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Abstract. the introduction of alien tree species has become a world wide phenomenon over the last centuries and the cultivation 
of these species is an economically important branch of forestry in many countries. However, the cultivation of alien plant species 
poses the threat of introducing potentially invasive species, both trees and its mutualistic symbionts, such as mycorrhizal fungi. 
Mycorrhizal fungi are obligatory symbionts and a key element in the proper development and functioning of trees. it is thought 
that mycorrhizal fungi may also profoundly influence the invasiveness of alien tree species worldwide, with the proper fungal 
species acting as a driver to make this invasion possible. co-invasion of alien trees and its mutualistic symbionts are well-known 
in the case of pines and co-invading ectomycorrhizal fungi in the southern hemisphere.

Invasive  tree species constitute a major ecological and economic problem through intense competition and modification of 
local habitats leading to a decline in biodiversity and potentially threatening many rare, native and endangered species, inclu-
ding fungi. Despite the fundamental role that fungi have in the functioning of forests, the impact alien tree species could have 
on mycorrhizal fungi in native forest ecosystems has not received much attention.

Understanding the relationships between mycorrhizal fungi and alien tree species can allow us to better predict and coun-
ter-act alien species invasions, which is necessary in order to maintain biodiversity and preserve native ecosystems. On top of 
that, climate change could threaten some european tree species and thus free ecological niches for other species, like alien, 
invasive or potentially invasive trees.
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1. Introduction

alien species are all those that occur outside their natural
range and have been introduced as a result of human ac-
tivity, either deliberately for cultivation or as inadvertently 
transported species (Richardson et al. 2000a). alien plant 
species have been introduced in europe since ancient times. 
today, they play an important role in the european econ-
omy, making up a large share of cereal crops (e.g. wheat, 
barley), vegetables (e.g. potatoes, tomatoes), fruit trees (e.g. 
apples, peaches) (eurostat 2018) and wood production (e.g. 
black locust Robinia l.) (Krumm and Vítková 2016).

Over the last few centuries, the cultivation of trees of fore-
ign origin has become a common phenomenon, with the risk 
of biological invasion both of the trees and their associated 

symbionts such as mycorrhizal fungi (Nunez and Dickie 2014). 
invasive tree species, i.e. those alien species able to spontaneo-
usly and rapidly spread beyond their natural range (Richardson 
et al. 2000a), modifying local ecosystems and displacing native 
species, pose a serious threat to the maintenance of native eco-
system diversity (Butchart et al. 2010). in the process of the 
invasion and spread of alien tree species, an important role is 
played by the mycorrhizal symbiosis they establish (Richard-
son et al. 2000b; Pringle et al. 2009; Dickie et al. 2010).

2. History of the introduction of alien tree
species in Europe

with the exploration and colonisation of new lands begun 
with the discovery of america in 1492, alien tree species 
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were introduced to europe on a heretofore unprecedented 
scale. Since the 16th century, numerous botanical gardens 
have been established in europe, dedicated to the collection 
and breeding of plants from all over the world, as well as to 
research on their acclimatisation and cultivation potential. 
Particular attention was paid to plants from North america, 
as the climatic conditions in the USaand canada are sim-
ilar to those in europe. when industrialisation progressed 
andthe wood resources of european forests began to shrinkat 
the end of the 19thcentury, alien tree species began to be 
tested for use in forest management. Pioneering research in 
this field was conducted by German and Austrian foresters, 
Schwappach, cieslar and wiedemann, who at the turn of the 
19th and 20th centuries, established numerous experimental 
areas with alien tree species in the forests of central europe. 
Some of the more than 50 alien tree species they introduced 
into the forests, such as the red oak Quercus rubra l., white 
pine pinus strobus L. and Douglas fir Pseudotsuga menziesii 
(Mirb.) Franco, gave satisfactory results for woodproduction. 
this led to the mass planting of these trees in european forests 
(Białobok and Chylarecki 1965), where they began to spread 
spontaneously over time (Krumm and Vítková 2016).

