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Biological invasions as drivers of biodiversity loss have recently been

challenged. Fundamentally, we must know where species that are threatened

by invasive alien species (IAS) live, and the degree to which they are threatened.

We report the first study linking 1372 vertebrates threatened by more than 200

IAS from the completely revised Global Invasive Species Database. New maps

of the vulnerability of threatened vertebrates to IAS permit assessments of

whether IAS have a major influence on biodiversity, and if so, which taxonomic

groups are threatened and where they are threatened. We found that centres of

IAS-threatened vertebrates are concentrated in the Americas, India, Indonesia,

Australia and New Zealand. The areas in which IAS-threatened species are

located do not fully match the current hotspots of invasions, or the current hot-

spots of threatened species. The relative importance of biological invasions as

drivers of biodiversity loss clearly varies across regions and taxa, and changes

over time, with mammals from India, Indonesia, Australia and Europe are

increasingly being threatened by IAS. The chytrid fungus primarily threatens

amphibians, whereas invasive mammals primarily threaten other vertebrates.

The differences in IAS threats between regions and taxa can help efficiently

target IAS, which is essential for achieving the Strategic Plan 2020 of the

Convention on Biological Diversity.
1. Introduction
More than 10 years ago, Gurevitch & Padilla [1] asked whether invasive alien

species (IAS) are a major cause of extinction. They found that more than five

times as many species are categorized as threatened or endangered by habitat

loss than by IAS. More recently, Thomas & Palmer [2] and Pearce [3] have

also questioned the importance of biological invasions as a threat to biodiver-

sity. Clavero & Garcı́a-Berthou [4] have challenged this view and have

demonstrated that of the 170 animal extinctions for which the causes of extinc-

tion are known, 54% are partly due to IAS, and 20% are due to only IAS.

Despite recent efforts [5,6], the influences of IAS on biodiversity loss are still

poorly understood [7,8], and the role of IAS in the global distribution of threa-

tened species is understudied. This issue is critical because neither biodiversity

[9] nor the drivers of its decline are evenly distributed [10,11], therefore, there

should be substantial spatial variation in the vulnerability of biodiversity to

biological invasions.

Because resources for the control of IAS are limited, we must understand

whether IAS are a major problem for biodiversity, and if so, for which species

and locations. The need to focus action on priority species is also noted in the

Strategic Plan 2020 of the Convention on Biological Diversity (CBD), which calls

for parties to identify priority IAS for responses [12]. Currently, marine and
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terrestrial hotspots of invasions (Europe, North America,

Australia and New Zealand) [13,14] are of primary concern

regarding the prevention of new invasions. However,

this approach may not be particularly useful if there is a

mismatch between the hotspots of invasions and the IAS-

threatened species. Additionally, the current management

strategies are predominantly implemented on islands [15].

However, a global assessment of IAS threats to biodiversity

in mainland areas has never been conducted, although such

an assessment could enable increased efficiency in manage-

ment of IAS, through the identification of areas in which

the influence of IAS on native species is elevated.

Here, we examine the spatial and taxonomic relationships

between IAS and threatened vertebrates (i.e. mammals, birds,

reptiles and amphibians). To our knowledge, this is the first

time that the role of IAS as a threat to vertebrates has been

quantified and spatially analysed on a global scale. Specifi-

cally, this approach will help to (i) identify regions or

countries on which control efforts should be focused,

(ii) prioritize known IAS that should be controlled or

eradicated and (iii) evaluate the efficiency of conservation

measures implemented by countries.
2. Material and methods
To identify high-risk regions regarding IAS, we used the Inter-

national Union for the Conservation of Nature (IUCN) and

Global Invasive Species Database (GISD) databases to determine

both vertebrates that are threatened by IAS and which IAS

are responsible for these threats. Below are descriptions of

these databases.

