
Microorganisms are migrating at unprecedented levels 
owing to ever- increasing global trade1,2, human travel3,4 
and forced migration of plants and animals owing to 
anthropogenic climate change5,6. Successful invasion 
of alien microorganisms in the new environments can 
have dramatic effects on their hosts and recipient eco-
systems7–9, as exemplified by several Phytophthora spe-
cies that kill a range of plant species10 (Fig. 1; Table 1) or 
by the chytrid fungus Batrachochytrium dendrobatidis, 
which causes global amphibian declines11 (examples of 
other systems are given in box 1). Yet, information on 
alien microorganisms that have become invasive and 
their subsequent impacts on ecosystems remains scat-
tered, and an integrative understanding of the microbial 
invasion process, the impacts of alien microorganisms 
on native species and communities, and implications for 
ecosystem functioning is lacking.

Understanding the invasion process and transitions 
between the different stages from the introduction of an 
alien species in a new environment to its population out-
break and subsequent spread12,13 is central in invasion 
biology research. A key challenge in invasion biology 
has been to define what an alien species is. The two 
criteria that have received wide consensus are a species 
introduced into a new biogeographic range and through 
human agency14. In the absence of human agency, if a 
species disperses to a new environment or expands its 
biogeographic range autonomously, the species would 
not be defined as alien. Indeed, species migration out-
side its geographic range owing to anthropogenic climate 
change can be considered an indirect human- mediated 

species introduction (box 2). However, in this Review we 
consider a species alien only when it is directly intro-
duced by human activities outside its known biogeo-
graphic boundaries, following the definition used in 
invasion research of other organisms, such as animals 
and plants. Further, according to the Convention on 
Biological Diversity15, an alien species is invasive only if it 
threatens the native biodiversity of recipient ecosystems 
and negatively affects ecosystem functions, which could 
lead to detrimental socioeconomic impacts. A more 
neutral definition, independent of impact, is when an 
alien species reaches the spread stage, which is typically 
but not necessarily the stage at which the population of 
the alien species becomes disproportionately larger than 
its known abundance in its native range12,16.

Ecological impacts of alien microorganisms usu-
ally become apparent when they reach the spread stage 
(Figs 1,2). In contrast to macroorganisms, most alien 
microorganisms remain undetected given the lack of 
their visible impacts on hosts and recipient ecosystems17. 
Hence, both the detectability and the negative impact, at 
least on native species, communities or ecosystems, are 
two central characteristics for an alien micro organism 
to be called ‘invasive.’ Accordingly, we define an invasive 
microorganism (viruses, bacteria, archaea, protists and 
fungi) in this Review as alien when it has reached the 
spread stage (and is detectable) and alters the dynamics 
of host and non- host species leading to losses in bio-
diversity and ecosystem functions, which usually have 
negative socioeconomic impacts (examples are given in 
Table 1 and Supplementary information). In a systematic 
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Introduction
The second stage in the 
invasion process, when 
the alien species arrives in the 
new environment (including 
being kept in captivity  
or cultivation).
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literature search (Supplementary information), we 
identified 85 invasive microorganisms in terrestrial 
ecosystems. More than two thirds of these invasive 
microorganisms were pathogens, and of these many  
were plant- pathogenic fungi and oomycetes (Table 1; 
Supplementary information). It is likely that the higher 
number of pathogenic microorganisms observed 
in the microbial invasion literature is due to greater 
research interest focused on managing pathogenic 
invasive microorganisms. Moreover, the impacts of 
non- pathogenic alien microorganisms are relatively 
difficult to detect compared with those of pathogenic 
alien microorganisms. In this Review, we provide an 
overview of the invasion process of both pathogenic 
and non- pathogenic microorganisms and of their 
impacts and implications, mainly with examples from 
terrestrial ecosystems. In doing so, we highlight some of 
the important gaps in microbial invasion research and 
suggest potential research avenues and opportunities for 
integration of different approaches and fields.

The microbial invasion process
Our current understanding of the invasion process 
mainly relies on examples from plants and animals18–20. 
Broadly, invasion consists of four stages, starting from 
the transport of the alien species outside its geographic 
boundary by human activities, such as intercontinental 
transport and trade. The alien species is then introduced, 
intentionally or unintentionally, into a new environment, 
which could lead to subsequent establishment and spread 
of the species13 (Fig. 2). Importantly, these stages are not 
discrete but rather occur in a continuum, although dif-
ferent biotic and abiotic barriers apply to each stage13. 
Microorganisms face the same broad categories of bar-
riers as macroorganisms, although the exact nature of 
these barriers and the ways to overcome them might 
differ. For example, whereas most plants and animals 

have been introduced intentionally (for example, release 
of lantana plants (Lantana camara) or domestic cats 
(Felis catus))21, microorganisms are often introduced 
non- intentionally, such as mycorrhizal fungi together 
with their host plants22. However, other factors, such as 
climatic suitability, competition and predation, likely 
apply to both microorganisms and macro organisms23. 
Our understanding of the microbial invasion process 
has mainly been advanced by three non- mutually exclu-
sive research areas and methods: co- invasion of alien 
macro organisms and microorganisms (both pathogenic  
and non- pathogenic), invasion by pathogenic micro-
organisms that are known to cause severe plant and ani-
mal diseases, and invasion of model microorganisms in 
experimental microcosms.

