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Abstract The diversification of species and their
interactions during the course of evolution has
produced ecological networks with a complex topol-
ogy. This topology influences the current functioning
of ecosystems. It is therefore important to investigate
whether the species introduced recently by human
activities have merged seamlessly into recipient
ecological networks by developing interactions quan-
titatively and qualitatively similar to those of native
species, or whether their establishment has altered the
topology of the networks. We tackled this issue in the
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case of a well resolved interaction network between
51 forest tree taxa and 154 pathogenic fungal species.
We found that alien and native species with similar
phylogenetic histories and life-history strategies had
similar types and numbers of interactions. Our results
also suggest that the clustered architecture of the
network has not been altered by the integration of
alien species. It therefore seems that a few centuries
have been sufficient for the network to assimilate the
newly introduced species. This rapid integration was
unexpected for a plant-pathogen network, because
selection acts continually on plants, favouring the
emergence of defences against new pathogens and
impeding the development of new interactions.
However, it was recently shown that perturbation of
the structure of ecological networks might be over-
looked if species interactions are not quantified. The
tree-parasitic fungus network considered in this study
is binary. We might therefore end up with different
results by using quantitative data.

Keywords Alien species - Host-parasite
interactions - Trees - Fungi - Ecological networks -
Random graphs

Introduction

According to the World Conservation Union (IUCN;

http://www.issg.org), alien species—also called non
native, exotic, non indigenous or foreign species—are
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species occurring outside of their natural range and
dispersal potential. Their number has increased dra-
matically in recent decades, due to the intensification
of transportation and trade at the global scale (Des-
prez-Loustau et al. 2010; Hulme 2009). Some alien
species seem to have no significant ecological or
economic impact after their establishment in semi-
natural or natural ecosystems or habitats. For exam-
ple, Clathrus archeri, a saprophytic fungus introduced
into Europe at the beginning of the twentieth century
has as yet had no major impact (Desprez-Loustau
2009). By contrast, other alien species promote
change and threaten native biological diversity
(Clavero and Garcia-Berthou 2005; Vitousek et al.
1996). Such species are described as “invasive”.
Given the considerable negative impact of certain
alien invasive species (Pimentel et al. 2000), one of
the major challenges facing ecologists is the predic-
tion of future biological invasions (Thuiller et al.
2005; Worner and Gevrey 2006) and the development
of strategies to reduce their likelihood and mitigate
their impact (Hulme 2006; Hulme et al. 2008).
Another, more fundamental approach to biological
invasions is to consider alien species as providing us
with an opportunity to study the assembly of biotic
communities and their evolution over time (Callaway
and Maron 2006; Wilson et al. 2000).

This approach was adopted by Geerat J. Vermeij in
his research framework for invasion biology: ‘Inva-
sion biology has much to offer ecologists and
evolutionary biologists in probing the integrity and
orderliness of recipient biotas’ (Vermeij 1996). After
defining a biological invasion as the geographical
expansion of a species into an area not previously
occupied by that species [the use of the impact
criterion for defining an invasion remains a matter of
debate (Valéry et al. 2008)], Vermeij suggested that
all invasions occur through three successive stages:
(1) arrival of the new individuals in the recipient
region, (2) establishment, through the formation of
self-sustaining populations, and (3) integration,
through the development of ecological links with
the other species of the recipient region. He invited
the scientific community to investigate the third stage
of invasion further, to determine whether there are
rules governing the ecological and evolutionary
integration of invaders into recipient communities.

In this study, we used recent advances in network
theory to tackle this issue. We investigated whether
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the species establishing themselves in new geo-
graphic areas tended to merge seamlessly into the
existing ecological network by developing interac-
tions quantitatively and qualitatively similar to those
of native species, or whether the establishment of
these species altered the architecture of the network.
Two specific questions were addressed: (1) Do aliens
and native species differ in terms of their numbers of
interactions? (2) Do aliens and native species differ in
terms of the species with which they interact? We
addressed the first of these questions, by using
logistic regression models to investigate whether the
probability of recording an interaction between two
species with given phylogenetic origins and given
ecological features was significantly different if one
of the species was alien. We addressed the second
question using the probabilistic random graph model
MIXNET [MIXture for NETworks; (Daudin et al.
2008; Picard et al. 2009)] to group together species
with similar interaction patterns. We then investi-
gated whether the introduction status of the species
accounted for the clusters obtained. All our analyses
were based on a well resolved interaction network
between tree species and their fungal pathogens
(Vacher et al. 2008a), generated by 30 years of forest
health monitoring throughout France.

