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MINI-REVIEW
Microbial ecology of biological invasions
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Invasive microbes, plants and animals are a major threat to the composition and functioning of
ecosystems; however, the mechanistic basis of why exotic species can be so abundant and
disruptive is not well understood. Most studies have focused on invasive plants and animals,
although few have considered the effects of invasive microbes, or interactions of invasive plant and
animal species with microbial communities. Here, we review effects of invasive plants on soil
microbial communities and discuss consequences for plant performance, plant community
structure and ecosystem processes. In addition, we briefly discuss effects of invasive soil microbes
on plant communities, which has been less well studied, and effects of invasive animals on soil
decomposers and ecosystem functioning. We do this by considering each of three important
functional groups of microbes, namely soil microbial parasites and pathogens, mutualistic
symbionts and decomposers. We conclude that invasive plants, pathogenic and symbiotic soil
microbes will have strongest effects on the abundance of individual species, community diversity
and ecosystem functioning. Invasive decomposer microbes probably have little impact, because of
limited specificity and great functional redundancy. However, invasive plants and animals can have
major effects on microbial decomposition in soil. We propose that understanding, predicting and
counteracting consequences of enhanced global homogenization of natural communities through
introducing exotic plants, animals and microbes will require future studies on how pathogenic,
symbiotic and decomposer soil microbes interact, how they are influenced by higher trophic level
organisms and how their combined effects are influencing the composition and functioning of
ecosystems.
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balance with the available information. In doing
this, we will also assess the consequences for
ecosystem properties. We focus on this below-
aboveground interface because, despite being a long
history of work in this area, it is only in the last few
years that this area has begun to attract substantial
interest from ecologists at large (Hooper et al., 2000;
Wolters et al., 2000; Scheu, 2001; Van der Putten
et al., 2001; Wardle et al., 2004).

Biological invasions involve exotic species that
have been introduced, accidentally or incidentally,
from one region into another region separated by
geographical barriers, such as oceans or mountain
ridges and which become non-proportionally abun-
dant in their new range (Williamson, 1996). There
are numerous documented examples of biological
invasions, but the number of examples involving
soil microbes are relatively rare. Thus far, research
on biological invasions has been strongly dominated
by studies that describe patterns, whereas only some
5% of the published studies have attempted to
experimentally analyse what causes biological inva-
sions (Levine et al., 2003). Of the many hypotheses
that have been developed to explain the invasive-
ness of species and the susceptibility of commu-
nities to be invaded, enemy release and biotic
resistance (Keane and Crawley, 2002) are prominent
hypotheses that have resulted in some promising
tests. As a rule of thumb, one out of every thousand
introduced species becomes invasive (Williamson,
1996). Invasive organism ecology is, therefore,
focused on explaining why a tenth of a percent of
cases results in an observed phenomenon.

There is substantial knowledge on how abiotic
and biotic soil properties interact with vegetation
(Wardle, 2002). These interactions operate at local
scales, because at larger spatial scales, soil and plant
communities are influenced by soil type and climate
(Swift et al., 1979; Lavelle et al., 1993). However, the
local feedback interactions between plants and soil
microbes have been shown to strongly influence
both plant and soil community composition and
ecosystem processes (Van Breemen and Finzi, 1998;
Bever, 2003). Plants interact most intimately with
symbiotic mutualists, pathogens and herbivores in
their rhizosphere, whereas interactions with decom-
poser organisms are more indirect, through root
exudates, litter and mineralized nutrients (Figure 1).
All these processes can be strongly influenced by
invasive species, when they introduce novel proper-
ties, such as nitrogen fixation (Vitousek et al., 1979),
chemical control of local symbiotic mycorrhizal
fungi (Stinson et al., 2006), pathogen resistance
(Reinhart et al., 2003) or when they produce organic
matter of different quality (Ehrenfeld, 2003). Inva-
sive microbes can change these ecosystem processes
when they disturb local patterns of symbiosis,
pathogenicity or when they disturb local decom-
position processes.

