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Invasive species represent a considerable threat both to
biodiversity and ecosystem functioning (Cox 2004), as
well as a massive economic burden (Pimentel et al.
2005). It is becoming increasingly clear that understand-
ing why certain species become pests when introduced
into new ranges requires a range of theories and interact-
ing approaches (Hochberg & Gotelli 2005). It is hypothe-
sized that successful invaders outcompete native ones due
to the evolution of increased competitive ability (EICA,
Blossey & Nötzold 1995) following their introduction.
Many factors could contribute to the EICA and one which
has received significant attention is the strong release
from enemies following entry into the new range, the en-
emy release hypothesis (Mitchell & Power 2003; Torchin
et al. 2003; recently reviewed in Colautti et al. 2004; Pren-
ter et al. 2004). That is, invasive species do better than na-
tive ones because they lose most of their predators,
herbivores and parasites as a result of the introduction
event. The enemies that do occur in the introduced range
generally do not pose a similar threat (e.g. because they
are not adapted to this new arrival). Consequently, re-
sources normally used for defence can be diverted into
growth and reproduction and this affords a competitive
advantage over native species. Enemy release is not the
sole determinant of the EICA because many exotic species
have been introduced, presumably without their enemies,
and they did not become invasive pests (Cappuccino &
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Carpenter 2005; Suarez et al. 2005). The release from ene-
mies probably interacts with other factors such as how
many times the invading species was released (propagule
pressure, Lockwood et al. 2005) and the ecological charac-
teristics of the introduced species (Suarez et al. 2005). Ac-
cepting the interrelated nature underpinning the
probability of becoming a successful pest we return our fo-
cus to enemy release, in particular, its parasite release
component.

Parasite release and the associated EICA hypothesis was
recently discussed by Lee & Klasing (2004) who argued
that for introduced vertebrates the loss of parasites should
generally reduce the necessity of an immune system for
the introduced species. The logic being that immunity is
expensive and the saved resources could be redirected to
growth and reproduction. However, a complete shutdown
of immune functions is a risky strategy since some parasite
challenges after introduction are also possible (from gener-
alist parasites that could attack introduced species). In
light of these different selection pressures: Lee & Klasing
(2004) hypothesized that successful vertebrate invaders
are likely to be those which do not use a costly systemic
inflammatory response; but rather rely on antibody medi-
ated immunity which the authors consider less costly.

The immune system is an important defence against
parasites. However, it is the last line of defence in a series
of barriers (behaviour, morphology, biochemistry and life
history: Combes 2001; Rigby et al. 2002) and so we might
more correctly consider it to be an ‘emergency service’
(Siva-Jothy et al. 2005). In terms of response time, of all
the above defensive barriers, behaviour will display the
highest sensitivity to environmental change (West-
Eberhard 2003, page 180) such as enemy release following
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introduction. Here we will put forward the hypothesis
that plasticity in antiparasite behaviour is a defining fea-
ture of successfully invading animals. Before formulating
our hypothesis, however, we will review the evidence
that behaviour is indeed an effective, though costly, de-
fence mechanism against parasites.

The Diversity, Effectiveness and Cost of
Antiparasite Behaviours in Animals

The ability of parasites to adaptively manipulate the
behaviour of their hosts is a well-known phenomenon
(Dawkins 1982; Moore 2002). Examining the extent,
adaptive function and proximate mechanisms of the ex-
tended phenotype of parasites have been a vibrant field
over the last 20 years and one that shows no sign of de-
creasing (Moore et al. 2005; Thomas et al. 2005a). In con-
trast, studies that examine how hosts, through adaptive
changes in behaviour, reduce either the probability of in-
fection or the costs of parasitism once infected are rare
(Moore 2002, page 92).

There is a wide range of behaviours that are directed
against sources of infection such as parasitized conspe-
cifics or areas of high parasite numbers (e.g. latrines), or
directly against the parasites themselves (to prevent
parasite entry or retard parasite development once entry
is achieved). All of these behaviours have one common
feature, they reduce the probability of infection of either
the individual itself or its kin. A thorough review and
examination of the types of defensive behaviours have
recently been completed (Moore 2002, chapter 4). The
main categories are: moving away from infection, habitat
shifting, adjusting posture, minimizing visibility to para-
sites, grooming/swatting (including tool use) and food
choice (including self-medication). The latter example,
self-medication, highlights the important fact that anti-
parasite behaviours can also serve to reduce the costs
once infected, or to retard parasite development. It in-
cludes the ingestion of certain substances (usually plant
secondary compounds; Lozano 1998) or movement to
an area unfavourable to parasite development, for exam-
ple hot or cold zones (Kluger et al. 1975; Muller &
Schmid-Hempel 1993; Moore & Freehling 2002). Defence
can be enacted either singly, as a dyad (e.g. mutual groom-
ing, tail swishing), or as a group. In the latter case the
group may be a selfish herd (e.g. bovines) or a family
unit (e.g. social insects, primates).