Materials and methods
Tree/fungus interaction records

The ecological network considered here consisted of
543 interactions between 51 forest tree taxa (all but
six being true species or groups of cultivars belonging
to the same genetic continuum) and 154 parasitic
fungal species. The network is binary. The presence
of an interaction between a given fungal species and a
given tree species means that the fungal species was
reported on diseased trees belonging to the tree
species and was considered to be involved in the
disease symptoms. All the observations of tree-
fungus interactions originated from the database of
the French governmental organization in charge of
forest health monitoring (the Departement Sante” des
Foréts (DSF)) for the 1972-2005 period. The meth-
ods used for data collection have been described in
more detail in previous analyses of the DSF database
(Vacher et al. 2008a, b).
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Introduction status of tree species

The definition of tree species as aliens or species
native to France was not an easy task, because the
composition of European forests has been profoundly
modified by human activities. A species is considered
to be native (in the strict sense of the term) to a given
territory if it arrived there unaided before humans
started to have a major impact (Petit et al. 2004).
However, some tree species were spread by humans
many centuries ago, and their natural range is now
difficult to ascertain (Petit et al. 2004). These species
are known as archeophytes and were considered to be
native for the purposes of this study. Many other tree
species have been deliberately introduced by humans
over the last few centuries, particularly for food and
timber production. This is the case, for example, for
Quercus rubra, which was first planted in botanic
gardens as an ornamental plant and has subsequently
been used for wood production in forests (Petit et al.
2004). In this study, we considered a tree species to
be alien if it was introduced into France after the
beginning of the modern era (which we define as the
discovery of the New World by Columbus). Such
recently introduced species are known as neophytes.

Introduction status of fungal species

As for the tree species, it was not a straightforward
task determining which fungal species were aliens
(Desprez-Loustau  2009; Desprez-Loustau et al.
2010). Indeed, knowledge of the diversity of fungal
species at a given site is often scarce, even for well
studied, temperate regions (Hawksworth and Rossman
1997). Moreover, little is known about the biogeog-
raphy of most fungi (Desprez-Loustau et al. 2007).
In this context, alien status can be assigned with
certainty to only a few recently introduced fungal
species, the introduction of which is documented in the
scientific literature. In this study, we considered a
fungal species to be alien if there was documentary
evidence that this species was first described in France
after 1850 and good evidence that it was introduced
from elsewhere.

Other descriptors of tree species

We characterized each tree species by phylum
(Magnoliophyta or Conipherophyta) in addition to

introduction status. An estimate of the area covered
by each tree species was also available (Inventaire
Forestier National, 2000 census report). An estimate
of the total number of times each tree species had
been encountered and examined by foresters during
their daily work was also available from the DSF
database. This variable is called “sampling intensity”
and is positively correlated with area, because
foresters encounter abundant tree species more fre-
quently than rare species during their daily work
(Vacher et al. 2008a). We chose to include both
variables in the analyses, despite their correlation,
because they reflect very different processes. The
current area of a tree species depends on ancient
climatic events and on human activities over the last
centuries, whereas sampling intensity only reflects
the recent activity of foresters.

Other descriptors of fungal species

Each fungal species was characterized by phylum
(Ascomycota or Basidiomycota) and life-history
strategy in addition to introduction status. As sug-
gested by Garcia-Guzman and collegues (Garcia-
Guzman and Morales 2007), life-history strategies
were described in terms of the parasitic lifestyle
(biotrophic versus necrotrophic) and the plant organs
and tissues attacked: (1) strict foliar necrotrophic
parasites, (2) canker agents, (3) stem decay fungi, (4)
obligate biotrophic parasites, (5) root decay fungi, (6)
other foliar and twig necrotrophic parasites, (7) stem
blue stain agents, (8) parasites of fine roots, (9)
wilting agents and (10) other root fungi. The first five
strategies accounted for 87% of the fungal species.