Co- invasion of alien macroorganisms and micro-
organisms. Microorganisms that form symbioses (both 
beneficial and harmful ones) with plants and animals 
are likely introduced in the new environment together 
with their symbiotic partners. Several introduced 
alien plants and their associated microorganisms are 
instrumental for each other’s success in the new envi-
ronment24,25; for example, several mycorrhizal fungi are 
non- intentionally introduced in a new range together 
with their host plants26. The invasive tree Pinus contorta 
in New Zealand harbours 93% ectomycorrhizal fungi 
of alien origin and the remaining 7% are native gene-
ralist fungi22. These mutualistic associations between an 
alien tree and alien fungi promoted the establishment 
of both in the new environment22, indicating strong 
and specific symbiosis. Although the co- invasion of 
animals and associated microorganisms has mainly 
received attention in disease ecology17, such as the 
co- invasion of the chytrid fungus and American bull-
frog (Lithobates catesbeianus)27, a recent study showed 
that forest birds can also transport mycorrhizal fungal 

a b c d

Fig. 1 | Examples of invasive microorganisms that cause tree diseases. a | The fungus Bretziella fagacearum  
causes wilt in oak trees; the image shows fruiting bodies. b | The fungus Cronartium ribicola causes white pine blister 
rust; the image shows fruiting bodies on a young pine tree. c | The fungus Sirococcus clavigignenti- juglandacearum  
causes canker of butternut trees. d | Phytophthora cinnamomi causes canker and root rot in an oak tree. All pictures 
reproduced with permission from Bugwood.org: part a courtesy of T. W. Bretz, USDA Forest Service; part b courtesy  
of USDA Forest Service; part c courtesy of R . L. Anderson, USDA Forest Service; and part d courtesy of J. O’Brien, 
USDA Forest Service.

Spread
The fourth stage after the 
establishment, in which 
the alien species disperses  
to new locations and faces 
sequential establishment 
events.

Transport
The first stage in the invasion 
process, when a species is 
moved outside its known 
geographic boundary by 
human agency.

Establishment
The third stage in the invasion 
process, when the alien species 
is able to maintain populations 
in the new environment over  
a longer period without direct 
help of humans.

Microcosms
simplified ecological units/
systems that attempt to mimic 
some features of ecological 
systems in laboratory settings.
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Table 1 | Key pathogenic invasive microorganisms

Species Disease and affected 
host(s)

Origin and 
geographic range

Invasion strategies Impacts Refs

Oomycetes

Phytophthora 
ramorum

Sudden oak death; 
many trees and shrubs

Asia (low certainty); 
Europe, North 
America and Asia

Dispersal through air and water 
and high strain variability ; mostly 
asexual reproduction, but sexual 
reproduction of different mating 
types possible

Owing to wide host range, many 
native species and their herbivores 
(and pollinators) are threatened

107,108

Phytophthora 
cinnamomi

Root rot; more than 
5,000 host species, 
especially shrubs and 
trees in Australia

South- East Asia  
(high certainty); 
global

Dispersal through soil and plants Owing to wide host range, 
ecological changes in vegetation 
and herbivores potentially 
affecting the entire food web. 
Many food crops and other 
cash plants are affected, such 
as avocado, pineapple and 
eucalyptus

109

Phytophthora 
lateralis

Port Orford cedar 
root disease; mainly 
Chamaecyparis 
lawsoniana (Port Orford 
cedar)

Asia (high certainty); 
Europe, North 
America and Asia

Transported mostly by plants, but also 
by water and wind; favoured by moist 
conditions; variable isolates in native 
range; can survive for a decade in root 
fragments

Reduction of native diversity ; 
shading along streams reduced, 
increasing water temperature 
leading to invertebrate and salmon 
killing; increases soil erosion

110

Phytophthora alni Phytophthora disease  
of alders; Alnus spp.

Europe (high 
certainty); Europe 
and North America

Dispersal mainly through water bodies 
such as rivers. Both sexual and asexual 
reproduction; infections favoured by 
higher temperatures

Alterations of ecological 
communities in Alnus- dominated 
forests mainly in riparian 
woodlands

111

Fungi

Cronartium 
ribicola

White pine blister rust; 
mostly Pinus and Ribes 
spp.; most threatened 
Pinus albicaulis

Central- east Eurasia 
(moderate certainty); 
Europe, North 
America and Asia

Produces five spore types; long- 
distance dispersal possible through 
air

Reduces pine tree dominance in 
forests. Associated with major 
losses of pine trees in North 
America

112,113

Hymenoscyphus 
fraxineus  
(also known as 
Hymenoscyphus 
pseudoalbidus)

Ash dieback; mostly 
Fraxinus spp.;  
F. excelsior and  
F. angustifolia 
susceptible

Asia (intermediate 
certainty); Europe, 
Asia and North Africa

Spread mainly by infected saplings, 
locally through air

Younger trees are often more 
vulnerable and can thus negatively 
affect forest regeneration. Nursery 
sectors are heavily affected

114,115

Cryphonectria 
parasitica

Chestnut blight; mainly 
Castanea spp. and 
Quercus spp.

Asia (high certainty); 
Europe, North 
America and Asia

Airborne, spread mainly by  
animal vectors

Shifts in species dominance 
in forests. Economic losses 
associated with death of 
chestnut trees

33,116

Sirococcus 
clavigignenti- 
juglandacearum 
(also known as 
Ophiognomonia 
clavigignenti- 
juglandacearum)

Butternut canker ; 
Juglans spp.

