost a third of the predicted invasions, countries 
where impacts could occur will rely on the biosecurity of a neigh-
bouring country. To prevent these invasions strong, regional bi-
osecurity is vital. Actions to achieve this will have global benefits 
as species are often introduced to new regions from their intro-
duced range (Bertelsmeier et al., 2018), and so improvements to 
national and regional biosecurity will also reduce the threats posed 
to other regions. The challenge of developing regional biosecu-
rity is partly addressed by regional plant pest organizations (e.g. 
The North American Plant Protection Organization and European 
and Mediterranean Plant Protection Organization), and suprana-
tional regulations clearly have a part to play (e.g. EU Regulation 
1143/2014; EU, 2014). Frameworks have also been developed to 
assist with such co-ordinated regional responses (Faulkner et al., 
2017; Genovesi, Scalera, Brunel, & Roy, 2010). Despite this, most 
strategies to prevent invasions are implemented at a national level 
(Stoett, 2007). The scientific community and policymakers have 
also given little attention to the transboundary nature of biolog-
ical invasions, and the proposed indicators to measure progress 
towards achieving global targets that aim to minimize the impacts 
of biological invasions (The Convention on Biological Diversity's 
Aichi Biodiversity Target 9 [https ://www.cbd.int/sp/targe ts/]) are 
often at a national level (Latombe et al., 2017; Wilson et al., 2018; 
but see Rabitsch et al., 2016). As such there is no explicit incentive 
to prevent invasions that are not a national priority. Therefore, we 
propose that explicit support for regional biosecurity initiatives be 
included in future targets, as this will help to address the problem 
identified in this paper, and could reduce the likelihood of conflicts 
of interest in regions where the impacts of biological invasions are 
likely to be most severe.
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