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Abstract It is widely assumed that the likelihood of invasion
decreases with increased species richness in the recipient
community. However, the invasion paradox supports a
negative and a positive relationship between native biodiver-
sity and the success of an invader. Here, we show that for a
host–parasite system (Anguilla anguilla as host and Anguilli-
coloides crassus as parasitic invader), invasion increases with

native micro- and macroparasitic species richness. In fact,
about 30% of the A. crassus intensity in eels could be
explained by the number of both micro- and macroparasite
species. This pattern could be due to the fact that A. crassus
exploits a niche (the swim bladder) that is unoccupied by
native parasite species and by the Th1/Th2 trade-off between
native microparasites and the invader. We conclude that the
host–parasite system resistance to invasion may depend on
both niche availability and the Th1/Th2 trade-off. As well, we
encourage researchers to incorporate native parasite richness
as a risk factor in epidemiological models of A. crassus.

Introduction

Biological invasions have a dramatic impact on global
biodiversity (Rosenzweig 2001). It is generally accepted that
species-rich communities are less susceptible to invasion
(Case 1990) given that they offer fewer niche opportunities
(e.g. resources and space), thereby reducing both the
establishment possibilities and the success of invading
species (Shea and Chesson 2002). The invasion paradox
(Fridley et al. 2007) claims that positive associations between
native and exotic species richness often occurs, especially at
broad spatial scales, whereas negative associations occur at
fine scales. However, the observation that fine-scale native–
exotic richness relationships are negative does not hold as a
simple and accurate generalisation based on current evidence
(Fridley et al. 2007), and positive associations have been
reported at fine scales in marine invertebrate communities
(Dunstan and Johnson 2004; Stachowicz and Byrnes 2006).

In natural conditions, multiple simultaneous parasite infec-
tions are the norm in wildlife. In fact, a host species can be
understood as a complete ecosystem with various niches (e.g.
organs) exploited by different species of parasites controlled by
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a single immune system (Pérez et al. 2006). Despite the fact
that parasites also form complex communities, e.g. infracom-
munities (Poulin 2007) that are likely to modulate the
establishment of parasite invaders, the relationship between
these parasite communities and their role in resisting parasite
invasion still remain unexplored.

Species in free-living communities differ from those in
parasite communities in ways that influence their resistance to
invasion; for example, invaders in free-living communities
can be controlled by different kinds of predators, whereas,
within a host, all parasite species are under the control of the
same immune system (Pedersen and Fenton 2007). However,
an infected host responds to infection in two main ways
(depending on the parasite type) and mobilises T helper type
1 (Th1) responses against microparasites (viruses, bacteria,
fungi and protozoa) or Th2 responses against macroparasites
(myxosporeans, helminths and arthropods). These two
responses may be antagonistic; in fact, one macroparasite
species may stimulate a strong Th2 response and leads to a
downregulation of the Th1 response (Graham 2008). This
Th1/Th2 trade-off obliges hosts to choose how to allocate
potentially limited resources and influences the course of a
multiple micro/macroparasite co-infection (Fenton et al.
2008). A parasite invasion framework provides an excep-
tional opportunity for testing the invasion paradox at a fine
scale (individual), that is, whether or not the composition of
the host’s native parasite community influences the success
of a parasite invasion.

The swim bladder (hereafter, sb) nematode Anguillico-
loides crassus (hereafter, Sbn), formerly known as Anguilli-
cola crassus, is regarded as an excellent and successful model
of a parasite invader since it has colonised three continents
without the previous naturalisation of its natural host,
Anguilla japonica (Rahhou et al. 2005; Taraschewski 2006).
Despite the fact that Sbn is well tolerated by its natural host,
the presence of Sbn in the sb lumen of the European eel
(Anguilla anguilla, its new host in European ecosystems)
results in inflammation, fibrosis and necrosis, which can lead
to the impaired functioning or even total degeneration of this
organ (Würtz and Taraschewski 2000) although few studies
have investigated the immune responses of eels infected by
Sbn (but see Fazio et al. 2009). In fact, Sbn infection has
been identified as one of the major threats to A. anguilla, a
vertebrate that has recently been classified as Critically
Endangered by the IUCN (Freyholf and Kottelat 2008).

In this work, we aim to test whether or not the native
adapted parasite diversity within the host protects against
parasite invasion. Specifically, our objective was to test the
following hypothesis: in several natural systems, native
species richness acts as a barrier to invasions (Shea and
Chesson 2002), and so, hosts (A. anguilla) harbouring a
species-rich infracommunity may be less susceptible to Sbn
infection. However, according to the Th1/Th2 trade-off, the

success of a parasite invasion may well depend on the
parasite type. Hence, eels showing high microparasite
richness could be more susceptible to Sbn infection
(alternative hypothesis).