Asia or South America 
(low certainty); Asia, 
South America and 
North America

Spread by insect vectors and seeds 
and locally through wind and water ; 
very aggressive

Reduction of nuts that represent 
a major food source for wildlife. 
Economic losses in walnut 
production

117

Austropuccinia 
psidii (also known 
as Puccinia psidii)

Myrtle rust; plants in  
the Myrtaceae family 
(>400 species)

South America  
(high certainty); 
global, except for 
Europe

Wind and rain- assisted dispersal; 
movement of infected nursery stock 
had an important role in its spread

Damage ranges from minor 
leaf spots, branch dieback 
and reduced fecundity to tree 
death. Destroys eucalyptus and 
commercial plants such as guava

118

Discula 
destructiva

Dogwood anthracnose; 
Cornus spp. (dogwood 
species)

Asia (low certainty); 
Asia, Europe and 
North America

Infection spreads through petiole of 
the host tree to branch and finally to 
trunk

Cornus spp. are severely affected, 
leading to death and impairing the 
ability for regeneration

119

Raffaelea 
lauricola

Laurel wilt; symbionts 
of Xyleborus glabratus

Asia (high certainty); 
Asia and North 
America

Transported mainly by female 
ambrosia beetles (X. glabratus),  
which construct tunnels and lay 
eggs, thereby promoting the 
movement of pathogens into  
tree vessels

Changes maritime woodlands as 
laurels are killed. Avocado plants 
are highly susceptible

120

Bretziella 
fagacearum 
(also known as 
Ceratocystis 
fagacearum)

Oak wilt; Quercus spp. 
and Castanea spp.

South America 
(intermediate 
certainty); South 
America, North 
America and Europe

Introduced by insect vectors  
(such as bark beetles) with oak wood 
trade; sporulation mats formed  
by the pathogen lead to cracks in  
oak barks

Quercus- dominated forests 
severely damaged; major threat  
to oak- based commercial sectors

121
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diaspores, which can potentially increase the spread of 
mycorrhizal fungi28. A similar case was reported for 
alien mammals (wild boar and deer) on an Argentinian 
island that spread ectomycorrhizal fungi in their faeces, 
which subsequently promoted the establishment of an 
alien pine tree (Pseudotsuga menziesii)29.

Although most host plants escape from their native 
pathogens when introduced in a new region30, a recent 
review25 argued that even minimal co- invasion of host 
plants and pathogens can have dramatic negative effects 
if the pathogens spill over to native plants, as they are 
naive and not adapted to the novel pathogens. We discuss 
such spillover effects later.

Invasion of pathogenic alien microorganisms. There are 
numerous examples of invasions of pathogenic alien 
microorganisms, several with devastating effects on the 
recipient ecosystems owing to disease outbreaks in host 
plants and animals (Table 1; Supplementary informa-
tion). Many of these pathogenic alien microorganisms 
were introduced unintentionally together with infected 
(alien) hosts31,32. For example, Cryphonectria parasitica, 
the fungus responsible for chestnut blight disease in 
North America, was unintentionally but repeatedly intro-
duced with infected chestnut plants from the Japanese 
island of Honshu to North America in the early twentieth 
century33,34.

Epidemiological factors and host immunity are 
important determinants of the invasion process of patho-
genic alien microorganisms35,36. Host immunity reduces  
invasibility by increasing resistance against alien microbial 
pathogens, whereas the reproductive rate and transmis-
sion potential of the pathogen determine its invasive-
ness37. For example, stomatal guard cells in plants can 

detect surface molecules of pathogenic bacteria, and in 
response plants close their stomata to prevent pathogen 
entry38. On the other hand, microorganisms have sev-
eral virulence mechanisms to overcome host immunity39. 
One of the well- studied alien oomycetes, Phytophthora 
ramorum, expresses a diverse group of proteins as viru-
lence that can damage the immune system of its host 
plant (for example, oak trees) and cause infection, lead-
ing to host death40,41. However, whether there is a direct 
link between virulence and invasiveness for invasion 
success or failure merits further investigation.

Experimental microbial invasion in microcosms. 
Studying microbial invasion in experimental micro-
cosms can elucidate which biotic and abiotic factors 
can constrain or promote the establishment of invad-
ing microorganisms in a new environment23. A notable 
example of such studies is the investigation of how the 
diversity of recipient microbial communities influences 
the invasion of microorganisms. The classic diversity–
invasibility hypothesis (also sometimes referred as the 
‘biotic resistance hypothesis’) proposed for plants and 
animals predicts that the more diverse the native plants 
or animals are the fewer invasions of alien plants or 
animals there will be owing to greater resource utili-
zation in diverse communities and thus less resource 
availability for alien species42,43. In agreement with 
the diversity–invasibility hypothesis, an experi mental 
study44 showed that high diversity of soil bacterial com-
munities can resist the invasion of an Escherichia coli 
strain. Another microcosm study highlighted that the 
functional diversity of resident soil bacterial communi-
ties mattered more than the bacterial richness in resist-
ing the invasion of an incoming invading Pseudomonas 

Species Disease and affected 
host(s)

Origin and 
geographic range

Invasion strategies Impacts Refs

Fungi (cont.)

Gibberella 
circinata 
(also known 
as Fusarium 
circinatum)

Pitch canker ; mainly 
Pinus spp.