Of the many introduced alien species, few tend to expand 
beyond their natural range and become invasive (Richardson 
et al. 2000a). the presence of invasive species is an import-
ant issue for modern nature conservation and management. 
Through habitat modification and competition for food re-
sources, alien tree species affect local ecosystems and can 
endanger native species, including rare and threatened ones, 
and lead to a decline in biodiversity (Butchart et al. 2010; 
Dueñas et al. 2018). Numerous measures are being taken at 
the national and international levels to limit the expansion of 
invasive species; yet in europe alone, invasive plant species 
generate losses estimated at eUR 4 billion per year (Ket-
tunen et al. 2008).

3. The symbiosis of alien and invasive tree
species and its significance

Recent studies have pointed out that mycorrhizal sym-
biosis, i.e. the relationship between plant roots and fungi 
(Smith and Read 2008), may play an important role in the 
process of the plant invasions (Richardson et al. 2000b; 
Pringle et al. 2009). the most common type of tree symbi-
osis in temperate and boreal zone forests is ectomycorrhiza 
(eM), which is formed together by different types of trees 
(e.g. oaks, beeches, hornbeams, pines and spruces) and 
many species of fungi from the Basidiomycota division 
(e.g. porcini, chanterelles, milk-cap mushrooms) and sac 
fungi (e.g. truffles). Some trees (e.g. maples, ash, chestnut 
trees)  form  arbuscular  mycorrhiza (aM) with fungi from 

the Glomeromycota division. Mycorrhizal symbiosis is 
mutualistic, i.e. mutually beneficial for both partners of the 
symbiotic relationship: mycorrhizal fungi receive carbohy-
drates from trees and provide trees with increased access 
to water and mineral salts and protect against pathogens 
and adverse environmental conditions thatdetermine their 
proper development (Smith and Read 2008). therefore, 
mycorrhizal symbiosis should be considered a factor that 
can affect the spread of alien tree species outside their nat-
ural range. the dispersion of alien tree species depends on 
their ability to reproduce in new areas, competition from 
other organisms, or the availability of ecological niches. in 
the 1990s, the ‘enemy release hypothesis’ was formulated, 
which assumes that alien species have no natural enemies, 
such as pathogens or specialised herbivores, in the new 
area,which makes it easier for them to compete with native 
species and, as a result, enables them to spread (Keane and 
crawley 2002). callaway et al. (2011) indicated that the 
invasiveness of black locust Robinia pseudoacacia l. in 
europe may be increased by the absence of parasites from 
its natural range, such as the fungus Fomes rimosus (Berk.) 
cooke or the beetle Megacyllene robiniae Forster. Similar 
observations, indicating that the absence of natural ene-
mies may increase the invasiveness of alien species, were 
made for the box elder Acer negundo l. and the amer-
ican black cherry Prunus serotina ehrh. (Reinhart et al. 
2003; Reinhart and callaway 2004). Further research has 
allowed hypotheses to be formulatedon the role of mutual-
istic symbiosis in the invasion process of alien species. the 
enhanced mutualism hypothesis assumes that the establish-
ment by species growing outside their natural range of new, 
more efficient symbiotic relationships facilitates the spread 
of alien species (Reinhart and callaway 2006). in turn, the 
degraded mutualism hypothesis states that invasive species 
benefit less from symbiosis and are therefore less depen-
dent on it than native species (Vogelsang and Bever 2009). 
So far, these hypotheses have not been unequivocally con-
firmed in studies of the mycorrhizal fungi associated with 
alien tree species (Bunn et al. 2015). 

alien tree species, growing outside their natural range, 
can establish a mycorrhizal symbiosis with cosmopolitan 
fungi, both in the natural range of the alien tree species 
as well as in the new area, and also with native fungi that 
do not occur in its natural range. However, the spread of 
alien tree species may depend on the presence of specific 
fungi that only occur in the tree’s natural range (Pringle et 
al. 2009; Dickie et al. 2010). when alien tree species es-
tablish symbiosis with alien fungal species that have been 
transported together with the trees, we can then call it a 
co-invasion of trees and fungi of alien origin (Nunez and 
Dickie 2014). 
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Most invasive tree species in europe develop symbiosis 
with arbuscular fungi (table 1). Many of the approximately 
250–350 identified arbuscular fungi are global species that 
are not specific to a plant partner (Davison et al. 2015). This 
means that few places in the world can be considered to be 
‘free’ from compatible arbuscular fungi. it has been shown 
that plants of foreign origin, including the most invasive 
tree species in europe, such as the box elder, the american 
black cherry or the black locust, are commonly associated in 
symbiosis with widely distributed arbuscular fungi (Moora 
et al. 2011; Majewska et al. 2015). thus, it can be concluded 
that alien tree species, forming aM, do not need arbuscular 
fungi to be transported from their natural range to become 
invasive species. 