Statistical analyses

We first considered all the potential interactions
between tree species and parasitic fungal species and
analyzed the impact of the various species descriptors
(Table 1) on the probability of an interaction occur-
ring. A few species with under-represented values for
some descriptors were removed from the dataset: two
tree species and one fungal species for which
introduction status was uncertain were removed;
moreover, only fungal species displaying one of the
five major life-history strategies described above
were considered. Species removal facilitated statisti-
cal analyses by reducing the number of combinations
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Table 1 List of variables used to characterize tree species and
parasitic fungal species

Abbreviation Description

Intro_T Introduction status of tree species
Phylum_T Phylum of tree species

Area_T Area covered by tree species
Sampling_T Sampling intensity of tree species
Intro_F Introduction status of fungal species
Phylum_F Phylum of fungal species

Strat_F Life-history strategy of fungal species

of descriptors values absent from the dataset. The
probability of recording an interaction between two
species (logit-transformed) was modeled as a func-
tion of seven fixed effects and all their pairwise
interactions, with SAS/STAT software (SAS/STAT
2000). The seven fixed effects were: Intro_T, Phy-
lum_T, Area_T (log-transformed), Sampling_T (log-
transformed), Intro_F, Phylum_F and Strat_F
(Table 1). An initial model was generated without
random effects (SAS, LOGISTIC procedure). We
then introduced species names as random effects
(SAS, GLIMMIX procedure), because the ecological
interactions of a given species might not be
independent.

We then used a probabilistic model for random
graphs called MIXNET (MIXture for NETworks;
available at http://stat.genopole.cnrs.fr/software/mix
net/; Daudin et al. 2008; Picard et al. 2009) to classify
the species into clusters as a function of their inter-
action patterns. The full dataset was used to construct
a bipartite graph with species as vertices and inter-
actions as edges. The graph had three isolated edges
and a large connected component (Vacher et al.
2008a). This connected component was analyzed with
MIXNET, which assumes that the graph vertices
form a finite number of clusters. The software cal-
culates algorithms for estimating the probabilities of
particular vertices belonging to the various clusters
and the probabilities of connections between clusters
(i.e. the probability of a vertex belonging to one
cluster being connected to a vertex belonging to
another cluster).

Having assigned each vertex to the cluster to
which it had the highest probability of belonging, we
validated the clusters statistically by testing whether
element similarity (i.e. similarity between parasitic
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fungal species as a function of host tree species and
similarity between tree species as a function of their
parasites) was significantly greater within than
between clusters. We used the multiresponse permu-
tation procedure (MRPP), a non parametric test of
differences between predefined groups (Mielke and
Berry 2001). The MRPP statistic J is the weighted
mean of within-group means of pair-wise dissimilar-
ity between group elements. As previously described
(Prado and Lewinsohn 2004), dissimilarity was
calculated as a Jaccard distance and group size was
taken as the group weight. We used the mrpp function
of the R vegan package (Oksanen et al. 2006) to
calculate the expected statistic E(d) if the groups
were assembled at random. The within-group chance-
corrected agreement (A), defined as 1- 6/E(d), has a
maximum of 1 when there is no dissimilarity between
the elements of any group. The P-value is the
probability of obtaining, by chance, a value of A
greater than or equal to the observed value.

Finally, we used logistic regression (SAS, LOGIS-
TIC procedure) to investigate whether the introduc-
tion status of a species had an effect on its belonging
to a cluster. As in the analysis described above, the
two tree species and the one fungal species for which
introduction status was uncertain were removed from
the dataset and we considered only fungal species
with one of the five major life-history strategies.
Statistical analyses were conducted separately for
tree species and fungal species. The model for tree
species had Intro_T, Phylum_T, Area_T (log-trans-
formed) and Sampling_T (log-transformed) as fixed
effects (Table 1). The model for fungal species had
Intro_F, Phylum_F and Strat F as fixed effects
(Table 1). Pairwise interactions were not included,
because the dataset was too small to estimate such
interactions. A forward selection procedure was used
to select the best combination of explanatory
variables.

Results

Aliens accounted for 16% of the species. Of the 51
tree species (Table S1), 33 were native, 16 were alien
and the status of 2 species was uncertain. Of the 154
parasitic fungal species (Table S2), 135 species were
native, 18 were alien and 1 had an uncertain status.
We recorded a total of 489 host-parasite interactions
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between the tree species and the fungal species for
which introduction status was known. Alien species
were involved in 37% of these interactions.