Unknown; global, 
except for Australia

Wind (airborne) and insect vectors 
are the main dispersal agents; 
successful infection requires 
adequately moist conditions

Severe cases of pine infections  
can potentially shift pine forest to 
oak- dominated woodlands

122

Heterobasidion 
annosum

Annosus root rot; 
several species from 
the Pinaceae family

Europe and  
North America  
(low certainty);  
North America, 
Europe, Asia and 
Australia

Dispersed by wind, currents and 
insect vectors; colonize tree stumps 
as saprotroph to enter roots; 
symptoms are hard to detect as 
mainly root structure changes in 
initial stage of infection

Known for creating gaps in 
forests by killing host trees, which 
changes resource availability,  
such as light and moisture, and 
affects forest communities

123

Ophiostoma 
novo- ulmi

Dutch elm disease; 
Ulmus spp.

Asia (intermediate 
certainty); North 
America, Europe, Asia 
and New Zealand

Bark beetles are one of the main 
dispersal agents; also dispersed by 
root grafts; infections often kill the 
host owing to effective transmission 
to the whole tree

Changes forest community 
structure mainly in floodplain areas 
where elms are more abundant; 
more than 1 billion elm trees have 
been killed since the early 1900s

124,125

Ceratocystis 
fimbriata

Ceratocystis blight; 
diverse plants in several 
plant families

North America, 
South America  
and Asia; global

Pruning wounds of trees are usually 
the main entry points and insects  
are the main vectors (attracted by  
the fruiting smell of the pathogen)

Changes ecosystems especially  
in invaded areas; natural systems 
not that strongly affected

126

Mycosphaerella 
pini

Dothistroma blight; 
several species from 
the Pinaceae family

Unknown; global Rain splashes assist migration;  
high humidity is crucial for successful 
infection

Pinus- dominated forests undergo 
dramatic changes; threatens 
wood production from trees,  
such as Pinus radiata

127

Spillover effects
The process in which a 
pathogen of one host infects 
another host.

Invasibility
The vulnerability of an 
environment (or a host) to 
invasion by alien organisms.

Virulence
The ability of microorganisms 
to cause disease in a host.

Table 1 (cont.) | Key pathogenic invasive microorganisms
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fluorescens strain45. Both studies emphasized that the 
ability of resident microbial communities to use avail-
able nutrients was a key factor in resisting the invasion 
of incoming microorganisms. When resources become 
limiting owing to efficient consumption by native 
microbial communities as assumed by the diversity– 
invasibility hypothesis, invading microorganisms 
might be less likely to succeed. However, such biotic 
resistance to invasion of highly diverse residents can 
be overcome by a high propagule pressure of the alien 
organism46, as evidenced by the freshwater invasive alga 
Prymnesium parvum47.

Although experimental microcosm studies have 
provided important insights into factors important 
for microbial invasion, most of these studies used 
model microorganisms instead of known alien micro-
organisms, potentially because of difficulties in maintain-
ing laboratory cultures of alien microorganisms such as 
P. ramorum10. Nevertheless, field studies have replicated 
some of the insights from laboratory experiments. For 
example, forests with more diverse trees can better resist 
the invasion by P. ramorum than forests with less diverse 
trees48 (Table 1), confirming the negative diversity–
invasibility relationship observed in microcosm stud-
ies, although in this example host diversity rather than 
resident microorganism diversity was evaluated.

ecological impacts
Ecological impacts of alien species are often studied 
at three levels49: impacts on native species, impacts on 
recipient communities and impacts on ecosystem pro-
cesses. In general, impacts on native species underlie 
impacts on ecological communities, and these in turn 
underlie impacts on ecosystem processes. However, a 
meta- analysis of invasive plant species49 showed that the 
magnitude and direction of their impacts on the three 
levels can differ. Whereas the diversity of native plants 
and animals declined with the invasion of alien plants, 
communities and ecosystems were rarely negatively 

affected49. Similarly, invasive terrestrial inverte brates 
also had different effects at different levels: they reduced 
the diversity of native animal communities but posi-
tively affected the recipient ecosystems by increasing 
decomposition of leaf litter50. In general, as most known 
alien microorganisms are pathogens51, their impact is 
expected to be negative at all levels. We poorly under-
stand whether negative effects of non- pathogenic 
invasive microorganisms at one level propagate nega-
tively or positively to other levels. Next, we discuss the 
impact of both pathogenic and non- pathogenic invasive 
microorganisms on the three ecological levels.

Impacts on native species. Several invasive microorgan-
isms infect mainly native plants as their primary host 
(Table 1; Supplementary information). Invasive patho-
genic microorganisms tend to severely affect native 
plants when they can infect multiple organs of the plants  
or a range of host plants, and when the environmental  
conditions, such as temperature and humidity, pro-
mote infection and virulence52. Some of the well- known 
invasive microorganisms are restricted to single hosts, 
such as Discula destructiva, which mainly infects dog-
wood trees (Table  1), but some, such as members 
of the genus Phytophthora, can infect various plant 
groups, including trees of Quercus and Pinus species 
and several species of shrubs. Invasive pathogens with 
a broad host range and high virulence are often the 
most lethal53. For example, Phytophthora cinnamomi 
(Fig. 1; Table 1) has infected more than 5,000 woody 
plant species in more than 70 countries, with severe 
effects such as dieback of forests where alien, such as in 
Australia54,55. We have summarized the ecological and 
economic impacts of some of the well- known pathogenic 
invasive microorganisms of terrestrial environments  
in Table 1.