In the next sections, we provide a more detailed
review on these issues. As most studies focus on
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Figure 1 Interactions between plants, belowground and above-
ground ecosystem components. Shaded boxes represent compo-
nents of which biological invasions have been reported to impact
on biodiversity and/or ecosystem processes. Whereas pathogens
and symbionts interact directly with living plant roots, decom-
posers interact more indirectly, through litter decomposition or
consumption of root exudates. Interactions 1-5 have been
relatively well studied from the perspective of plant-microbe
interactions and aboveground herbivore—plant-decomposer inter-
actions. We propose that interactions between and among
pathogens, symbionts and decomposers (6—8) require more
attention, as these may influence interactions 1-5. Higher trophic
level interactions, such as outlined for the belowground sub-
system by arrows 9-16, are usually ignored when considering
biological invasions. We propose that such multitrophic interac-
tions need to be included in future studies in order to enhance our
understanding of how invaders disrupt bottom—up and top—down
interactions in soil food webs and below—aboveground interaction
webs.

either plant—pathogen or plant-symbiont or plant—
decomposer interactions, we have structured our
review accordingly. In each section, we also review
studies that have investigated effects of invasive
microbes on plant communities. In the case of soil
decomposers, there is no study that has addressed
introduced decomposer microbes. Instead, we re-
view some studies on introduced animals, which
had major impacts on decomposition and on plant
community performance. We will discuss challenges
for future studies and propose that besides linking
above- and belowground interactions we also need to
link direct and indirect belowground interactions, as
well as higher trophic levels in the soil food web in
order to get a better understanding of how exotic
species influence soil subsystems, soil-plant and
below—aboveground multitrophic interactions.

The ISME Journal



Microbial ecology of biological invasions
WH van der Putten et a/

30

Invasive plants and soil microbial
parasites and pathogens

Traditionally, phytopathologists did not consider
that pathogens might play a major role in natural
ecosystems, because disease symptoms that ap-
peared in agricultural crops were not commonly
observed in nature (Burdon, 1987). More recently,
however, ecologists have become aware that micro-
bial pathogens play a major role in the evolution
of populations (Clay and Kover, 1996) and in
the species composition of natural communities
(Burdon, 1993). Effects of pathogens in nature are,
however, more incipient because diseased plants are
replaced by other genotypes or species. Evidence is
accumulating that soil pathogens play a major role
in structuring plant community composition (Van
der Putten et al., 1993; Bever, 1994; Packer and Clay,
2000; Klironomos, 2002; Kardol et al.,, 2006). An
important prerequisite is that soil pathogens are
specific or selective to certain host genotypes or
species, and that plants selectively stimulate soil
pathogens, as they do with other soil microbes
(Bever et al., 1997; Grayston et al., 1998; Marilley
et al., 1998; Kowalchuk et al., 2002). Evidence for
selective stimulation comes from plant-soil feed-
back studies (Bever et al., 1997), although these
studies provide net effects of the whole soil
community, including symbionts and decomposers
(Reinhart and Callaway, 2006). However, selective
isolation and inoculation of pathogenic soil mi-
crobes has provided evidence for a number of case
studies that the root zones of wild plant species
indeed contain pathogenic soil microbes (De Rooij-
Van der Goes, 1995; Mills and Bever, 1998; Packer
and Clay, 2000; Kardol et al., 2007) and that these
may be host specific (Van der Putten et al., 2007).
Evidence for the release of invasive plants from
soil pathogens would require combined tests in the
native and non-native ranges. There are very few
such examples where both soil and plants from both
native and non-native ranges have been used
(Reinhart et al., 2003), whereas most studies did
not include both plants and soils from both ranges
(Klironomos, 2002; Callaway et al., 2004; Agrawal
et al., 2005; Van der Putten et al., 2007). As such,
the ultimate test (i.e., the application of Koch’s
postulates), which also involves collecting and
inoculating soil pathogens from both the native
and non-native ranges, has not yet been performed.
Therefore, the known examples involving release
from soil-borne enemies require subsequent evi-
dence in order to more precisely establish the role of
release from natural soil microbes in plant invasive-
ness. Moreover, enemy release studies tend to
neglect the possible role of indirect defense against
soil-borne pathogens; when plants escape from their
natural enemies, they may also lack those microbes
that indirectly defend plants against their natural
enemies. These indirect defenses may apply to soil-
borne plant diseases in both agricultural (Weller
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et al., 2002) and natural ecosystems (De Boer et al.,
1998a, b).

