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CHAPTER EIGHT
Invasion Biology and Parasitic Infections

Sarab E. Perkins, Sonia Altizer, Ottar Bjornstad, Jeremy J. Burdon,
- Keith Clay, Lorena Gomez-Aparicio, Jonathan M. Jeschke,
Pieter T. |. Johnson, Kevin D. Lafferty, Carolyn M. Malmstrom,
Patrick Martin, Alison Power, David L. Strayer, Peter H. Thrall,
and Maria Uriarte

MARY

ASITIC INFECTIONS CAN STRONGLY affect invasion success and the
of invasive species on native biota. A key mechanism facilitating
on 15 escape from regulation by natural enemies—the enemy re-
pothesis. The level and duration of release depend on the types of
ites lost and gained, with highly regulating acute infections most
¥ to be lost and, over time, pathogenic RNA viruses likely to be
gd. The rate at which hosts accumulate parasites depends on multiple
s, including the biotic resistance of the community and the ecosys-
nges induced by the invasive species themselves. We discuss sev-
ples of how invasive species may increase parasite susceptibility
mmunity by increasing parasite reservoir densities or by altering
flow via apparent competition. We then consider the evolution-
ations on a longer time scale if the susceptibility of invasive
3 15 enhanced by loss of parasite resistance. Finally, we discuss
ler parasites should be considered a special class of invader and
ude by identifying approaches, challenges, and priorities for future
h in parasite dynamics of introduced species.

SUCTION

timated cost of U.S. $120 billion in environmental damage and
loss in the United States alone (Pimentel et al. 2005), invasive
their ecosystem effects are a major focus of research in ecol-
1958; Kolar and Lodge 2001; Shea and Chesson 2002). Inva-
are those that have been moved beyond natural dispersal
introduced into habitat outside their native range in which
me established and prolific, often with substantial consequences
¢ biota, human health, and ecosystem functioning (Kolar and
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Lodge 2001; Vitousek et al. 1997). Not all introduced species be ome
invasive, and as such, a focus in invasion ecology has been to dete mine
the mechanisms facilitating species invasions. One of the major h poth
eses is that of enemy release, which posits that in their native range,
ulations are regulated by enemies, but these enemies are reduced it
number or absent from populations outside their natural dispersal range
thereby allowing introduced species to escape regulatory forces and be
come invasive (Darwin 1859; Elton 1958; Hierro et al. 2005). The &
emy release hypothesis tends to focus on predators as enemies, bu
recent research recognizes the role of parasites as enemies and has doct
mented high loss of parasites from host species in invaded compate
with native ranges (Mitchell and Power 2003; Torchin et al. 2008
Torchin and Mitchell 2004).

We start this chapter by reviewing the empirical evidence for ¢ e
release with respect to parasites and posit which parasites are likely:
be lost and gained and the implications this has for host invasion st
cess. We further explore the intersection between the ecology of speg
invasions and parasitic infections by examining what effect the parasi
of introduced species may have on native biota and the knock-on
tem effects. In addition, we address evolutionary aspects of intr
species and their parasite fauna. Finally, we consider parasites as i
ers themselves. Our aim is a review of invasive species and their
tions with parasites and the impact this has for native biota, ec
functioning, evolution, and human health. Throughout this cha
refer to parasites and pathogens as simply “parasites” (see Hall et
chapter 10, this volume, for definitions) unless explicitly stated
wise, and “enemies” in this context refers specifically to parasites,
than also including predators.

THE ENEMY RELEASE HYPOTHESIS

To cite the enemy release hypothesis as a mechanism for facilita ring |
cessful invasion of introduced species, a combination of both escap
release from parasites must be demonstrated. Enemy escape quan
the extent to which the parasite diversity and prevalence of introdt
species are reduced relative to those in the native range. Europeanyp
that become established in the United States are infected by, on
77% fewer pathogen species than in their native range (Mit
Power 2003), whereas introduced animals are, on average, in
53% fewer helminth species than in their native range (Torchin
2003). For successful invasion, we must determine whether his
mented escape translates into release, which would require thatth