in contrast to aM, ectomycorrhizal symbiosis is co-cre-
ated by many fungal species belonging to 160 genera from 
66 phylogenetic lines (tedersoo et al. 2010). it is assumed 
that there may be as many as 25,000 species of ectomycor-
rhizal fungi (Rinaldi et al. 2008). trees may establish mycor-
rhizal symbiosis both with non-specialised ectomycorrhizal 
symbionts, such as Cenococcum geophilum Fr. or Paxillus 
involutus (Batsch) Fr.,as well as with specialisedsymbionts.
examples of specialised symbionts are various fungal spe-
cies in the genusSuillus P. Micheli spp., which are associated 
with pines and occur in the range of pines in the temperate 
and boreal zones of the Northern Hemisphere (tedersoo et 
al. 2010). 

Pines are among the most invasive tree species in the 
world. the Pinaceaepine family includes 32 invasive spe-
cies: 23 pine species and single species of spruce, fir, larch 
and Douglas fir (Rejmánek and Richardson 2013). Pines 
were widely introduced beyond their natural range and are 
still cultivated worldwide today. Due to their high produc-
tivity, pine cultivation was often established in countries of 
the Southern Hemisphere, including australia and southern 
africa. initially, these crops were unsuccessful, which chan-
ged only after the introduction of ectomycorrhizal fungi 
from the natural range of pines in europe and North america 
(Pringle et al. 2009; Nunez et al. 2017). currently, it is belie-
ved that out of about 200 known alien species of ectomycor-
rhizal fungi, more than half (57%) were transported together 
with pines and other tree species from the pine family, and 
of this number,one third (more than 40 species) were suillo-
idfungi: slippery jacks Suillus and false truffles Rhizopogon 
Fr. (Vellinga et al. 2009).

the presence of suilloid fungi plays a key role in pine 
invasions (Policelli et al. 2018). Slippery jacks andfalse 
truffles, which are associated with pines in the first sta-
ges of tree development (Rudawska et al. 2018a), form 
an eM of the so-called ‘long-distance exploration type’ 
(reproductive structure, extensive external mycelia, long 

mycelial cords). these exploration types of fungi penetrate 
larger areas of soil, obtaining water and mineral salts more 
efficiently. As a result, suilloid fungi allow trees to spre-
ad beyond the point of their introduction (Hayward et al. 
2015), especially in ecosystems where trees have not yet 
been found, such as the pampas of argentina (Pauchard et 
al. 2015). it is, therefore, possible to speak of a co-invasion 
of pines and suilloid fungi.

Despite the presence of ectomycorrhizal fungi associa-
ted with pines in europe, alien pine species such as white 
pine P. strobus and Douglas fir Pinus contorta Dougl. ex 
loud. originating in North america are less invasive than in 
the Southern Hemisphere. Similarly, european pine species, 
such as Scots pine Pinus sylvestris l. and mountain pine 
Pinus mugo turra, are relatively less expansive in North 
america (Nunez et al. 2017). this may be due to the presen-
ce in europe and North america – the natural range of pines 
– of specific pine pathogens and parasites, such as the fun-
gus Sphaeropsis sapinea (Fr.) Dyko & B. Sutton, which can 
limit the spread of alien pine species (Mortenson and Mack 
2006). this is in line with the assumptions of the enemy re-
lease hypothesis because beyond the natural range of pines, 
e.g. in australia and New Zealand, there are no pine-related 
parasites and pathogens, which makes the spread of alien 
pine species more effective.