Quantitative comparison of interactions
between alien and native species

Logistic regression models showed that the probabil-
ity of recording an interaction between a parasitic
fungal species and a tree species depended on the

phylogenetic origin of both the tree and the fungus
(Phylum_T and Phylum_F), the current area of the
tree species (Area_T) and its sampling intensity
(Sampling_T), the life-history strategy of the fungal
species (Strat_F) and its introduction status (Intro_F).
Indeed, all these variables were significant main
effects or were involved in a significant interaction, in
both the model without random effects and the mixed
model (Table 2). Only the introduction status of tree
species (Intro_T) was not significant either as a main

Table 2 Type 3 tests of fixed effects for two logistic regression models predicting the probability of recording an interaction

between a tree species and a parasitic fungal species

Fixed effect Simple model Mixed model Summary
df Wald’s > P value df (num) df (den) F value P value

Intro_T (IT) 1 1.0999 0.2943 1 56.69 0.92 0.3424

Intro_F (IF) 1 3.8595 0.0495 1 2702 3.48 0.0623 */mS

Phylum_T (PT) 1 4.6249 0.0315 1 36.07 3.79 0.0595 */mS

Area_T (AT) 1 0.0184 0.8922 1 115.3 0 0.9607

Sampling_T (ST) 1 8.7496 0.0031 1 211.7 8.32 0.0043 ok [k

Phylum_F (PF) 1 0.3414 0.559 1 3585 0.01 0.9102

Strat_F (SF) 4 7.1817 0.1266 4 6410 1.58 0.1776

IT*IF 1 1.0394 0.308 1 6470 1.11 0.2927

IT*PT 1 0.1738 0.6767 1 33.85 0.11 0.7472

IT*AT 1 2.3672 0.1239 1 52.48 1.83 0.1814

IT*ST 1 2.3132 0.1283 1 45.46 1.93 0.1721

IT*PF 1 2.4363 0.1186 1 6470 2.57 0.109

IT*SF 4 2.2039 0.6983 4 6470 0.57 0.6858

IF*PT 1 0.5899 0.4424 1 6470 0.64 0.4237

IF*AT 1 2.807 0.0939 1 6470 2.94 0.0866 mS/mS

IF*ST 1 8.8595 0.0029 1 6470 8.88 0.0029 ok [

IF*PF 1 7.295 0.0069 1 2223 4.05 0.0454 HE[E

IF*SF 2 16.0934 0.0003 2 151 3.31 0.0392 A [E

PT*AT 1 6.6833 0.0097 1 34.85 5.37 0.0265 vk

PT*ST 1 7.8747 0.005 1 29.3 6.21 0.0186 wE[E

PT*PF 1 10.1483 0.0014 1 6470 10.42 0.0012 k[

PT*SF 4 44.2852 <.0001 4 6470 11.27 <.0001 o [

AT*ST 1 0.04 0.8415 1 42.59 0.14 0.712

AT*PF 1 0.8508 0.3563 1 6470 0.86 0.3533

AT*SF 4 2.4277 0.6576 4 6470 0.66 0.6222

ST*SF 4 2.2148 0.6963 4 6470 0.58 0.6786

ST*PF 1 0.2064 0.6496 1 6470 0.17 0.6835

PF*SF 3 16.1749 0.001 3 320.3 3.48 0.0162 wE[E

The simple model included only fixed effects, whereas the mixed model included species names as random effects. The general
Satterthwaite approximation was used to calculate the degrees of freedom for the denominator in the mixed model. Significant
effects, for both models, are reported in the last column: * P < 0.05,** P < 0.01, *** P < (0.001; mS: P < 0.10
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effect or as part of a significant interaction. By
contrast, the introduction status of fungal species
(Intro_F) was significant in interaction with the
phylogenetic origin of fungal species (Phylum_F)
and their life-history strategy (Strat_F). However,
these significant interactions arose from groups
containing few observations: only one alien species
(Cronartium ribicola) belonged to the Basidiomycota
(Fig. 1a) and only two alien species (Cronartium
ribicola and Microsphaera alphitoides) were obligate
biotrophs (Fig. 1b).
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Fig. 1 Mean number of interactions for native and alien
fungal species, as a function of a phylogenetic group (Asc:
Ascomycota; Bas: Basidiomycota) and b life-history strategy
(CA canker agent, OBP obligate biotrophic parasite, SFNP
strict foliar necrotrophic parasite). Standard errors of the mean
and the number of species in each category are indicated above
the bars
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Qualitative comparison of interactions
between alien and native species