(a) Species data
The species assessments of the IUCN Red List are conducted by

experts who place each species into one of the following cat-

egories of extinction risk: extinct (EX), extinct in the wild (EW),

critically endangered (CR), endangered (EN), vulnerable (VU),

near threatened (NT), least concern (LC) and data deficient

(DD) [16]. These Red List categories are based on a number of cri-

teria that indicate the level of extinction risk and include rate of

population decline (criterion A), the size and decline of the geo-

graphical range (criterion B), the population size (criteria C and

D) or quantitative analyses (criterion E) [17]. All the species

assessments are reviewed and accepted by the IUCN and then

published online (www.iucnredlist.org). The Red List process

has been extensively described [17] and used in many other

articles to provide guidelines regarding the conservation of

species and habitats [9,18].

We also used the redesigned Global Invasive Species Data-

base (GISD), which interlinks the IUCN Red List species with

IAS information [19]. For each IUCN Red List species, this data-

base compiles the scientific name, RL category, threat code,

scientific and common names of the IAS involved, and the

source. The information in the GISD is compiled from an array

of sources including scientific papers and regional databases

that have been reviewed by international expert contributors.

The combination of the IUCN Red List and the GISD is used

to verify and nominate each IAS as related to an IAS-threatened

species. We therefore extracted information about the IAS that

affect the IUCN Red List species.

We also collected the IAS spatial distributions from online

databases (e.g. the Global Biodiversity Information Facility) by

using the gbif () function of the dismo R package [20] for the

species that have been identified by the IUCN-GISD database

(the spatial distributions of N ¼ 197 species were available).
(b) Threat category
During the species assessment process, data regarding the threat

drivers are collated for each species [21]. The IUCN and Birdlife

International supervise a process by which 11 major threats

to biodiversity are identified and classified (i.e. the IUCN

threat classification scheme v. 3.0). We compiled the external

threats for each species from the Red List of Threatened Species

published by the IUCN. These threats are the following: (1) resi-

dential and commercial development; (2) agriculture and

aquaculture; (3) energy production and mining; (4) transpor-

tation and service corridors; (5) biological resource use;

(6) human intrusion and disturbance; (7) natural system modifi-

cations; (8) invasive and other problematic species, genes and

diseases; (9) pollution; (10) geological events; and (11) climate

change and severe weather [21]. We used the same classification

scheme as IUCN with the exception of category number 8, which

we subdivided into IAS (i.e. invasive non-native, alien species

and diseases) and other problematic species (i.e. native species

and species of unknown origin) to conservatively include

only alien species because IAS do not include native species.

When available, we also collected information about the threat

severity (i.e. significant decline, causing/could cause fluctu-

ations, negligible declines and no decline) and the scope of the

IAS threat (i.e. whether the majority (more than 50%) of

the range is threatened).

We associated the threats to each species with the infor-

mation available in the IUCN Red List. For example, if a given

species was threatened by Agriculture and Aquaculture accord-

ing to the IUCN, it was assigned a ‘1’ for this category in the

data matrix. Otherwise, if the species was not threatened by

Agriculture and Aquaculture, it received a value of ‘0’ (zero).

We repeated this process for all external threats listed above.

Therefore, more than one single factor could threaten a species,

but each threat was treated independently. To describe the

spatial distributions of the threats, we had to assume that the

listed threats affecting a species throughout its distribution

range accurately described the spatial patterns [22]. We found

that for most birds and amphibians (for which data were

available, N ¼ 438), IAS threats occurred in the majority of the

localities in the species area distributions and that for the large

majority of birds and amphibians (more than 70%), IAS had

caused significant declines in their population sizes (electronic

supplementary material, figure S5).

(c) Threat occurrences and prevalence
For each taxonomic group, we calculated the number of threa-

tened species and the number of IAS-threatened species (i.e.

those for which IAS were cited as a threat). This procedure

allowed us to calculate the proportion of species for which IAS

have been reported as factors related to extinction risk.

(d) Species distribution and maps of the threat
processes

For our analyses, we categorized the VU, EN and CR species as

threatened species, and the other categories, including NT and

LC, were categorized as non-threatened species. We obtained

data regarding the spatial distributions of four vertebrate

groups, i.e. 1251 birds classified as threatened by other factors

and 415 threatened by IAS, 1058 mammals classified as threa-

tened by other factors and 179 threatened by IAS, 1815

amphibians classified as threatened by other factors and 565

threatened by IAS and 714 reptiles classified as threatened by

other factors and 132 threatened by IAS and mapped the species’

spatial ranges as polygons [23]. We produced maps of the rich-

ness of threatened species and IAS-threatened species by

overlaying a hexagonal grid with 10-min resolution onto the

aggregated species’ distributions.

http://www.iucnredlist.org
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Table 1. Numbers of mammal, bird, reptile and amphibian species threatened (CR, EN and VU) by IAS and other threats.