Some alien pathogenic microorganisms can differen-
tially affect alien and native plants. For example, a group 
of pathogenic fungi associated with the invasive alien 
plant Vincetoxicum rossicum in North America reduced 
the biomass of a co- occurring native plant, Solidago 
canadensis, but positively affected the alien V. rossi-
cum56. Although such examples are rare, we speculate 
that invasive pathogenic microorganisms can trigger 
invasional meltdown57 by causing greater damage to native 
plants than to alien plants, thereby facilitating the inva-
sion. Moreover, we propose that invasional meltdown is 
more likely when alien plants and alien microorganisms 
co- invade an environment25.

Animals often facilitate the spread of alien micro-
organisms either as vectors or as reservoirs9,58 (Table 1). 
Some invasive pathogenic fungi can influence the 
behaviour of their animal vectors, with far- reaching 
consequences for plants and ecosystems. For example, 
the invasive fungus Leptographium procerum in China 
increases the aggression of its insect vectors, such as the 
red turpentine beetle (also invasive in China), which has 
killed millions of native Pinus trees in central China59. 
Although evidence of the beetle and the fungus arriving 
in China together is not yet clear, the fungus very likely 
adopted the beetle as its vector in China, with serious 
implications for the tree industry59.

Propagule pressure
The initial size of the introduced 
population of an alien species 
in a new environment.

Invasional meltdown
Positive interactions among 
alien species leading to their 
invasion success.

Box 1 | Alien microorganisms in other systems

Invasion of alien microorganisms has been studied in several environments other  
than terrestrial ecosystems. Researchers in medicine and pathology have studied  
for decades how alien microorganisms enter the human body91, although they use  
a different definition of ‘alien microorganism’. Specifically, in these fields invasion 
involves entry of pathogens into host cells or tissues leading to spread in the human 
body and disease92. Thus, any microbial pathogen that enters a human body is 
considered alien and is called ‘invasive’ if it causes disease. moreover, medically an 
invasive infection is defined as one that enters a body compartment where usually  
no (or very few) microorganisms reside and that breaches the body’s barrier. Without 
symptoms this would be harmless translocation, with symptoms an invasive infection93. 
Several human disease- causing microorganisms have also been introduced in new 
regions94. many such cases highlight the co- invasion of an alien host and an alien 
microbial pathogen95; for example, dengue virus hosted by the Asian tiger mosquito 
(Aedes albopictus), which was introduced by human activities in most of the continents 
outside Asia96, and Francisella tularensis (which causes tularaemia), which was 
introduced together with its crayfish vector (Procambarus clarkia) in North America94,97. 
There are many other examples of alien macroorganisms that are vectors of human 
pathogenic microorganisms98. Several alien microorganisms were also identified in 
aquatic and marine environments51,99, including non- pathogenic ones51. Furthermore, 
the recently compiled GRIIS database provides an extensive list of alien microorganisms 
across ecosystems (see also Supplementary information).
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The impact of invasive microorganisms on animals 
is not limited to behavioural changes or using them 
as vectors; their survival is also impacted. An impor-
tant example of this is white- nose syndrome in North 
American bats, which is caused by an invasive fungal 
pathogen introduced from Eurasia, Pseudogymnoascus 
destructans60. White- nose syndrome has killed more than 
1 million bats belonging to nine different species60,61. 
North American bats are susceptible to P. destructans in 
their hibernating stage (low body temperature favours 
fungal infection), whereas Eurasian bats are less suscep-
tible, presumably owing to their long co- evolutionary 
history with the fungus62.

Non- pathogenic alien microorganisms that require 
their hosts to survive, such as arbuscular mycorrhizal 
fungi and nitrogen- fixing bacteria, can influence native 
plant species by disrupting their associations with 
native, non- pathogenic microorganisms25. For exam-
ple, co- invasion of a legume species and nitrogen- fixing 
bacteria in coastal dunes in Portugal contributed to the 
success of the alien species and also disrupted the mutu-
alism between native legumes and native nitrogen- fixing 
bacteria63. In a recent study, the success of an invasive 
tree, Acacia dealbata, in South Africa was linked to 
its unique rhizosphere microbiome mostly contain-
ing nitrogen- fixing bacteria, which likely co- invaded 
the environment with A. dealbata from Australia64. 
Another example of co- invasion of hosts and non- 
pathogenic microorganisms is alien Pinus trees and 
their alien ectomycorrhizal fungi in New Zealand22. The 
effects of alien arbuscular mycorrhizal fungi on native 
plant performance (measured as biomass) were gener-
ally neutral, whereas the response of native plants to 
native arbuscular mycorrhizal fungi was more positive, 

although variable65. These examples suggest that inva-
sional meltdown can also occur with non- pathogenic 
microorganisms.