Theoretical studies predict that invaders will
occupy the same niche as the native species in the
invaded ecosystem (Scheffer and Van Nes, 2006).
However, meta-analyses show that invasive plant
species have less pathogen and virus species than
have similar native plant species (Mitchell and
Power, 2003). These analyses have not yet been
made for soil pathogens, but a worldwide study on
root-feeding nematodes of an invasive grass (Ammo-
phila arenaria) showed that in the non-native range
plant roots were colonized by feeding generalists,
but not by feeding specialists (Van der Putten et al.,
2005). The sheer diversity of soil microbial commu-
nities (Torsvik et al., 1990) could provide a large
reservoir of potential generalist pathogens for in-
vasive plant species, and some studies indeed point
at enemy exposure to soil pathogens of non-native
plants in their new range (Beckstead and Parker,
2003; Knevel et al., 2004). The native pathogens that
accumulate on the roots of the exotic plants might
spread to native plants, which could be at indirect
disadvantage in interspecific competition with the
exotic species when the latter is more tolerant
(Eppinga et al., 2006). This has not yet been shown
for soil pathogens, but such indirect effects have
been shown for aboveground viruses in Californian
grasslands (Malmstrom et al., 2005).

Invasive soil pathogens that influence (semi)na-
tural vegetation have been reported mainly from
forests or ornamental trees. In Australia, the intro-
duced pathogenic fungus Phytophthora cinnamomi
had strong effects on Eucalyptus forests, where some
species were killed and others survived (Weste,
1981; Peters and Weste, 1997). Armillaria luteobu-
balina, another introduced pathogen in Australia,
has been shown to kill off 38% of all species in
coastal ecosystems (Shearer et al., 1998). In Califor-
nia, Phytophthora ramorum causes sudden oak
death and it has infected over 70 plant species in
natural forests (Venette and Cohen, 2006). In Europe,
interspecific hybridization of a Phytophthora patho-
gen that appears to result from a Phytophthora
cambivora species and an unknown taxon similar to
Phytophthora fragariae may have led to new host
specificity of alder (Alnus) species (Brasier et al.,
1999). Introduction of these soil-borne pathogens
appear to have been encouraged by enhanced global
trade (Brasier et al., 1999). Another source of
invasive pathogens may be due to biological control
of invasive weeds. One of the few examples is the
use of soil-borne pathogens from the native range of
the weed Euphorbia esula-virgata to control it in its
new range (Kremer et al., 2006). However, these
introduced enemies might be worse than the
problem that they are intended to solve, for
example, when they hybridize with local pathogens,
or (as has been shown for introduced plague insects)
switch to native hosts. Interestingly, most studies on
pathogenic soil microbes in natural ecosystems deal



with pathogenic fungi. Very little is known on
pathogenic bacteria, and we do not know of any
reports on invasive soil-borne bacterial pathogens.

In order to further enhance our capacity to predict
invasiveness of exotic plants in relation to enemy
release, more information is needed on plant traits
that relate to control by soil-borne microbial ene-
mies. In a grassland study, Klironomos (2002)
observed that rare plants were more sensitive to
development of negative soil feedback than were
dominant plants. This would imply that rare plants,
when released from their soil enemies, may become
unexpectedly dominant when they move to a new
range. On the other hand, in coastal foredunes,
successive dominant plant species all developed
negative soil feedback effects in parallel with
changing environmental conditions (e.g., sand de-
position; Van der Putten et al., 1993). This implies
that plant dominance over successional time may be
prolonged in the absence of soil pathogens. How-
ever, the introduced annual Conyza canadensis,
despite being relatively insensitive to negative soil
feedback, still disappears quite fast when secondary
succession following land abandonment proceeds
(Kardol et al., 2007).

Invasive plants and soil microbial
mutualistic symbionts

The vast majority of plant species in terrestrial
ecosystems form symbioses with rhizosphere mi-
crobes (Alexander, 1984; Smith and Read, 1997). A
number of these microbes inhabit the rhizosphere,
including mycorrhizal fungi, nitrogen-fixing bacter-
ia and other plant-growth-promoting rhizobacteria
(PGPR). These microbes can stimulate plant growth
and reproduction by providing their hosts with
services such as increased access to limiting
nutrients (e.g., N, P) and protection from pathogens.
In exchange, the plants provide these microbes with
carbon. Such symbioses have been studied exten-
sively from an agriculture and forestry context for
several decades (Alexander, 1984; Smith and Read,
1997). Most of that research was conducted using a
limited set of microbial isolates that provided high
plant-growth responses in the laboratory and in
managed ecosystems. However, more recently, it
became clear that plant responses to such microbes
were highly variable (Johnson et al., 1997), and it is
this variation that stimulated new research on their
potential roles in natural plant populations and
communities. Recent research had made significant
progress in better understanding the influence of
symbioses on community diversity, species coex-
istence and invasion. Following two variables of the
plant—-microbe symbiosis are particularly important
when considering the impact of a symbiosis on plant
and microbial invasion: (a) variation in plant (or
microbial) response to the interaction with the
symbiont, and (b) variation in specialization of the
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symbiosis. These two variables will largely deter-
mine whether the symbiosis will affect the establish-
ment and spread of the invader, and they must be
considered from the point of view of the resident
plants and microbes in the invaded community, as
well as the invader.