The integrated completed likelihood (ICL) criterion
indicated that the optimal number of network clusters
was 6 (Fig. 2). Three clusters of tree taxa (T1, T2 and
T3) and three clusters of parasitic fungal species (F1,
F2 and F3) were identified and validated statistically
(A =0.069, P<0.001 for both tree and fungal
species). Alien species were found in almost all the
clusters (Fig. 3) and logistic regression confirmed
that the introduction status of a species was not a
major determinant of its belonging to a cluster. The
logistic regression model for tree species was highly
significant according to the likelihood-ratio test
(df =4, y* = 87.2159, P <0.0001), with phylum
and sampling intensity identified as the best combi-
nation of explanatory variables. A close look at the
composition of each cluster (Table 3) confirmed that
the tree species were not randomly distributed as a
function of these two variables. T1 included only tree
species belonging to the Magnoliophyta, whereas T3
consisted exclusively of tree species belonging to the
Conipherophyta. T1 and T3 clustered frequently
sampled tree species, whereas T2 did not. The model
for fungal species was also highly significant accord-
ing to the likelihood-ratio test (df = 8, y* = 33.6060,
P < 0.0001) and identified the life-history strategy of
fungal species as the sole explanatory variable. A
close look at the composition of each -cluster
(Table 4) confirmed this effect. F1 and F2 were large
clusters of fungal species including all five main life-

-1800

-1900 -

ICL

-2000 -

_21OOIIIIIIII
2 3 4 5 6 7 8 9 10

Number of clusters

Fig. 2 Variation of the integrated completed likelihood (ICL)
criterion with the number of network clusters. The maximum
value of ICL indicates the optimal number of clusters
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Fig. 3 Schematic representation of the network architecture.
Circles correspond to groups of tree taxa or parasitic fungal
species sharing similar interactions (i.e. clusters). Clusters of
tree taxa are denoted by “T” whereas clusters of fungal species
are denoted by “F”. Within each circle, the white area
represents the proportion of native species, the black area
represents the proportion of alien species and the hatched area
represents the proportion of species of unknown introduction
status. The lines joining the clusters indicate the probabilities

of connections between the clusters. Only probabilities greater
than 0.10 are shown

history strategies. Root decay fungi were the least
frequently represented in F1 and F2, accounting for
only about 5% of species. By contrast, F3 contained
only nine fungal species, five of which (i.e. 55%)
were root decay fungi.

Discussion

This study is the first to explore the integration of alien
species into a host-parasite (and host-pathogen)

Table 3 Composition of the three clusters of tree species

Table 4 Composition of the three clusters of fungal species

Cluster Fl1 F2 F3

Total number of species 90 52 9

Percentage of alien species 12 10 0

Percentage of species belonging 30 29 55
to Basidiomycota

Percentage of strict foliar 22 36 0
necrotrophic parasites

Percentage of canker agents 28 19 11

Percentage of stem decay fungi 23 10 0

Percentage of obligate biotrophic 12 15 0
parasites

Percentage of root decay fungi 4 6 55

network. Indeed, despite their importance in nature
(Dobson et al. 2008), parasitic and pathogenic inter-
actions have rarely been considered from an ecolog-
ical network perspective (Ings et al. 2009). By
contrast, mutualistic networks (particularly plant-
pollinator networks) have been extensively investi-
gated, and several studies have already assessed the
extent of alien species integration (Aizen et al. 2008;
Bartomeus et al. 2008; Lopezaraiza-Mikel et al. 2007;
Memmott and Waser 2002; Morales and Aizen 2006;
Olesen et al. 2002). The successful integration of alien
species into plant-pollinator networks is expected,
because pollination interactions are rather unspecific
and diversified. Alien mutualists therefore have a
reasonable chance of interacting with native general-
ists (Aizen et al. 2008). About half the studies on this
topic (Memmott and Waser 2002; Morales and Aizen
2006; Olesen et al. 2002) have concluded that alien
species are well integrated into mutualistic webs.
However, the remaining studies (Aizen et al. 2008;
Bartomeus et al. 2008; Lopezaraiza-Mikel et al. 2007)
concluded that the integration of alien species affected
the interactions of native species. The integration of
alien species has also been assessed for a network of