Impacts on native communities. When invasive patho-
gens infect dominant community members, they  
spread faster and have greater negative effects on the 
native communities and ecosystem processes than when 
they infect rare members of the community35,66. In such 
cases, the probability of spillover of pathogens from 
infected hosts to other hosts is more likely simply due to 
a greater pathogen population, and thus a higher propa-
gule pressure66. The strength of community- level con-
sequences of invasive pathogens depends on the degree 
of spillover66,67. Spillover of pathogens is more likely 
between phylogenetically related hosts and between 
abundant hosts68. Several microbial traits, such as fast 
growth and efficient dispersal, could also be important 
for spillover and invasion success23,51. Furthermore, con-
sidering the traits of alien microorganisms together with 
the traits of their potential host is even more inform-
ative; for example, a host that can disperse widely is 
expected to amplify the success of a fast- growing alien 
microorganism66. At the same time, the characteristics of 
recipient ecosystems are key determinants of spillover.  
Forests with diverse trees can cause dilution of the 
invasive oomycete P. ramorum and thereby limit its 
negative effects48.

Empirical evidence of how a successful alien micro-
organism affects the diversity of native microbial com-
munities is still limited and has come mainly from 
microcosm studies. A recent experiment with artificial 
growth medium showed that alien microorganisms 
that have higher growth rates and fitness than native 
microorganisms affect native microbial communi-
ties more strongly (by decreasing evenness) than alien 
microorganisms with lower growth rates than native 
micro organisms69. Other laboratory studies have high-
lighted that the invasion success and impact of alien 
microorganisms are usually highest when they are func-
tionally and phylo genetically dissimilar to those from 
native microbial communities45,70.

Community- level consequences of microbial inva-
sions also depend on how alien microorganisms inter-
act with native microorganisms52. Despite the increasing 
examples of the impacts of invasive microorganisms on 
their hosts and recipient communities, we still have lit-
tle information on how an invasive microorganism may 
differ in its traits from the native microorganisms with 
which it is going to interact (Fig. 2), and whether this has 
anything to do with its success or failure. This deficit 
is true for both pathogenic and non- pathogenic micro-
organisms8. As shown by research in plant invasion71, 
such understanding of differences in traits between alien 
species and native species is crucial for improving our 
predictions for the impact of alien invaders at all levels. 
Experimental studies have shown that the establishment 
of an alien microorganism is often constrained by the 
biotic environment, and in particular by the immediate 
competitors and predators23. Indeed, previous reviews 
have highlighted the importance of horizontal interac-
tions (with competitors such as native microorganisms) 

Dilution
Reduction in disease risk due 
to a greater diversity of hosts.

Evenness
a measure of biological 
diversity based on the 
quantification of how equal  
the community is in terms of 
abundance across species.

Box 2 | Climate change and microbial invasion

Alien species in a new region are affected by local environmental conditions, which are 
often novel and might constrain alien persistence12,13,36. A large fraction of alien species 
fail at this stage. Climate change might result in a more favourable environment for an 
alien organism, irrespective of whether it is a macroorganism or a microorganism, and 
thereby might increase its probability to reach a persistent population and to become 
invasive6,39. It has been suggested that warming can increase over- winter survival of 
several pathogenic microorganisms100. Indeed, the success of some of the very well- 
known alien microbial pathogens, such as the fungus causing white- nose syndromes in 
bats, depends on higher winter temperature101. Theoretical studies have also supported 
that even a moderate increase in temperature increases infection rates of pathogens  
in host populations102. Furthermore, when climate warming increases temperatures 
above the optimal temperatures of hosts, this might increase their susceptibility to 
infectious diseases, as shown for amphibian infections by the invasive fungal pathogen 
Batrachochytrium dendrobatidis103,104.

Global climate change will also affect the co- invasion of alien macroorganisms and 
microorganisms. For example, higher temperatures might favour an alien host plant  
in a new range and thereby also alien microbial pathogens. In such cases, the rates of 
spillover and disease could rise and negatively affect native communities. However,  
the success of several alien pathogenic microorganisms has been relatively independent 
of climate change when compared with other alien groups such as invertebrates  
in the united Kingdom6. When alien invertebrates are vectors of alien pathogenic 
microorganisms, we can expect a greater risk of pathogen outbreaks. Such results 
further emphasize the importance of surveillance of alien invertebrates that can 
potentially be the vector or the reservoir of alien pathogenic microorganisms. moreover, 
with an increasing frequency of extreme events such as heat waves and prolonged 
drought periods, future research should prioritize how the fate of alien microorganisms 
in these conditions depends on the responses of alien and native hosts.
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and vertical interactions (with primary consumers) 
in determining the invasion success and thereby the  
consequences for the resident communities23,24,52.

Impacts on ecosystem processes. The decline of host 
plants and animals owing to infection by invasive alien 
microorganisms could lead to a decline in ecosystem 
processes, such as biomass production and decompo-
sition. Although studies on plant and animal invasions 
show invasion- induced changes in ecosystem processes, 
meta- analyses have failed to detect a consistent nega-
tive effect on ecosystem processes49,50,72. Potential expla-
nations are that the invasive organisms took over the 
functions performed by native species or that there is a 
delay before effects at the ecosystem level become detect-
able. Thus, whether the commonly observed negative 
impact on species and/or communities by alien micro-
organisms also leads to a decline in ecosystem processes 
requires stronger scrutiny given the lack of studies 
linking host- level impacts to ecosystem levels. Indeed, 
when pathogenic invasive microorganisms cause forest 
dieback or the extinction of animal populations, one 
could expect such strong negative impacts at the spe-
cies and/or community level to propagate to ecosystem 

processes. Although less conspicuous than pathogens, 
the introduction of non- pathogenic microorganisms 
such as nitrogen- fixing bacteria with their host plants 
can dramatically affect the nitrogen cycle in the recip-
ient ecosystems, as has been shown for the invasion of 
a shrub (Myrica faya) and its nitrogen- fixing symbionts 
belonging to the genus Frankia on Hawaii73.