the co-invasion of alien species – trees and ectomycor-
rhizal fungi – is particularly relevant to the southern region 
of europe, where exotic tree species are grown, such as eu-
calyptus. the co-invasion of eucalyptus and its fungi was 
first widely described from the Iberian Peninsula, where 
ectomycorrhizal fungi, alien in europe, were transpor-
ted together with the eucalyptus, including Descolea alba 
(Klotzsch) Kuhar, Nouhra & M.e. Sm, Reddellomyces po-
tkii (Malençon) trappe, castellano & Malajczuk, (closely 
related to truffles) and Setchelliogaster rheophyllus (Ber-
tault & Malençon) G. Moreno & Kreisel (Diez et al. 2005) 
originating in australia. Subsequent examples of eucalyptus 
and fungi co-invasions have also been described in africa, 
Madagascar and Brazil, among others. it is now believed 
that about one-fourth of alien ectomycorrhizal fungi species 
may have been introduced together with eucalypti (Vellinga 
et al. 2009), and the eucalypti themselves are considered to 
be invasive species in many countries, including Spain, Bra-
zil, the USa and india.

the issue of ectomycorrhizal fungi co-invasions with 
their plant partners does not encompass all alien tree spe-
cies. in europe, the invasive red oak Q. rubra establishes 
symbiosis with european fungi species (trocha et al. 2012). 
it is worth noting that the alien red oak, growing in the im-
mediate vicinity of the european pedunculate oak Quercus 
robur l., formed symbiosis with fewer fungi species than 
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the native species and did not establish symbiosis, e.g. with 
oak milkcap Lactarius quietus (Fr.) Fr., which co-creates 
one-third of the eM of pedunculate oak (trocha et al. 2012). 
this suggests some differences in the establishment of my-
corrhizal symbiosis between native and alien oak species. 
this may be due to the fact that they belong to two geneti-
cally different groups of oaks: the North american lobatae 
section (red oak) and the Quercus section (pedunculate oak), 
which differ, among others, in the content of lignins and 
tannins in the leaves (Moreira et al. 2018). this may affect 
the chemical composition of the leaf litter (Skorupski et al. 
2012), and thus also the ectomycorrhizal fungi (lilleskov et 
al. 2011).

an interesting example of alien tree species in europe is 
the hickory Carya Nutt. spp., which in their natural range 
in North america occur together with the red oak, creating 
oak–hickory forests that resemble hornbeam forests. the 
hickories growing in european forests do not exhibit the 
characteristics of invasive species (Tokarska-Guzik et al. 
2012; Paź et al. 2018), and the ectomycorrhizal fungi com-
munities associating with themare formed exclusively by 
european fungi species, the majority (90%) of which are oak 
symbionts. these communities are characterised by high di-
versity (about 100 species) (Rudawska et al. 2018b; wilgan 
et al. 2019), comparable to and even higher than the diversi-
ty of ectomycorrhizal fungi in native oak–hornbeam forests 

Table 1. Symbiotic relations of  invasive alien tree species with special emphasis on europe

Family Species Symbiosis a Native B invasive range B

Pinaceae

Pinus contorta Dougl. ex loud eM a.Pn eU, aU, a.Pd

Pinus radiata D.Don eM a.Pn eU, aU, a.Pd, afr, 

Pinus strobus l. eM a.Pn eU, aU

Pinus sylvestris l. eM eU aU, a.Pn, a.Pd, 

Pseudotsuga menziesii (Mirb.) Franco eM a.Pn eU, aU, a.Pd

Salicaceae
Salix fragilis l. eM eU aU, a.Pn, a.Pd., afr

Populus alba l. eM, aM eU aU, a.Pn, afr

Fagaceae Quercus rubra l. eM, aM a.Pn eU

Betulaceae Alnus glutinosa Gaertn eM, aM, N eU aU, a.Pn, a.Pd., afr

casuarinaceae Casuarina equisetifolia l. eM, aM, N aU a.Pn, a.Pd, afr, azja

Fabaceae

Acacia mangium willd. eM, aM, N aU a.Pd, afr, azja

Acacia melanoxylon R.Br. aM, N aU eU, a.Pn, a.Pd, afr, azja

Robinia pseudoacacia l. aM, N a.Pn eU, aU, a.Pd, afr, azja

Rosaceae Prunus serotina ehrh    aM a.Pn eU, afr 

Myrtaceae
Eucalyptus camaldulensis  Dehnh. eM, aM aU eU, a.Pn, afr, azja

Eucalyptus globulus labill. eM, aM eU, a.Pn, a.Pd

Sapindaceae
Acer negundo l.  aM a.Pn eU, azja

Acer platanoides l.  aM eU aU, a.Pn, a.Pd

Simaroubaceae Ailanthus altissima (Mill.) Swingle  aM azja eU, aU, a.Pn, a.Pd, afr