Cluster T1 T2 T3

Total number of species 10 22 16
Percentage of alien species 10 27 56
Percentage of species belonging to the Magnoliophyta 100 63 0

Mean area per species in thousands of hectares (£ SE) 649 + 275 78 £ 42 311 £ 106
Mean sampling intensity per species in number of records (+SE) 1001 £ 258 58 £ 16 1248 + 427
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tree species and saprophytic insects from the Ceram-
bycidae family (Sugiura et al. 2008). Alien species
seemed to be well integrated because alien trees were
used by native insects and native tree species were
used by alien insects. Moreover, the results suggested
that the integration of alien species did not disrupt the
original, nested architecture of the network.

We hypothesized that alien species would be less
well assimilated in plant-pathogen networks, because
selection is continually at work, enabling plants to
develop new defenses against pathogens, thereby
making the emergence of new interactions less likely
(Thompson 2006). As a result of prior selection of
plant defenses, all plants are resistant to the majority
of potentially pathogenic species (Heath 2000). This
non specific resistance, called non host resistance, is
based on an arsenal of constitutively produced defense
compounds and inducible defense responses triggered
by non specific plant products (Heath 2000). The
establishment of a new interaction between a plant
species and a pathogen species requires the pathogen
to circumvent this non specific resistance and any
specific resistance based on host-pathogen recognition
selected in infected plant populations. When a path-
ogen moves to a new environment, its ability to form
new interactions also depends on the environment
being suitable for the completion of its life cycle.
Thus, most new combinations of plant and pathogen
species are highly unlikely to result in a compatible,
disease-causing interaction (Parker and Gilbert 2004).
In addition, the alien tree species widely planted
nowadays in French forests have been selected for
resistance to their new environment (including patho-
gens). Most were first planted in botanic gardens (Petit
et al. 2004), and only those that grew well, with high
survival rates, were subsequently planted in forests.
We therefore expected alien tree species and alien
pathogenic fungal species to display fewer interac-
tions than their native counterparts.

Against these expectations, the absence of signif-
icant interactions between introduction status of tree
species and phylum, abundance or sampling intensity
indicated that alien tree species and native tree
species with a similar phylogenetic history, abun-
dance and sampling intensity were involved in
similar numbers of interactions (with parasitic fungal
species). This result is particularly interesting
because weaker control by enemies has been identi-
fied as a possible reason for the rapid establishment
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and proliferation of invasive alien species. This
hypothesis, the enemy release hypothesis (ERH;
Keane and Crawley 2002; Mitchell and Power
2003), has been interpreted in two different ways
within the scientific community. One group of
authors compared the number of natural enemies in
native and introduced host populations of the same
species. Most [92% according to the review by
(Colautti et al. 2004)] obtained evidence supporting
the ERH. A second group of authors compared native
and alien species (often congeners) in the introduced
range, as in this study. Most of the investigations
carried out (69% according to the review by Colautti
et al. (2004)), including this study, obtained no
evidence supporting the ERH, and some even came to
conclusions diametrically opposed.

In the case of fungal species, significant interac-
tions between introduction status and phylum on the
one hand, and between introduction status and life-
history strategy on the other, suggested that alien and
native fungal species with close phylogenetic histo-
ries and similar life-history strategies had different
numbers of interactions (with host tree species).
However, only two alien fungal species (Cronartium
ribicola and Microsphaera alphitoides) seemed to be
responsible for these significant interactions, so we
considered that these interactions were not meaning-
ful. The difficulties involved in interpreting some
results arose from our statistical approach. In this
study, we assumed that the probability of recording
an interaction between a tree species and a parasitic
fungal species would depend not only on introduction
status, but also on the ecological features and the
evolutionary history of the species involved. This
approach was designed to limit the possibility of
identifying significant differences between aliens and
natives due to confounding factors. For tree species,
for example, if we had not taken phylogeny into
account, a significant difference in the number of
interactions of alien and native species might have
reflected an effect of introduction status or an effect
of phylogeny, because 87% of the alien species
belonged to the Conipherophyta, versus only 33% of
native species. By taking into account the phylog-
eny of tree species, together with area and sam-
pling intensity, we aimed to detect differences truly
due to introduction status. The downside of this
approach is that a few combinations of descriptors
were rarely represented in the database. Cronartium



Ecological integration of alien species

3257

ribicola was, for example, the only alien species from
Basidiomycota.