Antiparasite behaviour can be very effective in reducing
parasite loads. For example when mammals were pre-
vented from grooming, their ectoparasite loads increased
considerably: �2, �20 and �60 for cats, mice and impala,
respectively (Murray 1961; Mooring et al. 1996; Eckstein
& Hart 2000a). ‘Aggressive grooming’ by Japanese scarab
beetle larvae reduced nematode attacks by 60% (Gaugler
et al. 1994), while weeding behaviour of leaf-cutting
ants when tending their symbiotic crop fungus achieved
a complete removal of a generalist and up to 59% removal
of a specialist fungal parasite (Currie & Stuart 2001). Re-
markably, the ants can discriminate between fungal spores
of different pathogenicity and preferentially clean up the
most threatening first (Little et al. 2005). In a vertebrate
example the antiparasite behaviour was shown to be bet-
ter than the acquired immune system in reducing infec-
tion (Karvonen et al. 2004).

The costs of antiparasite behaviours have seldom been
assessed but, where it has been investigated, they have
been shown to be high. For example, bats and cats
(Eckstein & Hart 2000b; Giorgi et al. 2001) spend a consid-
erable amount of time grooming and in the former case
this was accompanied by a significant increase in oxygen
consumption (Giorgi et al. 2001). Similarly, fly-swatting
behaviour by howler monkeys accounted for 24% of their
metabolic budgets (Dudley & Milton 1990). In other exam-
ples where costs have not been calculated it is reasonable
to assume that the behaviour is energetically expensive.
Examples include tool use by elephants to swat flies (Hart
& Hart 1994), cooperative behaviour among social insects
when quarantining either infected individuals or the para-
sites themselves (Jeanne 1979; Epsky & Capinera 1988;
Neumann et al. 2001), nest guarding by wasps and birds
to prevent parasitism (West-Eberhard 1969; Gamboa
1978; McRae 1996), or selective foraging for plant com-
pounds by chimps and ants to combat gut parasites and
bacteria present in the nest (Lozano 1998; Christe et al.
2003). To summarize, antiparasite behaviour is both effec-
tive in reducing parasites and costly to use. We require
more studies that address the efficacy and cost of antipara-
site behaviour (Moore 2002), but there is no a priori reason
to assume that the cited examples (and those below) are
not representative of other taxa.

Hypothesis: Plasticity in Antiparasite
Behaviour is a Trait of Invasive Animals

In the preceding section we showed that antiparasite
behaviour, though effective is costly to maintain. Given
these two observations and the additional one that in-
troduction into a new range is often without coevolved
parasites (enemy release) we suggest that antiparasite
behaviour has a role in understanding invasion biology.
Specifically, we hypothesize that successful invaders plas-
tically switch off defensive behaviours when introduced
into a new range and by doing so save resources. This would
provide a competitive advantage not only over native
species but also with respect to other introduced species
or populations that do not show such plasticity. It is
important to stress that the plastic nature is a core com-
ponent of our hypothesis because, as we will show later,
not all animals can switch off antiparasite behaviours.

Plastic antiparasite behaviour should be more important
than plasticity in any of the other four barriers to
infection (morphology, biochemistry, life history and
immune systems) because behaviour is the most flexible
component of an organism’s phenotype (Baldwin 1896;
West-Eberhard 2003). In short, ‘behavior is the evolution-
ary pacemaker’ (Wilson 1975, page 13). Lee & Klasing
(2004) suggested that successful invaders may be those
that simply switch off expensive immune system compo-
nents such as the systemic inflammatory response, and
use a supposedly less costly antibody response. However,
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this switch is not applicable to invertebrates because they
only have costly innate immunity (Poulsen et al. 2002;
Armitage et al. 2003; Siva-Jothy et al. 2005; Sadd & Siva-
Jothy 2006). Because of their costly innate immune
system it is possible that behaviour may play a particularly
strong role for invertebrates. Therefore, we suggest that
successful invaders (vertebrates and invertebrates) may
be those that display plastic antiparasite behaviours, and
that such plasticity may be particularly relevant to inverte-
brate invaders.