Plants and their associated microbes can vary
significantly in their response to associating with a
symbiont. For example, arbuscular mycorrhizal
(AM) fungi and some nitrogen-fixing bacteria are
obligately dependent on host plants for completing
their life cycles. In contrast, many ectomycorrhizal
fungi and some PGPR are facultative symbionts.
Similar variation can be seen from the plant
perspective. For example, plants that associate with
mycorrhizal fungi or Rhizobium are not typically
obligately dependent on the symbiosis to complete
their life cycle, but they do vary significantly in their
response to the symbionts (from strong negative to
positive responses) (Johnson et al., 1997; Denison
and Kiers, 2004). Such responses have a genetic and
environmental component. That is, in a common
environment different plants do best when interact-
ing with different fungal/bacterial species and
genotypes; however, the strength of the response is
largely mediated by the environmental conditions
(strongest responses are typically observed under
nutrient limiting conditions) (Denison and Kiers,
2004; Lekberg and Koide, 2005). In late-successional
ecosystems, nutrient cycles are often more tightly
closed, and thus nutrient availability is reduced for
any individual plant. It has thus been postulated
(Janos, 1980) (with some empirical evidence; e.g.,
Stinson et al., 2006) that dependency on symbioses
is more pronounced in later successional eco-
systems.

With all this background information, we can
make a number of predictions on the impact of the
symbiosis on plant/microbial invasions. Late-suc-
cessional ecosystems, with increased plant depen-
dency on symbiotic microbes, will be less invasible
by potential invaders that do not form symbioses. In
contrast, early-successional ecosystems will have a
higher proportion of invasive plants that do not form
microbial symbioses or respond little to the associa-
tion. Such recently disturbed environments are
expected to have higher nutrient availability in the
soil, and possibly a soil microbial community,
which contains a reduced diversity and abundance
of mycorrhizal fungi, again favouring invasion by
non-mycorrhizal plants.

There is some anecdotal evidence for a possible
relationship between mycorrhizal independence
and invasive potential of plant species. First, it has
been observed that a large proportion of plants
species considered invasive around the world are
non-mycorrhizal or have low mycorrhizal depen-
dency (Pysek, 1998; Vogelsang et al., 2004). Second,
the vast majority of invasions occur in sites that
have been recently disturbed (Mooney and Hobbs,
2000). Few plant species have successfully invaded
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late-successional ecosystems, and at least one
species, Alliaria petiolata (a noxious invader of
mature hardwood forests in eastern North America),
is non-mycorrhizal, but produces allelochemicals
that directly degrade AM fungi (Roberts and Ander-
son, 2001; Stinson et al., 2006). Through such
positive feedback mechanisms, A. petiolata alters
the mycorrhizal soil environment to one that is more
conducive to its own growth and development
rather than mycorrhizal-dependent native plants.
Such degradation of local mycorrhizal fungi has also
been noted for a variety of other invasive plants of
disturbed ecosystems (although through other in-
direct mechanisms), leading to a new hypothesis for
exotic plant invasion — the Mycorrhizal Degradation
Hypothesis (Vogelsang et al., 2004). Additional
evidence includes Myrica faya, a plant that brings
along its nitrogen-fixing symbionts (Frankia spp.) as
it invades forest communities in Hawaii (Vitousek
and Walker, 1989), and Centaurea maculosa, a plant
that invades grasslands in Western North America
by connecting to the local mycorrhizal mycelial
network (Marler et al., 1999).