In addition to differences in the numbers of
interactions established by alien and native species,
we expected to find qualitative differences. We
thought that alien tree species would interact prefer-
entially with the fungal pathogenic species with the
highest likelihood of host shifts, such as facultative
saprobes (Parker and Gilbert 2004). We also expected
alien tree species and alien fungal species to associate
preferentially with each other to some extent, because
many fungal pathogens are introduced with their host
plant (Desprez-Loustau et al. 2007). Unexpectedly
again, our results indicated that the introduction
status of a species had very little effect on the species
with which it interacted. Logistic regression analyses
(Table 2) revealed no significant interaction between
the introduction status of tree species and the various
descriptors of fungal species (phylum, life-history
strategy), or between the introduction status of fungal
species and the various descriptors of tree species
(except sampling intensity). Interestingly, the inter-
action between the introduction status of tree species
and the introduction status of fungal species was not
significant, suggesting an absence of preferential
associations between alien species. Moreover, the
composition of network clusters indicated that even if
there was some similarity in the interactions estab-
lished by alien species, this similarity was too weak
for clusters comprising only alien species to emerge.
Instead, we found that the clustered architecture of
the network resulted mostly from the phylogenetic
history of plant species and the life-history strategy of
fungal species. This finding is consistent with logistic
regression analyses (Table 2), which highlighted a
very significant interaction between the two vari-
ables, and with the results of a previous study
(Vacher et al. 2008a). Finally, tree sampling intensity
also affected the clustered architecture, raising ques-
tions about the impact of sampling on the topology of
ecological networks (Bluthgen et al. 2008; Nielsen
and Bascompte 2007).

In conclusion, we found that alien species were
well integrated into the tree-fungus network, consis-
tent with previous findings for several plant-pollina-
tor networks (Memmott and Waser 2002; Morales
and Aizen 2006; Olesen et al. 2002) and a tree-
saprophytic insect network (Sugiura et al. 2008).
Both alien tree species and alien parasitic fungal

species had similar types and numbers of interactions
to the native species they resembled. These results are
of interest because the topological features of inter-
action networks (i.e. the number of interactions per
species and with whom the species interact) have
been shown to underlie the robustness of networks to
disturbances (Bascompte and Jordano 2007). Conser-
vation of the topology of interactions, in addition to
the conservation of species, is therefore important for
the maintenance of ecosystem services, such as
pollination (Memmott et al. 2007) or parasitism
(Montoya et al. 2003). In the case of this qualitative
network of tree-fungus interactions, the newly intro-
duced species did not significantly modify the
topology of the network. The architecture of the
network including the alien species continued to
reflect the long-term evolutionary history of the
species within it (Vacher et al. 2008a), as reported for
other contemporary networks (Ives and Godfray
2006; Rezende et al. 2007). However, it was recently
shown that perturbation of the structure and function
of ecological networks might be overlooked if species
interactions are not quantified (Tylianakis et al
2007). We might therefore end up with different
results by using quantitative data. In the case of the
tree-parasitic fungus network, the intensity of an
interaction can be defined as the number of times the
fungal species was reported on the tree species and
involved in the emergence of disease symptoms.
Quantitative data might therefore reveal that tree-
fungus interactions involving alien fungal species
have a higher intensity than tree-fungus interactions
involving native fungal species, since alien fungal
species are often responsible for devastating epidem-
ics, sometimes even threatening the survival of the
host tree species (see Desprez-Loustau et al. 2007 for
precise examples). Alternatively, incomplete adapta-
tion of an introduced pathogen to new host species
might result in only a few fortuitous infections (Antia
et al. 2003; Parker and Gilbert 2004; Bertheau et al.
2010). Unfortunately, these predictions could not be
tested here because quantitative data are not currently
available for the tree-fungus network.
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