Testing the Plastic Antiparasite Behaviour
Hypothesis

A test of our hypothesis should come from a phyloge-
netically controlled comparison of antiparasite behaviour
between introduced and native range animals; and be-
tween those species that become invasive and those that,
though introduced, fail to become invasive. We could
then test if plasticity was a key trait of successful pests.
Unfortunately, the lack of attention given to antiparasite
behaviours means that the data for such comparisons are
not available. Our motivation is to promote such studies,
similar to a recent empirical study in plants (Cappuccino
& Carpenter 2005), and one in fish (Rehage et al. 2005);
the latter study did not directly look at parasites but com-
pared the behavioural reaction of two invasive and two re-
lated, noninvasive mosquitofish species to novel predators
and competitors.

In the absence of either sources of data with which to
test our hypothesis we will attempt to argue in two steps
that it none the less has merit and is deserving of
consideration. Our first step will be to show that antipar-
asite behaviour can, in the native range of animals, be
expressed plastically. The second step will then emphasize
that behavioural plasticity sensu lato is already a hallmark
of successfully invading species. Additionally, because the
absence of antiparasite behaviours in an invasive popula-
tion, relative to a native one, may reflect selection against
a costly trait in a parasite free habitat we will conclude this
section by emphasizing the evolutionary context of
behavioural plasticity.

Antiparasite behaviours can be plastic
Given the high cost of antiparasite behaviour it is not

surprising that animals may, dependent on the degree of
risk, modulate the amount of time spent engaged in
antiparasite defence behaviour. For example, reed warblers
display a high degree of behavioural plasticity in the face
of brood parasitism by cuckoos and will quickly reduce
behavioural defence (egg rejection) if parasite numbers
decrease (Brooke et al. 1998). In intraspecific brood para-
sitism variation in defensive behaviours are also observed
(McRae 1996). An exactly analogous situation occurs in
ants (D’Ettorre et al. 2004) which switch off parasite recog-
nition mechanisms when the brood parasite (also called
a social parasite) is absent. Similarly, social wasp queens
decide to engage in costly defence strategies that involve
making alliances with other females when parasitism
risk is high (Gamboa 1978, see similar example involving
a moth where the cost is building a new nest, Jeanne
1979). Farming insects (ants that rear fungi as food) also
protect occupants of the nest, their fungal crop, from par-
asitism and here the behaviours are plastic, effective and
rapidly deployed (Currie & Stuart 2001; Little et al.
2005). Plasticity in antiparasite behaviour also occurs at
the individual level. In self-medicating baboons that in-
gest plants to combat gut parasites the natural exclusion
of the parasite by a waterfall (Schistosoma spp. using a snail
host) is enough to reduce the incidence of the defensive
behaviour (reviewed along with chimp examples in Loz-
ano 1998). Individual ants are plastic in their response
to parasitoid flies (Feener 1981; Orr et al. 1995). Plasticity
in the expression of antiparasite behaviour does not just
change only with varying parasite pressure but can also
be influenced by individual condition. In sheep the expres-
sion of antiparasite behaviour is contingent on present
infection status (Hutchings et al. 1998) and reproductive
state (Hutchings et al. 2002). Humans are believed to
have evolved antiparasite behaviour which are manifested
as avoidance of strangers (xenophobia) and disabled indi-
viduals (the logic being it is an outward sign of a disease
such as polio): similar to sheep our responses vary accord-
ing to our perceived infection status (Park et al. 2003;
Faulkner et al. 2004) or reproductive status (Curtis et al.
2004; Jones et al. 2005; Navarrete et al. 2007). All the above
examples show that plasticity in antiparasite behaviour oc-
curs in the native range of animals and so should also occur
if animals are transplanted to new ranges as happens in
species invasions. For our hypothesis, which suggests that
plasticity in antiparasite behaviour is a defining trait of suc-
cessful invasive species, it is necessary to find examples
where introduced species maintain expensive antiparasite
behaviour in the absence of parasites.

Studies have not addressed antiparasite behaviour of
introduced animals when accidentally introduced into
new ranges. As a proxy though we may examine one
human mediated transplantation experiment which regu-
larly occurs. That is, the placement of animals in artificial
habitats such as zoos, animal research facilities and human
homes. Ungulates, felids and rodents in artificial environ-
ments where parasite pressure is low or absent still perform
grooming behaviour (Eckstein & Hart 2000a, b; Mooring
et al. 2004). Unless grooming has a secondary role than
just parasite removal (e.g. social bonding in primates)
then its maintenance in the absence of parasites requires
explanation. Adopting the terminology of researchers
examining grooming behaviour one explanation for its
persistence is that grooming is a ‘programmed action’
than a ‘stimulus driven response’ (Hart et al. 1992). Those
groups that belong to the latter category, which requires an
elicitator such as a parasite, may possess more plasticity in
their antiparasite behaviour and could possibly be superior
invaders in line with our hypothesis.