Materials and methods

Study site and sampling procedure

In November 2008, 48 eels were collected from L’Albufera
de Valencia (39° 20′ N, 0° 20′ W), an oligohaline (up to
2 g/l) lagoon situated in the western Mediterranean
(Valencia, Spain). Eels were killed with an overdose of
anaesthetic, weighed (to the nearest 0.01 g) and measured
(to the nearest 0.1 cm). Skin scrapes and gill wet mounts
were obtained. Kidney and spleen samples were obtained
for bacteriological studies. Gill and intestine samples were
fixed in 10% neutral buffered formalin. The remains of the
intestinal tract were stored at −20°C until examination. The
sb was examined macroscopically for the presence of adult
Sbn in the lumen and then frozen for subsequent examina-
tion of Sbn larval stages located in its wall.

Parasite sampling procedure

Skin scrapes and gill wet mounts were microscopically
examined to identify external parasites. Spleen and head
kidney samples were cultured in Tryptone Soya Agar and
Thiosulfate Citrate Bile Sucrose Agar for bacteriological
analysis following standard procedures. Fixed tissues were
embedded in paraffin blocks, cut and stained following
standard procedures and observed microscopically. Intesti-
nal mucosa and enteric contents were thawed and examined
under a stereomicroscope. Parasites were stored in 70%
ethanol and stained with Semichon’s carmine for morpho-
metric identification (Schmidt 1986).

Sbn parasites, removed during the macroscopic observa-
tion, were preserved in 70% ethanol and later examined
under a light microscope for sex determination according to
Moravec and Taraschewski (1988). For larval detection in
the Sb wall, Sbs were thawed, digested at 40°C for 1 h and
gentle shaken in freshly prepared 1.5% (w/v) pepsin
(1:10,000 activity) and 1.5% (w/v) clorhidric acid in
distilled water. Digested material was washed by centrifu-
gation at 500×g for 5 min. The number of Sbn larval stages
was counted in a Favatti chamber by microscopy, based on
morphometric criteria (Rolbiecki 2008).

Statistical analysis

Prevalence, mean intensity and range of both micro- and
macroparasite species in the eels were estimated according
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to Bush et al. (1997). Using only the Sbn-infected eels, we
explored whether or not the native macro- and micro-
parasite species richness (that is, the number of parasite
species in an individual host, an excellent proxy of
infracommunity structure; see Bordes and Morand 2009)
in the captured eels influenced the success of Sbn infection
(‘intensity of parasitation’, number of specimens of a
species of parasite in a single host). We fitted a set of
generalised linear models (with a Poisson-linked error
structure) in which the intensity of parasitation (considered
as the total number of both adult and L4 larvae in the sb)
was explained by the single effect of macroparasite

(represented by cestodes and Myxozoa in our study case,
see Table 1) and microparasite (represented by Coccidea
and Bacteriae) species richness and their sum (Table 2).
Due to the fact that the age of the eels was unknown and to
avoid the potential confounding effect of age on the
intensity of parasitation, we checked the relationship
between body length (proxy of age) and both macro- and
microparasite intensities of parasitation.

The selection of the described models was performed
under an information-theoretical approach using the
Akaike Information Criterion corrected for small sample
sizes (AICc). Briefly, for each of the candidate models,

Parasite species Eel type Prevalence (%) Mean intensity±SE Range

Microparasites

Coccidea

Eimeria anguillae U 0 – –

I 6.25 (n=2) – –

Bacteriae – –

Micrococcus spp. H 6.25 (n=1) – –

I 3.12 (n=1) – –

Rhodococcus spp. U 6.25 (n=1) – –

I 6.25 (n=2) – –

Kocuria spp. U 0 – –

I 6.25 (n=2) – –

Edwarsiella tarda U 12.5 (n=2) – –

I 3.12 (n=1) – –

Vibrio alginolyticus U 6.25 (n=1) – –

I 3.25 (n=1) – –

V. vulnificus U 18.75 (n=3) – –

I 0 – –

Pseudomonas spp. U 12.5 (n=2) – –

I 6.25 (n=2) – –

Aeromonas movil U 62.5 (n=10) – –

I 40.62 (n=13) – –

Macroparasites

Myxozoa

Myxidium giardi U 68.7 (n=11) – –

I 81.2 (n=26) – –

Nematodes

A. crassus U 0 – –

I 100 4.35±5.87 1–33

Cestodes

Bothriocephalus claviceps U 0

I 9.37 (n=3) 1±0 1

Proteocephalus macrocephalus U 0

I 6.25 (n=2) 1±0 1

Table 1 Macro- and micropar-
asite prevalence and intensity
in Sbn-infected (I; n=32) and
Sbn-uninfected (U; n=16) eels
from L’Albufera de Valencia,
Spain
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we estimated the AICc, selecting the model with the
lowest AICc value. We then ranked the remaining
competing models according to their AICc values and
subsequently estimated their Akaike differences (Δi)
with respect to the best model (lowest AICc) and the
Akaike weight (wi) of each model (Burnham and
Anderson 2002). Finally, to rule out the possibility that
changes in microparasite species richness (Coccidea and
Bacteriae) were due to a secondary infection in the Sbn-
infected eels, we performed a non-parametric comparison
(Mann–Whitney U test) of microparasite species richness
between the Sbn-infected and non-infected eels. All
statistical analyses were performed using R software
version 2.10.1 (R Development Core Team 2009).