IUCN category no. other threatened sp. no. IAS-threatened sp. % IAS-threatened among all

mammals CR 178 36 17%

EN 437 81 16%

VU 456 66 13%

total 1071 183 15%

birds CR 190 94 33%

EN 394 137 26%

VU 693 212 23%

total 1277 443 26%

reptiles CR 142 54 28%

EN 290 65 18%

VU 282 42 13%

total 714 161 18%

amphibians CR 503 234 32%

EN 772 201 21%

VU 580 130 18%

total 1855 565 23%
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(e) Spatial units
We considered various scales of analyses including islands versus

mainlands, countries and continents. We defined islands using

the IUCN island shapefile, which encompass nearly 180 000 islands

worldwide (http://www.iucnredlist.org/technical-documents/

red-list-training/iucnspatialresources). We discriminated by con-

tinents as follows: Africa, Asia, Europe, North America, Oceania

and South America. A species was considered present in a given

spatial unit (island versus mainland, country or continent)

whenever its mapped range overlapped with that unit.

All analyses were conducted in R v. 3.2.0 (R core team

v. 2015). The spatial analyses were performed at a spatial resol-

ution of 10 min and an equal area projection. All raster layers

and R code will be freely accessible on Dryad.
3. Results
(a) Are invasive alien species a significant threat

to vertebrates worldwide?
A total of 1352 (27%) mammals, birds, reptiles and amphi-

bians are IAS-threatened worldwide compared to the 4917

species threatened due to other factors (table 1). The absolute

numbers of IAS-threatened species are particularly high for

amphibians (N ¼ 565) and birds (N ¼ 443) compared with

mammals (N ¼ 183) and reptiles (N ¼ 161). These overrepre-

sentations of amphibians and birds were not found among

species threatened by other factors (table 1). Consequently,

one-quarter of all threatened amphibians and birds are cur-

rently considered to be threatened by IAS, whereas the

proportions of IAS-threatened species among mammals and

reptiles are approximately 15% and 18%, respectively. How-

ever, we also found that IAS concurred with other threats

and were never the sole cause of the threat to a species (elec-

tronic supplementary material, table S1). Interestingly, the

proportion of IAS-threatened species among all threatened

species increased with the extinction risk in all vertebrate
groups. For example, 28% of the critically endangered reptiles

are threatened by IAS compared with only 13% of the vulner-

able reptiles, and the number of threats was stable across the

species that are CR, EN or VU (electronic supplementary

material, table S1).

Examination of the spatial distributions of the IAS-

threatened vertebrates revealed distinct differences between

the four vertebrate groups (figure 1). The IAS-threatened mam-

mals and birds are currently widespread over all continents.

This trend represents the current state and might hide spatial

discrepancies over time (electronic supplementary material,

figure S3). However, the IAS-threatened species follow a simi-

lar pattern similar to those of species threatened by other

factors, although the area covered by IAS-threatened species

is smaller (figure 1; electronic supplementary material, figure

S4). In contrast, the IAS-threatened reptile and amphibian dis-

tributions are so small and isolated that no location has more

than seven and 12 species overlapping ranges of these ver-

tebrates, respectively. These areas are mostly restricted to

Central and South America, Australia and the Indonesian

islands. Although the spatial distribution of IAS-threatened

amphibians is congruent with that of the other threatened

amphibian species, we observed a divergent pattern for the

IAS-threatened reptiles, which are more restricted to Florida,

New Caledonia and the Fiji islands (figure 1; electronic

supplementary material, figure S4).
(b) Which countries have particularly high absolute
numbers of invasive alien species-threatened
vertebrates?

The spatial distributions of the absolute numbers of IAS-

threatened vertebrates vary greatly between regions (figure 2a).