The expression of antiparasite behaviour when parasites
are absent would be maladaptive. Similarly, behavioural
defence against parasites that do not pose an infection risk
would also be maladaptive. We do know some groups can
recognize infective agents preferentially, ants for example
clean up infective fungal spores, but not if they have been
irradiated and rendered noninfective (Little et al. 2005).
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Behavioural defence against noninfective parasites would
be especially relevant in the introduced range because it
would be full of parasites that were not coevolved with
the introduced species. Examples of this are rare and prob-
ably difficult to prove but one possibility is the defensive
behaviour of wasps to noninfective stage parasitic insects
(i.e. male strepsipterans: Hubbard 1892; D. P. Hughes, per-
sonal observation) which resembles the adaptive antipara-
site behaviour of wasps to infective parasitic insects
(ovipositing female ichneumonid wasps: West-Eberhard
1969, personal communication). Since relatively little re-
search has focused on antiparasite behaviours, other ex-
amples of its expression in the absence of parasites may
have gone unnoticed.

Behavioural plasticity in invasion biology
We will now highlight examples where behavioural

plasticity, sensu lato plays a role in the success of invasive
species. Until recently very little work has focused on the
role of behaviour in invasion biology so a review of the
literature, or meta-analysis, is premature. We will confine
our examples to birds and ants because these are the
animal taxa for which we have the greatest understanding
of the invasion process following two key publications
(Sol et al. 2005; Suarez et al. 2005).

Big brains among invasive birds give them an advantage
in ranges into which they have been introduced (Sol et al.
2005). Examining a database of more than 600 introduc-
tions, Sol et al. (2005) showed that relative to body size,
birds with larger brains tend to be more successful in es-
tablishing themselves in novel environments. The reason
appears to be related to an ‘innovation propensity’ (Sol
et al. 2005) meaning larger brained birds would be more
likely to engage in novel actions. A prime example is ac-
cepting new food items that have not previously been en-
countered (see recent empirical evidence by Martin &
Fitzgerald 2005). Such behavioural plasticity is likely to
be a preadaptation for invasiveness and probably reflects
environmental variation present in the native range of
the species (Mason & Reidinger 1982).

Ants are not known for their big brains, but concurrent
performance of behaviour means colonies as a whole can
display behaviour not possible by individuals: the whole is
greater than the sum of its parts (Oster & Wilson 1978;
Hölldobler & Wilson 1990; Anderson et al. 2002). Colo-
nies can therefore be seen as an integrated unit, or ‘super-
organism’ (Wheeler 1911; Wilson 1985; Bourke & Franks
1995). Heuristically, we can think of this superorganism
having a ‘social brain’ which shows plasticity in behaviou-
ral expression. Such plasticity has already been recognized
to be important in the success of some invasive social in-
sects. For example, a major determinant in the success of
invading ants, with the Argentine ant as the best studied
example, has been the loss of territorial aggression against
conspecific colonies (Passera 1994; Holway & Suarez
1999). This has been likened to successful strategies under-
lying human empire expansion (‘Pax Argentinica’: Queller
2000). Not expending energy in intercolony aggression
frees resources for growth and reproduction (Holway
et al. 1998) and gives enormous advantages in
interspecific competition (Holway et al. 2002). Aggression
levels displayed by invasive ants depend on the genetic
composition of the group (Tsutsui et al. 2003) but are
not fixed, that is, aggression increases when workers of
the same two colonies encounter repeatedly (Thomas
et al. 2005b). Therefore, aggression levels of invasive
ants are highly plastic and change even within short
time frames.

Another example of superorganism plasticity is where to
build the nest. Successful invasive ants are mostly ground
nesting and the more specialized arboreal nesters do not
become invasive despite being released many times
(Suarez et al. 2005). Of the 81 species of arboreal ant re-
leased into mainland U.S.A. between 1927 and 1985
only four have become successful invaders. Importantly,
in their native range all four ‘show considerable flexibility
in their choice of nesting sites’ (Suarez et al. 2005).