Paulowniaceae Paulownia tomentosa Steud.  aM azja eU, a.Pn

a – ectomycorrhiza (EM), arbuscular mycorrhiza (AM) and nitrogen-fixing symbiosis (N)
B – the native and invasive range of alien tree species : europe (eU), North america (a.Pn), australia and New Zealand (aU), South america (a.Pd), South 
africa (afr) and asia (azja) (Rejmánek, Richardson 2013)
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(Wilgan et al. 2019). Perhaps this reflects the assumptions 
of the degraded mutualismhypothesis, wherein alien species 
that have become invasive (such as red oak) would become 
symbiotic with fewer fungal species and be less dependent 
on symbiosis than non-invasive alien species such as hic-
kories. However, further research is needed to verify this 
hypothesis.

Oaks and closely related tree genera such as beeches, 
hornbeams, alders and birches, some of the main deciduous 
species in the temperate forests of europe and North ameri-
ca, become invasive relatively rarely. Only individual alien 
species from the Fagaceae family (five species, including the 
red oak, asian sawtooth oak Quercus acutissima carruth., 
invasive in North america, or the pedunculate oak, invasive 
in southern africa) and the Betulaceae family (three species: 
filbert Corylus maxima Mill., black alder Alnus glutino-
sa Gaertn. and silver birch Betula pendula Roth, invasive 
in, among others, North america) have been recognised as 
invasive species, despite the wide geographical range and 
the high diversity of these families (more than 1100 species 
in total). this is not much compared to other tree families, 
such as pine (Pinaceae), which includes 32 invasive species, 
Myrtaceae with 31 invasive tree species, including eucalyp-
tus, and Fagaceae, which includes 89 invasive tree species, 
including 30 acacia species (Rejmánek and Richardson 
2013). trees such as oaks, beeches and hornbeams are cha-
racterised by relatively slow growth and heavy seeds. as a 
result, they are less frequently cultivated outside their natu-
ral range and at the same time spread more slowly than fast-
growing, pioneering tree species such as pines, eucalyptus 
and acacias (Dodet and collet 2012).

One of the factors facilitating the spread of alien tree spe-
cies may be the ability of some of them to establish dual 
mycorrhizal symbiosis, i.e. they are able to associate simul-
taneouslywith eM and aM. this type of symbiosis occurs in 
trees such as eucalyptus, willows and poplars, which include 
numerous invasive species, e.g. silver poplar Populus alba 
l., invasive in australia and North america. Dual mycor-
rhizal symbiosis also occurs, among others, in the invasi-
ve black alder A. glutinos in North america or in the red 
oak (Dickie et al. 2001). tree species which are dominated 
by eM, but at the same time are capable of establishing ar-
buscular mycorrhizal symbiosis, especially in the first stages 
of plant development and in difficult habitat conditions, may 
be more competitive with native species (Brundrett and te-
dersoo 2018). this makes some species, such as eucalyptus 
and red oak, relatively more likely to become invasive.

another example of dual symbiosis that can support the 
spread of invasive tree species is aM supported by symbio-
sis with dark septate endophytes (DSe), which has a positi-
ve effect on tree growth (Reininger and Sieber 2013). this 

type of symbiosis was found inailanthus Ailanthus altissima 
(Mill.) Swingle, an invasive species in europe and North 
America, among others. Growing beyond its natural range, 
Ailanthus can establish symbiosis with local DSe fungi 
(Knapp et al. 2012), which is likely to promote its spread.

the spread of invasive tree species can also be suppor-
ted by tripartite symbiosis between plants, mycorrhizal 
fungi and nitrogen-fixing bacteria. This type of symbiosis is 
characteristic of the legume family (Fabaceae), which inc-
ludes 20% of known invasive tree species, including, among 
others, black locust (Rejmánek and Richardson 2013);this 
also occursin alders Alnus Mill. and Casuarina l. Nitrogen
-fixing bacteria supply trees with assimilable nitrogen com-
pounds, which makes it easier for thealien tree species to 
acclimatise to poor habitats and increases their potentialto 
spread.