We suggest that a better understanding of ecosystem 
responses can be achieved when changes in host behav-
iour and population dynamics can be linked to a set of 
ecosystem processes. For example, when a host plant 
is infected, it defends itself against the alien pathogen 
through its adaptive immunity74. Changes in host defences 
might affect ecosystem processes such as decomposition 
of litter from that host plant, and this could link host 
responses to changes in ecosystem- level processes.

Linking spillover with the impacts of microbial inva-
sion. Studying spillover of alien pathogens is impor-
tant for understanding their spread and the impact on 
multiple hosts66. We propose that community modules75 
can improve our insight into how spillover may impact 
communities and subsequently ecosystem processes. For 
example, spillover at the same trophic level (horizonal 

Adaptive immunity
The acquired ability of an 
infected host to recognize  
and destroy the pathogen.

Community modules
Configurations of species 
interactions within a community, 
such as predator–prey or  
host–pathogen pairs.

Pathogenic

Pathogenic
microorganism

Non-pathogenic
microorganism

Native environment New environment

Successful alien microbial 
pathogens eradicate native hosts

Successful alien non-pathogenic 
microorganisms shift the competitive 
balance between hosts

Dramatic alterations 
in ecosystems

Changes in community
structure, loss of native 
diversity and rise in alien 
host diversity

Novel interactions
Existing interactions

Transport Introduction and establishment Spread and impacts

Alien Native

Native host

Mass death

Alien host

Non-pathogenic

Fig. 2 | The microbial invasion process and potential impacts. As microorganisms are transported outside their 
geographic range and introduced in the new environment, they start colonizing new hosts or spill over from their native 
hosts with which they may have been introduced. Subsequently, their establishment involves a suite of interactions, for 
example with native microorganisms. Multiple infection points or foci on hosts can exist, the frequency of which may 
differ between pathogenic and non- pathogenic alien microorganisms. The impacts of alien microorganisms become 
noticeable when they start to spread. Non- pathogenic microorganisms might cause shifts in host community structure, 
for example favouring alien plant species. All these processes may vary with space and time.
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spillover) may impact communities differently than 
spillover across trophic levels (vertical spillover) (Fig. 3). 
For a better community and ecosystem perspective of 
alien microorganism impacts, considering both forms 
of spillover is crucial. The use of networks76 in ecology 
and microbiology has contributed substantially to 
understanding of both horizontal and vertical interac-
tions among species77 and has the potential to determine 
connectivity between different compartments in eco-
systems78. We suggest that network approaches, because 
they can account for both horizontal and vertical spill-
over, can help us understand the impact of alien micro-
organisms from a host to a community and ecosystem. 

For example, network models can integrate consum-
ers and resources, as often done either in a correlative 
way or with feeding links when those relationships are 
known77,79. Additionally, by indicating which hosts or 
consumers are already infected in the network (Fig. 3), 
we will be better equipped to understand the potential 
trajectories of spillover. We thus need long- term pro-
grammes to monitor and understand the dynamics 
of pathogen spillover in communities and impacts on 
ecosystems.

Management and policy implications. Management 
of alien species has been one of the main priorities of 
nature conservation and environmental protection 
agencies (including agricultural agencies and those 
responsible for providing permits at the entry points 
of countries) and is a major motivation for research 
in invasion biology. The Convention on Biological 
Diversity has called for global collaborative efforts to 
mitigate the impacts of alien species on native bio-
diversity and ecosystems80. A recent summary for 
policy makers by the Intergovernmental Science- Policy 
Platform on Biodiversity and Ecosystem Services has 
further highlighted that the invasion of alien species 
is a major threat to native biodiversity and has recom-
mended globally coordinated mitigation approaches81. 
Among key recommendations for national and inter-
national policies for microbial invasion mitigations, a 
recent publication82 stressed the need for long- term 
monitoring and surveillance of host and vector spe-
cies when they are introduced in a new region. This 
measure is crucial given that most alien pathogenic 
microorganisms remain unnoticed for a long time 
and erupt with sudden outbreaks36, such as sudden 
oak death caused by P. ramorum, which takes many 
months to several years from early infection to caus-
ing tree death83. Long- term vector surveillance is also 
important because some alien vectors, such as forest 
insects, become more damaging to trees when they 
co- invade an environment with their symbiotic fungi 
that are pathogenic to plants than when they invade the 
environment alone84.

Global efforts in mitigating emerging infectious 
diseases in wildlife are gaining greater attention7,39. 
The Food and Agriculture Organization of the United 
Nations has mandated its more than 180 member states 
to report plant pests and diseases to the International 
Plant Protection Convention. The efficacy of such global 
efforts will increase with greater data sharing among 
member countries, promoting citizen science and sup-
porting long- term infrastructure for invasion research 
with emphasis on interactions among alien micro-
organisms, alien macroorganisms and native species85. 
Moreover, microbial invasion research encompassing 
both the invasion process and subsequent impacts will 
be crucial for policy and management (box 3).

outlook
Invasive microorganisms continue to pose serious 
threats to native biodiversity and ecosystem function-
ing and yet they represent one of the most elusive forms 
of invasions (Fig. 2). That is, invasive microorganisms 