The Americas (North [Nmax (maximum number of IAS-

threatened species per country) ¼ 89], Central [Nmax ¼ 129]

and South [Nmax ¼ 107]), Australia (N¼ 108), New Caledonia

http://www.iucnredlist.org/technical-documents/red-list-training/iucnspatialresources
http://www.iucnredlist.org/technical-documents/red-list-training/iucnspatialresources
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(N¼ 63), New Zealand (N ¼ 62) and Madagascar (N ¼ 52) host

the most IAS-threatened species (electronic supplementary

material, table S2). We observed moderate numbers of IAS

(17–51) in rapidly developing countries including India, Brazil,

Argentina, Peru and Indonesian islands. We also observed that

the occurrence of IAS threats compared with other threats is

greater on islands than mainland areas. A more detailed classifi-

cation of the countries confirmed that the proportion of IAS-

threatened species tends to be higher on islands than mainland

areas, although there are exceptions to this pattern (figure 2b).

Comparison of the numbers of IAS-threatened vertebrates

with the numbers of vertebrates threatened by other factors

revealed that the IAS threat is concentrated in a subset of

countries and that IAS are not the most important contributor

to the number of species that are threatened globally (figure 3).

We distinguished two clusters of countries. The first cluster

includes many countries that harbour high numbers of

Red List vertebrates (particularly mammals; e.g. Indonesia,

India, China, Brazil, Malaysia and Thailand) that are threa-

tened by factors other than IAS and harbour only a few

IAS-threatened species. The second cluster includes countries

that harbour relatively high numbers of IAS-threatened
vertebrates and relatively low numbers of vertebrates threa-

tened by other factors. Examples of these countries include

the US, New Zealand and Australia for birds, New Caledonia

for reptiles, and Colombia, Mexico, Ecuador, Australia, Peru,

Madagascar, Guatemala and Panama for amphibians. Many

of the other countries are of relatively low concern regarding

IAS-threatened vertebrates.

(c) Which species are of primary concern among
invasive alien species-threatened vertebrates?

The IAS that threatens the greatest number of vertebrates

is Batrachochytrium dendrobatidis (figure 4a). This chytrid

fungus is the main driver of amphibian declines (see also

[24,25]) and causes the disease chytridiomycosis. All rats

(Rattus spp.) together are in second position. A finer subdivi-

sion into the different rat species is hampered by the available

data, as for more than a hundred vertebrates threatened

by rats, the exact rat species is not given in our database (elec-

tronic supplementary material, table S3). Still, the black rat

(Rattus rattus) alone threatens at least 148 vertebrate species.

All following ranks on the list of IAS threatening the highest
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numbers of vertebrates are also occupied by mammals: cats

(Felis catus) on position 3, which primarily threaten birds;

rank 4 is occupied by dogs (Canis familiaris), but they threaten

much fewer vertebrates than cats, so there is a gap between

position 3 and 4; wild boar (Sus scrofa), goats (Capra hircus)

and cattle (Bos taurus) in positions 5, 6 and 7, respecti-

vely. Interestingly, 184 different IAS in total threaten bird

species, whereas only 74, 53 and 48 IAS threaten mammals,

amphibians and reptiles, respectively. We identified a total

of 231 IAS (in 31 families) that threaten vertebrates including

197 for which we were able to collect spatial information.

Regarding the IAS that threaten at least five vertebrates, we

found that most of these species are omnivores (37%), fol-

lowed by carnivores and herbivores (26% each), primary

producers (9%) and scavenger predators (2%). The resulting

map revealed that the known occurrences of IAS that threaten

vertebrates are concentrated in Europe, North America, New

Zealand and Australia (figure 4b), although IAS are also

found in South and Central America, Africa and Asia.
4. Discussion
Our results indicate that the effects of IAS on Red List ver-

tebrates are not equally distributed across the globe but are

spatially concentrated in a subset of countries. The current
major centres of IAS-threatened vertebrates are in the Amer-

icas (North, Central and South), India, Indonesia, Australia

and New Zealand. These areas are crucially important for

biodiversity. This pattern is the result of both past (e.g.

through colonization) and modern (e.g. through international

trade) species introductions [26,27]. The distribution of

IAS-threatened vertebrates is only in partial agreement with

the current known hotspots of invasions based on the most

recent Global Biodiversity Outlook report [28], especially

regarding European, Asian and South American countries

(figure 1; electronic supplementary material, figure S4). Our

findings also contradict previous results regarding threatened

fish species (which were not included in our study) for which

the six major invasion hotspots have been characterized as con-

taining the greatest proportions of threatened fish species [29].