The limited available examples of behavioural plasticity
among successfully invading birds and ants suggest that
behavioural plasticity may be important in invasion
biology. As Baldwin (1896) phrased it, behavioural plastic-
ity allows a species ‘to rise to the occasion’. It does not
necessarily follow that plasticity in those traits mentioned
(food choice, nest defence and nest location) means plas-
ticity occurs in antiparasite behaviour as well. But likewise
there is no reason not to suspect an association. The no-
tion of modularity in phenotypic plasticity would argue
against interconnectedness, but as West-Eberhard (2003,
page 81) pointed out, the modularity concept should
not be pushed to its extreme for fear of becoming useless.
Besides, our hypothesis is not constructed on a base that
some pests have plasticity in diverse behaviours and
ergo must have plasticity in antiparasite behaviour.
Rather, the foundation of our theory is that antiparasite
behaviour is expensive but effective and occasionally plas-
tic: in the absence of enemies those that plastically switch
off such behaviours will have an advantage. We have so
far argued that plasticity in antiparasite behaviour can
give introduced species an advantage over ecological time-
scales. However, when plasticity is heritable, which in the
next paragraph we discuss can be the case, selection in the
new range will favour these plastic genotypes over geno-
types that cannot plastically adapt to the environmental
changes. The evolutionary context of behavioural plastic-
ity is also relevant.

The evolutionary context of plasticity
Recent evidence from a long-term study of breeding

behaviour in great tits has highlighted the heritability of
phenotypic plasticity (Nussey et al. 2005). Breeding birds
displayed considerable genetic variation in phenotypic
plasticity (when to breed) and following significant envi-
ronmental changes selection has acted upon this. Any
test of the plastic antiparasite behaviour hypothesis should
be aware of the role of heritability in phenotypic plasticity.
That is, in addition to the ecological context which we have
hitherto discussed, the evolutionary timescale is relevant.
In the new habitat the most plastic genotypes might be se-
lected for, especially if multiple introductions from the na-
tive range source population continue to introduce
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individuals with varying degrees of phenotypic plasticity.
Alternatively, since plasticity is assumed to be expensive
(Pigliucci 2001), selection might favour genotypes that
have lost their plasticity. Furthermore, if genes drive behav-
ioural plasticity then the genetic bottlenecks which intro-
duced species typically pass through during introduction
may reduce genetic diversity and a concomitant decrease
in the plasticity of behaviours might be observed. In addi-
tion to any selection on phenotypic plasticity there could
be selection on antiparasite behaviour itself. For example,
if populations have, for a considerable period of time
been in an environment that is free of their own specialized
parasites (such as an introduced range) then an absence of
antiparasite behaviour (relative to populations in the na-
tive range) may reflect selection against costly antiparasite
behaviours. Note that the introduced range lacks the spe-
cialized parasites of the introduced species and not para-
sites in general which will be present. To conclude, even
if the plasticity in antiparasite behaviours should be clearly
favoured over ecological timescales, the effect of long-term
selection on invasive species in their introduced range is far
from clear.

Conclusions

Unfortunately there will be no single solution to the
ever escalating problem of invasive species and it is
becoming increasingly clear that invasion biology is not
a predictive science (Hochberg & Gotelli 2005). The great-
est chance of success for ameliorating the costs is an ap-
preciation of many diverse factors involved: from
international trade agreements and corporate accountabil-
ity (Simberloff 2005) to the number of release events and
size of propagules (Lockwood et al. 2005). Here we sought
to integrate behaviour, invasion biology and immunity in
an attempt to bring about an increased focus on the role of
antiparasite behaviour in invasion biology.

Before closing it is important stress that not all hoste
parasite interactions are equal and this of course reflects the
enormous biodiversity of parasites themselves (Poulin &
Morand 2000). Space has not allowed us to discuss our hy-
pothesis with respect to diverse parasite taxa but it is worth
stating that antiparasite behaviour may be irrelevant in
a number of host-parasite interactions and, as always, an
appreciation of natural history and life histories is vital.
The latter point simply mirrors a recent opinion that too
often the natural history of the invading species them-
selves is unknown (Suarez et al. 2005). Invasion biology
must function with a thorough understanding of the natu-
ral history of the invading organisms in the introduced and
native ranges if control programs are ever to succeed.

In conclusion, we put forward the suggestion that
plastic antiparasite behaviour has a role in invasion
biology. Behavioural defence is effective in reducing
parasitism though costly to maintain. It can be malad-
aptive under scenarios of parasite release and successful
invaders may be those that reduce these high costs via
behavioural plasticity; that is, only applying behavioural
defence when it is required. Further efforts are needed to
examine this important component of parasite defence in
both native and introduced ranges. Such work may
identify taxa that are likely to be successful invaders; as
well as facilitating the development of ‘evolutionary
enlightened management’ practices (Schlaepfer et al.
2005). These steps should be taken with full appreciation
of other important determinants of invasion success to
more effectively tackle what is a highly serious threat.
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