The second major variable to consider is the
degree of specialization between plant and micro-
bial symbionts. Some plants and microbes associate
with one or a few symbiont taxa (specialists),
whereas others associate with a wide range of taxa
(generalists) (MartinezRomero and CaballeroMella-
do, 1996; Smith and Read, 1997). Unfortunately, the
degree of specialization in plant-microbe symbioses
is not well understood, mainly because of the
difficulties in assessing specialization. Plants may
associate with a wide variety of microbes in lab
conditions, but realized interactions in the field may
be restricted to fewer taxa because of other extrinsic
factors. A major limitation of field studies is that the
approach typically used is correlational, and it is
difficult to determine if any observed correspon-
dence among symbionts is a result of genetic
specificity or of some other environmental variable.
Nonetheless, the degree of specificity has profound
implications for the potential for plants to invade
novel ecosystems and the potential for ecosystems
to be impacted by the invasion.

A potentially invasive plant that forms a highly
dependent and specialized symbiosis will likely
have a difficult time establishing and spreading in
the novel habitat, unless its required microbial
symbiont is widespread, or is introduced at the
same time (e.g., the introduction and invasion of
Pinus spp. in much of the southern hemisphere was
only successful following the introduction of sui-
table ectomycorrhizal fungal symbionts (Richardson
et al., 1994)). Conversely, a symbiont-dependent
plant that can associate with a wide variety of
effective microbes, especially microbes that are
widespread across continents, should have a higher
probability of successful invasion. Similarly, native
plants that are associated with a restricted group of
microbial symbionts should have a higher probabil-
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ity of being affected by a noxious invader that
degrades local mutualisms, compared to plants that
are generalists. Overall, however, data are severely
lacking, especially about microbial invasion pat-
terns, despite their widespread introduction
(Schwartz et al., 2006). Some preliminary data are
available on some ectomycorrhizal fungi, such as
Amanita muscaria introduced to Australia and New
Zealand (Bougher, 1996), and the spread of Amanita
phalloides to several continents from Europe
(Pringle and Vellinga, 2006). However, a mechan-
istic understanding of such invasions by microbial
symbionts is still far off.

Invasive plants and saprotrophic
microbes

Saprophytic soil microbes show important feed-
backs with plants, and these are usually positive
because plants provide carbon-based resources for
the saprophytes, which in turn regulate the supply
of plant-available nutrients (Clarholm, 1989; Hamil-
ton and Frank, 2001). Plant species can differ widely
in their effects on saprophytic community structure
particularly if they differ in key functional attributes
(Saetre and Baath, 2000; Wardle et al., 2003), and the
structure of the saprophytic community in turn has
important effects on soil processes including the
supply from the soil of plant-available nutrients
(Griffiths et al., 2000; Setdld and McLean, 2004).
Therefore, it follows that invasive plant species that
have different functional attributes to the native
flora that they invade can influence saprophytic
communities, soil processes, and ultimately plant
nutrition and growth. However, the nature of these
feedbacks is likely to be different to that described
above for pathogenic and saprophytic microbes for
two reasons. First, associations between plant
species and saprophytic microbial species show
much lower levels of specificity (Wardle et al.,
2004). The saprophytic community associated with
an invasive plant species will be driven primarily by
the quality and quantity of the organic materials that
the plant returns to the soil. Second, although
Beijerink’s law of ‘all microbes are everywhere’
continues to be debated (cf., Finlay, 2002; Foissner,
2006; Taylor et al., 2006), at the functional level
most important groups of saprophytic microbes are
likely to be represented in most soils even if at
greatly varying densities. These two points, com-
bined with the considerable functional redundancy
that exists in saprophytic microbial communities
(Setdld and McLean, 2004; Wertz et al., 2006), make
it highly unlikely that invasive plant species
‘escape’ saprophytic microbes with particular func-
tional capacities in their original environment or
encounter new functional types of saprophytes in
their new environment.