Indeed, the hotspots of introductions ([30], figure 4b) are more

spatially restricted than the hotspots of IAS-threatened species.

This spatial mismatch is probably the consequence of many fac-

tors, for example, (i) one IAS can threaten multiple native species

(figure 4); (ii) some native species have life-history or other traits

that make them disproportionately vulnerable to IAS exposure;

(iii) the number of introduced species is likely to be underesti-

mated in most countries, and there is a geographical bias in the

severity of this underestimation [8,31,32]; and (iv) there is a

time lag between the arrival of IAS and their effects on native

species [33,34]. Such spatial mismatches have implications

http://rspb.royalsocietypublishing.org/
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regarding current management practices for IAS because

management strategies are mainly based on known IAS

distributions [35]. We also found that the proportion of IAS-

threatened species tends to be higher on islandsthan in mainland

areas, and this pattern is in line with the island susceptibility

hypothesis [36]. However, this pattern was not observed in

Asia and South America; hence, future research is needed to

explain these differences.

We also found that IAS are mostly spatially associated

with other threats and are unlikely to be the sole drivers of

biodiversity loss in the large majority of countries, particularly

those in mainland areas. In contrast, we found strong spatial

disparities between countries that harbour threatened species

in general and IAS-threatened species in particular. For

example, although Africa is the second-most important conti-

nent in terms of the number of threatened vertebrates in

general (especially due to habitat loss), it is the least important

continent in terms of the number of IAS-threatened vertebra-

tes (with the exceptions of Madagascar and South Africa).

This pattern might be due to a geographical reporting bias

[8,31,32] and/or the fact that Africa’s long-standing ecological

communities have not been heavily invaded by IAS yet.

We also found that some American countries (i.e. Colombia,

Ecuador and Mexico) and Oceanic islands face the highest

risk of species extinctions due to IAS; these countries and

islands harbour the highest absolute numbers of vertebrates

that are threatened by IAS, and IAS are the predominant

threat in these countries relative to other threats.
Meeting Aichi Target 9 of the CBD also requires the

identification of the priority IAS. We found that IAS—includ-

ing predators (e.g. cats and rats) and pathogens (i.e. the

chytrid B. dendrobatidis)—play major roles in the threats to

birds [6] and amphibians, but play lesser roles in the threats

to mammals and reptiles [10,22] (see also table 1, and elec-

tronic supplementary material, figures S1 and S2). Previous

studies have demonstrated that alien mammalian predators

and the chytrid fungus frequently threaten native species,

but these studies were mainly performed in specific regions

or with particular species groups [37–40]. Although preda-

tors and pathogens represent the most threatening IAS,

unknown invaders might also spread and affect biodiversity

in the future. This study is the first to examine the current

threats to vertebrates posed by IAS at the global scale.

It is striking that positions 2–7 on the list of IAS threatening

the highest numbers of vertebrates are all occupied by mam-

mals. This taxonomic group has previously been demonstrated

to elicit particularly strong invader effects [41,42]. Many of

these species including pigs, goats and cattle, are also major

threats to threatened plants [1]. However, the management of

the effects of these high-impact mammals is challenging

because, with the exception of rats, they all also provide clear

and direct benefits to humans. Fortunately, approximately

88% of eradication programmes have successfully removed

R. rattus from islands [43]. Regarding other invasive mammals,

management measures that seek to limit reproduction are gener-

ally preferable to measures that involve the killing of mammals.