4. The effects of alien tree and fungi species on
native mycobiota

the impact of alien tree species on native mycorrhizal 
species is not well known. alien tree species can modi-
fy soil chemistry and habitat conditions (Skorupski et al. 
2012), transforming the habitat into a more suitable one for 
species with specific requirements (Chabrerie et al. 2010; 
Vítková et al. 2017). as a consequence, the massive occu-
rrence of alien tree species may lead to the degradation of 
native ecosystems (Dodet and Collet 2012; Tokarska-Guzik 
et al. 2012), as well as the displacement of native fungal spe-
cies, thus threatening native mycobiota. For example, black 
locust, by enriching the habitat with nitrogen, may create 
favourable conditions for the development of nitrophilous 
fungi. at the same time, enriching the soil with nitrogen 
adversely affects the occurrence of ectomycorrhizal fungi 
sensitive to high nitrogen content, such as slippery jacks or 
porcini (lilleskov et al. 2011).

the co-invasion of alien tree and fungi species carries 
a number of threats to native species and ecosystems. For 
example, fly agaric Amanita muscaria (l.) lam., an invasive 
species in New Zealand, becomes symbiotic with the southern 
beeches Nothofagus Blume spp. growing there, and the mas-
sive occurrence of this fungus in local forests poses a threat 
to native and endemic New Zealand ectomycorrhizal fungi 
(Orlovich and cairney 2004). Similarly, the gumtree deceiver 
Laccaria fraterna (Sacc.) Pegler, transported to europe with 
eucalyptus, establishes symbiosis with european labdanum 
Cistus ladanifer l., but its impact on the native fungi it as-
sociates with is not yet known. the question of whether nati-
ve ectomycorrhizal fungi are being displaced by alien fungal 
species remains unanswered in many cases. However, it has 
been documented that the Asian black truffle Tuber indicum 
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Cooke & Massee transported to European truffle gardens 
displaces the valuable truffle species cultivated there (Murat 
et al. 2008). it can, therefore, be expected that native fungi 
species can be similarly displaced by alien ectomycorrhizal 
fungal species in other cases. alien fungal species can also 
pose a threat to humans. the deadly poisonous death capAma-
nita phalloides (Vaill. ex Fr.) link was transported to North 
america and africa, among others, where it causes numerous 
fatal poisonings of the local residents (wolfe et al. 2010).

in light of observed climate change, the spread of alien 
tree species outside their natural range may change. clima-
te change is leading to altered environmental conditions, 
which may affect key factors in the expansion of alien spe-
cies, such as competition and the availability of ecological 
niches. Modelling changes in the ranges of major europe-
an tree species showa trend towards a shift in the climatic 
optimum.the ranges of species such as pedunculate oak Q. 
robur, Scots pine P. sylvestris or silver birch B. pendula are 
shifting towards the north and withdrawing from central eu-
rope (Dyderski et al. 2017). it is believed that this may result 
in the ‘release’ of ecological niches, which may benefit alien 
species. with climate change, some alien species, such as 
the black locust and the box elder, may significantly increase 
their range and share in native ecosystems (camenen et al. 
2006; Dyderski et al. 2017), which may adversely affect the 
mycorrhizal relationships of native tree species.

5. Conclusion

Mycorrhizal symbiosis supports the acclimatisation of 
alien tree species and plays a key role in the spread of alien 
and invasive species. Research to date has shown that the 
presence of appropriate mycorrhizal symbionts can enable 
and accelerate the spread of alien tree species. another fac-
tor facilitating this spread of alien tree species outside their 
natural range may be the ability of some of them to simulta-
neously establish several forms of symbiotic relationships.

By establishing different forms of symbiosis and modi-
fying local habitats in different ways, alien tree species in-
teract with native ecosystems and their elements, including 
mycorrhizal fungi, which are essential for the proper func-
tioning of forests. However, the impact of alien and invasive 
tree species on europe's native mycobiota remains a little 
studied topic and the invasiveness of alien tree species may 
increase with climate change. 

Further research into the interaction between alien tree 
species, representing different degrees of invasiveness and 
different strategies for establishing symbiosis, and my-
cobiotics in native forests is required to better understand 
the mechanisms guiding the dynamics of the spread of 
alien tree species. Understanding the relationship between 

alien tree species and mycobiotic fungi can help us better 
anticipate and prevent the spread of alien species in native 
ecosystems, which is essential for the protection and con-
servation of biodiversity.
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