Differences in key traits between plant species are
important determinants of saprophytic communities



and the processes that they drive. It is recognized
that plant species occupy a spectrum from those
with acquisitive traits (fast growth, short-lived
poorly defended tissues, high nutrient concentra-
tions) to those with conservative traits (slow growth,
long-lived well-defended tissues, low nutrient con-
centrations) (Grime et al., 1997; Diaz et al., 2004).
This has consequences for the decomposer subsys-
tem, because plants with acquisitive traits produce
better quality resources for microbes, promote
microbial communities with faster turnover rates,
stimulate bacteria relative to fungi, and enhance
microbially driven decomposition and nutrient
mineralization rates (Wardle et al., 2004). Invasive
plant species are most likely to have important
effects on the decomposer subsystem when they
occupy a different position on this trait spectrum to
that occupied by the native species of the invaded
habitat. As such, many studies have found invasive
species to differ from the native species in the same
community by growing faster and taller, and produ-
cing leaves with higher specific leaf areas and
greater nutrient concentrations (Ehrenfeld, 2003,
2004; Allison and Vitousek, 2004), reflective of an
acquisitive strategy. This has important implications
for the quality of resources entering the below-
ground subsystem, and explains the greater rates of
decomposition of litters often found for invasive
plant species (Allison and Vitousek, 2004; Standish
et al., 2004, but see; Pereira et al., 1998; Reinhart and
VandeVoort, 2006). This in turn frequently results in
invasive plant species exerting strong effects on the
community structure of saprophytic microbes and
their consumers (Wardle et al., 1995; Funk, 2005).

Changes in the soil saprophytic community
caused by plant invasions have also been shown to
promote decomposition rates of added substrates
(Ashton et al., 2005; Hughes and Uowolo, 2006), and
the supply rates from the soil of plant-available
forms of nitrogen (Zou et al., 2006), phosphorus
(Chapuis-Lardy et al., 2006) and other minerals
(Vanderhoeven et al., 2005). Although reports of
positive effects of invasive plants on the decom-
poser subsystem are common in the literature, they
are not universal, and neutral and negative patterns
have sometimes been reported depending on species
and site conditions (Ehrenfeld, 2003). Nevertheless,
observations showing that invasive plants can
promote microbially driven processes and therefore
supply from the soil of plant-available nutrients is
suggestive of positive feedbacks between invasive
plants and the saprophytic community. Such feed-
backs have, however, yet to be explicitly demon-
strated.

Invasive aboveground consumers also have the
potential to indirectly affect the soil saprophytic
community. Foliar herbivores influence the quantity
and quality of organic matter returned to the soil
through a range of mechanisms that can operate at
both the whole plant and plant community level,
and these can have either positive or negative effects
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on saprophytic microbes (Bardgett and Wardle,
2003). Invasive herbivores are most likely to have
important effects when they differ greatly from the
native herbivores present. For example, introduc-
tion of European Red Deer (Cervus elaphus) to New
Zealand, a region that lacks native herbivorous
mammals, has greatly influenced forest vegetation.
A study of deer exclusion plots throughout New
Zealand (Wardle et al., 2001) showed that deer
invasion indirectly influenced soil saprophytic
communities, but that the direction and magnitude
of these effects depended on location and therefore
context. Invasive aboveground predators can also
induce cascading effects on soil saprophytic com-
munities. For example, invasion of rats to offshore
islands in New Zealand has been shown to ad-
versely affect densities of soil saprophytic organ-
isms, as a consequence of their predation of seabird
chicks and therefore the disruption of seabird
transfer of nutrients from the ocean to the land
(Fukami et al., 2006).

We are not aware of any studies that have
explicitly identified invasions of saprophytic micro-
bial species into new communities. Should such
invasions have occurred they would probably
remain undetected for two reasons. First, our
knowledge of the taxonomy of saprophytic microbes
at the species level is limited and most taxa remain
undescribed. Second, given the considerable diver-
sity and functional capacity of the microbial
saprophytic community, it is highly unlikely that
an invasive microbe would contain sufficiently
novel functional attributes for its ecological impact
to be detectable. Important impacts of invasive
saprophytes are probably restricted to large bodied
saprophytic animals that are constrained by bio-
geography. For example, invasions of earthworms
to regions that lack native earthworms, such as
formerly glaciated regions of North America, can
exert important effects on saprophytic microbial
communities (McLean and Parkinson, 2000). Inva-
sive earthworms are increasingly recognized as
exerting large effects on microbially driven soil
processes, organic matter loss and ultimately plant
growth (Bohlen et al, 2004). Another example
involves the invasion of the New Zealand flatworm
Aryhurdendyus triangulata, a predator of earth-
worms, to parts of Europe. Reduction of earthworms
by this predator has probably greatly affected
saprophytic microbes and their activities, and
appears to have caused important changes in soil
properties, moisture dynamics and vegetation (Boag
and Yeates, 2001).