Results

Table 1 summarises the parasite diversity found in our sample.
We identified a single species of both Myxozoa and Coccidea,
eight bacteria species and two species of cestodes. Sbn
prevalence was 66.6%, with a mean intensity of 4.35 (range,
1–33); two and three were the maximum number of micro-
and macroparasites found in a Sbn-infested eel, respectively.
No individual had more than four parasite species.

The lack of relationship between body length and both
micro- (β=0.001, SE=0.002, p>0.05) and macroparasite
intensity (β=0.008, SE=0.02, p>0.05) suggests two things;
first, eels from our sample were in the same range of age or,
second, that older eels from our sample were not more
parasitized than the young ones. On the other hand, micro-
and macroparasite diversities were the main factors explain-
ing Sbn intensity and also explained 30.2% of the observed
variability in the intensity of Sbn infection (wimicroparasite
species richness+macroparasite species richness=1, βmicroparasite species

richness=0.72, SE=0.11; βmacroparasite species richness=0.52, SE=
0.12; Fig. 1). On the other hand, a post hoc comparison
revealed that microparasite species richness in Sbn-infected
(median=1, min=0, max=2) and non-infected eels (median=
1, min=0, max=2) were similar (U=307, df=1, p=0.238).

Discussion

In this work, we tested the invasion paradox and, above all, the
expected negative association between the native parasite
species richness and the success of an invasion of a host–

Table 2 Model selection for the effects of the native parasite community on the success of Sbn infection (n=32) in eels from L’Albufera de
Valencia, Spain

Models for explaining the Sbn success of infection K AICc Δi wi

Microparasite species richness+macroparasite species richness 3 213.85 0 1

Microparasite species richness 2 227.87 14.02 0

Macroparasite species richness 2 252.67 38.81 0

Mo 1 260.59 46.74 0

Selected models are in bold

K number of estimated parameters, AICc Akaike’s Information Criterion corrected for small sample size, Δi difference of AICc between each
model and the most parsimonious one, Wi Akaike’s weight of the model, Mo the null model

Fig. 1 Relationship between a micro- and b macroparasite species
richness and the number of larvae (L4) and adult Sbn in eels from
L’Albufera de Valencia, Spain
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parasite system (A. anguilla–A. crassus). As indicated by our
model selection procedure (and contrary to our main
hypothesis), the Sbn intensity was higher in eels having both
greater micro- and macroparasite species richness. In theory,
within-host parasite interactions are especially intense when
species share the same niche (Pedersen and Fenton 2007), a
fact that could explain the lack of exclusion between native
macroparasites (that infest the digestive tract in the case of
Cestoda and the gills in the case of Myxidium giardi) and the
invasive Sbn (that occupies the sb). In fact, macroparasite
communities in eels are typically characterised by their low
densities, poor species diversity, high dominance and vacant
niches (Kennedy and Guégan 1996; Fazio et al. 2008). On
the other hand, the fact that eels with high Sbn intensities had
better body conditions (results not shown) suggests that, in
eels with the most active feeding habits, there are better
opportunities to predate intermediate or paratenic hosts.

Sbn intensities also increased in eels with higher micro-
parasite species richness, perhaps due to the typical Th1/Th2
trade-off occurring between micro- and macroparasites in
fishes (Joerink et al. 2006, Álvarez-Pellitero 2008) and
particularly for A. anguilla facing Sbn infection (Fazio et al.
2009). Interestingly, the fact that both Sbn-infected and non-
infected eels had similar microparasite richness suggests that,
after infection, Sbn maduration is enhanced rather than slowed
down in eels infected by several species of microparasites.

Despite the moderate sample size, this study provides
evidence of another exception to the negative associations
between native and exotic species richness predicted by the
invasion paradox. In the European eel–swim bladder nematode
system, native community richness can increase the success of
an invasion. Further research is required to improve our
understanding of the role of infracommunity parasite species
richness in the success of parasite invasion in different host–
parasite systems. However, given the Th1/Th2 trade-off, we
would expect to find a positive association between native
microparasite species richness and the success of macroparasite
invaders, and vice versa. In addition, wewould like to encourage
other researchers to consider the use of native parasite diversity
as a risk factor in epidemiological studies of the Sbn invasion.
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