http://rspb.royalsocietypublishing.org/
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Additionally, B. dendrobatidis can explain most of the patterns of

threatened amphibians. Although the disease caused by this

fungus was entirely unknown until the late 1990s [44], the

current literature describes a variety of disease mitigation strat-

egies that can be applied to amphibians, and the application of

these strategies needs to become a more active conservation

policy [45]. Other highly problematic IAS, such as the little fire

ant Wasmania auropunctata (ranked 3 for reptiles), have also

been successfully eradicated in most cases. We found that

birds are threatened by more than 100 different IAS, particularly

in New Zealand, the US, Australia and French Polynesia. There-

fore, we strongly recommend that these countries pursue more

aggressive and innovative strategies for the management of

IAS to protect their native species (see e.g. [46] the Predator-

Free New Zealand campaign).

The current knowledge of the IUCN Red List species and

their respective threats is imperfect and is likely to be more

complete for richer rather than poorer countries [9]. For

example, the spatial distributions of IAS-threatened species

are based on polygons drawn by experts and are actually

only rough approximations. Furthermore, information about

the intensities and severities of threats is often lacking. For

example, IAS have caused significant declines in the majority

of threatened amphibian and bird populations (electronic sup-

plementary material, figure S5), which are the two vertebrate

groups most affected by IAS. However, we lack such data for

other groups and thus assume that IAS that are cited as threats

are also causing significant declines in these species. Moreover,
IAS threats are often associated with other threats, and despite

the current knowledge provided by the newly designed GISD,

it remains difficult to disentangle the relative roles of IAS com-

pared with other threats. Another important finding of this

study is that the proportion of IAS-threatened species increases

with extinction risk among mammals, birds, reptiles and

amphibians (table 1), whereas the number of threats remains

stable across the IUCN categories. One possible interpretation

of this finding is that IAS cause a greater risk of extinction than

do some other threats.

Meeting the Aichi Target 9 requires that appropriate man-

agement measures control IAS be implemented within each

country. In contrast to other threats, such as hunting and fish-

ing, for which the effects immediately end when specific

activities are stopped, IAS will continue to represent severe

threats even if very effective biosecurity policies that halt

any movement of alien species worldwide are enforced,

because established IAS will continue to affect native bio-

diversity. Although the IUCN Red List has some limitations

(e.g. [47]), it is currently the most comprehensive list of threa-

tened species worldwide.

Based on our results, we have three main recommendations

to contribute to the achievement of Aichi Target 9. First, most

current eradication programmes are implemented on individ-

ual islands, but the design of eradication programmes has

significantly improved, and there is a growing number of

multispecies programmes [28]. Therefore, funding and efforts

should be coordinated to eradicate one or a subset of targeted

http://rspb.royalsocietypublishing.org/
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IAS from multiple islands, to provide the opportunity for

native populations to significantly recover (e.g. New Zealand

[46]). Over the past decades, across the 1128 successful eradica-

tion programmes that have been implemented on individual

islands [48], the overall risks of extinction due to IAS have

been substantially reduced for only 11 bird, five mammal

and one amphibian species [6]. Eradication programmes on

islands should be prioritized on the basis of not only eradica-

tion feasibility, economic cost, reinvasion potential and the

most problematic IAS [15,49,50], but also the potential outcome

for global biodiversity. We were able to determine where the

most important clusters of IAS-threatened species are, and

which IAS are responsible for these effects. These findings

should aid decision-making regarding the implementation of

eradication programmes.

Second, there have been very few attempts and successful

eradication programmes in mainland areas due to limited

funding and feasibility [51]. However, IAS are also threaten-

ing species in mainland areas as highlighted by our results,

and thus IAS control programmes must be strengthened in

these areas. However, IAS are rarely the only cause of extinc-

tion in mainland areas and should not be considered in

isolation but should instead be considered jointly with

other factors that threaten biodiversity as demonstrated, for
example, by the complex case of the amphibian chytrid

fungus [52]. Thus, we advocate that control of IAS in main-

land areas be based on multiple-threat analyses to protect

biodiversity [53].

Third, some countries that are highly vulnerable to IAS

(such as those reported here) still lack IAS policies, e.g.

countries in Central and South America [40]. It is crucial

that the governments of these countries improve their actions

in this regard.
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