Discussion, conclusions and
perspectives

There are big differences between how saprophytic
vs pathogenic/symbiotic microbes interact with
invasive plants. The number of examples that point
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at specificity of soil-borne pathogens is increasing
rapidly, showing that these microbes can have
important effects on the composition and function-
ing of plant communities (Van der Putten, 2003).
Similar effects have been demonstrated for symbio-
tic mutualists (Grime et al., 1987), although a
limitation of studies on symbionts may be due to
the frequent use of a limited subset of species
originating from culture collections (Klironomos,
2003). For example, Arbuscular Mycorrhizal Fungi
(AMF) are obligate biotrophs and considered to be
generalists. However, isolates are isolated and kept
in culture using generalist crop plants. Thus, it is
likely that any specialists that may exist in the soil
are not even cultured to begin with.

Saprophytic microbes interact with litter, not with
live plants, and therefore have far less specificity.
Decomposer microbes are most likely to be influ-
enced by litter quality and therefore plant traits that
affect litter quality. Invasive plants have their biggest
effect on saprophytes when their traits differ most
from that of native species. Decomposer organisms
that feed on root exudates, however, are more
specific than general litter decomposer microorgan-
isms, so that effects of invasive plants, as of any
plant, will be stronger on rhizosphere decomposer
microbes than on microbes that are decomposing
litter in the bulk soil. A major drawback of the
published literature is that invasiveness has been
studied from the perspective of either pathogens, or
symbionts or decomposers without much attention
for the integration of these three types of microbe—
plant interactions in the rhizosphere. As plant-
pathogen and plant-decomposer interactions depend
very much on each other, as well as on soil nutrient
availability, we propose that future studies need to
integrate these types of plant-microbe interactions
and to study their inter-dependencies (Figure 1).

There are relatively few studies on invasive soil
pathogens, fewer on invasive symbionts and vir-
tually none on invasive decomposer organisms. The
examples on invasive soil pathogens, the lack of
suitable mycorrhizal fungi when establishing new
forest plantations and invasive plants that escape
from their native soil pathogens all suggest that
Beijerinck’s law that ‘everything is everywhere but
environment selects’ (Nekola and White, 1999) does
not necessarily hold for soil microbes that are most
intimately associated with plant roots. A major area
for further investigation is to better understand the
relative importance of saprophytic, pathogenic and
symbiotic microbes in facilitating the success of
invasive species, and in which contexts different
microbes are likely to be important (Wardle et al.,
2004). For example, interactions with saprophytes
will be more important in nutrient limited systems,
whereas the balance between symbionts and
pathogens may shift along successional trajectories
(Reynolds et al., 2003; Kardol et al., 2006).

Most, if not all, studies on invasive plants,
pathogens and symbionts are focused on bi-trophic
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interactions of plants and soil microbes. However,
soil communities also consist of natural enemies of
soil microbes, such as saprophytic microbes, which
may act as antagonists or helper organisms of
pathogens and mycorrhizal fungi (Smith and Read,
1997; De Boer et al., 1998a,b). Soil microbes are
also antagonistic against soil invertebrates (e.g. root-
feeding nematodes). Little is known, for example, on
how plants may recruit belowground microbes for
defense against soil pathogens or root-feeding
nematodes. In natural ecosystems, naturally co-
evolved belowground multitrophic interactions
may be considerably disrupted when either plants
or soil microbes are invading, or when plants or soil
microbes are moved to novel environments. Com-
munity reorganizations will lead to altered patterns
of bottom—up and top—down control interactions
and to altered direct and indirect interactions in the
rhizosphere. Such multitrophic level interactions in
soil food webs most likely affect local abundance of
the exotic or of the native species; however, we have
a poor understanding of how and at what scales
they operate and of their consequences for species
interactions, community composition and eco-
system processes (Figure 1).

In conclusion, soil microbes play a critical role in
the functioning of natural ecosystems, and moving
plants, animals or microbes around the globe can
have a major impact on the abundance of individual
species, the diversity of native communities or the
functioning of entire ecosystems. Awareness is
growing that the critical role of microbes is a major
aspect to be considered within the context of
biological invasions. We propose that our ability to
understand, predict and counteract biological inva-
sions will benefit from linking work on plant-related
pathogenic, symbiotic and decomposer microbes in
an above-belowground multitrophic conceptual
framework.
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