Networks
Collection of units (such as 
species or taxa) potentially 
interacting as a system (such as 
a community or ecosystem).
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Horizontal spillover
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Fig. 3 | Pathways of spillover of alien pathogenic 
microorganisms. Horizontal spillover occurs when an 
infected host transfers an alien microbial pathogen to 
another species at the same trophic level (for example, an 
infected host plant infecting another host plant). When 
an infected host is a resource or a consumer species, its 
interaction with the consumer or resource can facilitate 
the transfer of alien microbial pathogens, leading  
to vertical spillover (for example, a healthy predator 
becomes infected after feeding on infected prey). Both 
horizonal and vertical spillover can simultaneously occur 
in networks when multiple infected hosts are both 
consumers and resources and interact with several 
members of the community.
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remain, especially compared with plants and animals, 
difficult to detect and study. However, recent advances in 
molecular DNA- and RNA- based techniques, including 
quantitative PCR, (long- read) amplicon sequencing86, 
metagenomics and metatranscriptomics, have greatly 
advanced our knowledge of known and previously 
unknown microorganisms, including invasive taxa87. 
These techniques might become routine for tracing 
invasive microorganisms88. We further advocate multi-
disciplinary approaches to advance microbial invasion 
research (box 3).

As discussed, despite overlapping themes in sub-
fields of microbial invasion research, there is a need 
for increased synthesis and collaboration. The num-
ber of observational studies of invasive pathogenic 
microorganisms is growing, but more work is needed 
to link them to the mechanistic insights from micro-
cosm invasion studies. For example, we still know lit-
tle about the applicability of ecological hypotheses on 
invasion mechanisms (such as diversity–invasibility 
relationship, propagule pressure and invasional melt-
down)89, which are often tested by microcosm studies23, 
to patho genic alien microorganisms. Microcosm studies, 
on the other hand, have rarely used the vast knowledge 
generated by pathology and epidemiological studies of 
pathogenic alien microorganisms90. We identify three 
research areas (interactions, impact and global change) 

that might advance integration in microbial invasion 
research, and accordingly, we propose several questions 
to address (box 3).

The emergence of invasive microbial pathogens was 
recently classified as one of the most pressing issues 
for the next two decades7. We concur with this assess-
ment, and importantly argue that our ability to man-
age the emergence of invasive microbial pathogens 
depends on mechanistic research, long- term monitor-
ing programmes, and regional and global coordinated 
policies of invasion control and disease management. 
Furthermore, we argue that the understanding of the 
microbial invasion process and the impacts at any scale 
will improve when we consider interactions between 
alien pathogenic and non- pathogenic microorganisms 
and native organisms (box 3; Fig. 2).

Predicting the invasion of macroorganisms is chal-
lenging, and predicting invasions of microorganisms is 
even more challenging as they usually become noticeable 
only when they affect other organisms. However, with 
the advancement of molecular techniques, early detec-
tion of alien microorganisms is becoming feasible. In the 
next two decades, molecular techniques together with 
experimental approaches are likely to clarify the causes 
and consequences of microbial invasion.

Published online 26 July 2019

Box 3 | Research themes and open questions

Interactions between alien and native microorganisms
Interactions between alien and native microorganisms are important for invasion35 (Fig. 2), yet only few studies65,105  
have experimentally investigated these interactions and implications for ecosystem functions. Similarly, interactions 
between two or more alien microorganisms are also only beginning to be studied106. Filling these gaps is crucial to  
predict microbial invasions. We believe that experimental studies on microbial invasion can provide important insights  
by addressing the following questions:

•	How do alien (both pathogenic and non- pathogenic) microorganisms interact with native microorganisms and other 
alien microorganisms, and what are the implications of such interactions for native and alien hosts?

•	Which traits of alien microorganisms determine their success over native microorganisms?

•	What roles do abiotic factors have in the regulation of biotic interactions among alien and native microorganisms?

Impacts of invasive microorganisms on communities and ecosystems
Whereas there is plenty of information on the impacts of pathogenic alien microorganisms on their hosts, the 
consequences of decline of host species on communities and ecosystems are much less clear. moreover, the impacts of 
non- pathogenic alien microorganisms at different levels of ecological organization are still little known. We encourage 
broader epidemiological studies that take community and ecosystem ecology into account.

•	How do impacts of invasive alien microorganisms at species level propagate to community and ecosystem levels?

•	What are the indirect impacts of alien microorganisms on native and alien non- host species?

•	How do environmental conditions promote co- invasion of alien microorganisms and macroorganisms?

Climate change and microbial invasion
Climate change increases the success of several pathogenic alien microorganisms (box 2). In addition, climate  
change affects the distribution of microorganisms, for example by changing the range of their hosts. We suggest such 
microorganisms should be called ‘range- shifting microorganisms’ and not ‘alien microorganisms’. more importantly, 
climate change can trigger novel interactions between range- shifting microorganisms and native communities and 
between alien and range- shifting microorganisms.

•	How will global change, such as rising temperatures and changes in precipitation, affect the success of pathogenic  
and non- pathogenic alien microorganisms?

•	How will climate change influence the susceptibility of native hosts to alien pathogenic microorganisms?

•	How do novel interactions caused by climate change between alien, range- shifting and native microorganisms  
(both pathogenic and non- pathogenic) affect the invasion success of the alien ones?

•	How will extreme climatic events, such as extreme droughts and heat waves, influence the emergence of diseases 
related to alien microorganisms?
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