B
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ites have measurable negative impacts on species abundance or fitness
escape from them results in increased success of the invaders.
isease ecology studies, we know that parasites cause harm to and
s their host populations in terms of altering host density, fecun-
growth (Hudson et al. 2002; Tompkins and Begon 1999; Torchin
001). Bringing together both invasion and disease ecology, we
dence for an increase in demographic parameters in introduced
that have been released from parasites (Lafferty et al. 2005). A
died example is that of the European green crab, which per-
better in an invaded range than the average parasitized Euro-
population but similar to an uninfected European population
n et al. 2001). More empirical examples are required, bur chal-
exist in documenting enemy release empirically with respect to
of parasites, as opposed to other enemies.
e challenge in documenting enemy release is that unsuccessful in-
ns often go unnoticed and assessment must rely on comparisons of
ed populations or species in their native versus introduced ranges
Jeschke and Strayer 2005; Suarez et al. 2005). This requires
ensive and rigorous sampling of parasites in both the native and
ed range. Furthermore, given the complex number of ecological
that influence the success of invaders, how do we measure the
ce of enemy release by parasites relative to predators and other
that influence invasion success? The approach thus far has been
ommon garden or reciprocal transplant experiments and biogeo-
al studies, which have yielded insights into the success of intro-
secies with specific reference to parasites. However, both
s suffer from a number of experimental difficulties.
ographical studies (e.g., Mitchell and Power 2003; Torchin
01, 2003) suffer from confounding variables that are difficult to
'r and usually involve a small number of randomly chosen pop-
inhabiting a restricted area in the native range of the species
ards et al. 2003; Grigulis et al. 2001; Reinhart et al. 2003; but
v et al. 2003). As a result, it is difficult to discern to what ex-
sults are highly specific to the study sites. Often when several
ns are studied in the same area in the native range, important
in the role of enemies appear (Callaway et al. 2004). How-
ontrast, Reinhart et al. (2005) sampled black cherry popula-
y from throughout their range in eastern North America and
2 consistent negative effect of soil-borne pathogens on seedling
il. Common garden experiments have been less frequently applied
ect to elucidating the effect of parasites as enemies and have
being potentially confounded by variation among species in
s resistance and tolerance.
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With these issues in mind, we suggest that conclusive evidence of
emy release would require replicated experimental manipulationss
descriptive studies of two types. The first would be removal
ments, where one could show for a specific parasite that remov
the host in its native range resulted in demographic release, tha
greater host fitness, an increase in population size, or a range expais
Some evidence for this exists with macroparasites (Tompkins an
1999), and although these experiments have not focused specific
hosts that are invasive species, they do provide evidence of enemy ré
with respect to parasites. The second type of conclusive evidence Wi
be addition experiments in which parasites, when introduced intoi
sive populations, resulted in lower fitness, decreased population
or range contraction of the invader. Such “experiments” are con
done during biological control (Lafferty et al. 2005). However, tf
asites used in biocontrol often are not native to the invasive Specié
their home range. For example, myxomavirus, endemic to South A
ica, is used to control European rabbits invasive in Australia.

In summary, the challenge is to disentangle the relative impo
an array of interactions with parasites, other enemies, and envi
tal factors to which an invasive species is exposed in its introduce
as compared with those in its native range. Given the broad rang
cies that occur in natural communities and the diverse ways the
act with other biotic and abiotic elements of the environment, weé m
not expect simple pairwise host-parasite interactions, and the e Fect
single enemy, in our case a parasite, may be diluted (Keane and €
2002). More demographic data demonstrating strong populati
suppression by parasites is necessary to evaluate the ecological
cance of parasites in the enemy release hypothesis. Given the pe
limitations of experimental tests, we advocate a pluralistic appra
the study of invaders using a combination of molecular techniq

surveys, experiments, and historical records to understand the ro
parasites in facilitating species invasions.

ParasiTES LosT AND GAINED

Invasion success can be a function of escaping parasitic regulation
ing the different transition phases, which include transport,
ment, and spread (Jeschke and Strayer 2005; Kolar and Lodge 2
Considering the variation in host regulation associated with diffe
parasites an important question to ask is, which types of parasites|

be lost and gained during invasion? For example, if highly regal
I
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arasites are lost during host transport, then we may expect immediate
den ographlc release and increases in fecundity and survival, thus facili-

g invasion. Conversely, if regulatory parasites are gained, then we
expect reduced invasion success.

I

Arasites Lost

ased on current knowledge of the ecology of parasites and invasive spe-
we can make predictions concerning the ecological characteristics
rasites that will be lost (table 8.1). The first phase of invasion,
port, typically occurs with a subsert of the host population, and this
der population is expected to be devoid of parasites that are rare, or
d at low prevalence, in the host population in its native range
hin et al. 2003). If these rare parasites do not have great regulatory

ol over the host population, then demographic release will be mini-
(Colautti et al. 2004),

tes predicted to be lost and gained during the invasion process for plants
id animals

Animals

Plants

Ectoparasites and the
vector- borne diseases that
they transmit

Specialists

Rare parasites, low prevalence

Acute immunizing pathogens
(large threshold and short
infectious period)

Complex life cycles (e.g.,
trophically transmitted
macroparasites)

Vertically transmitted
parasites (rare in animals)

Retroviruses

Generalists

RNA viruses

Generalists

Parasites and parhogens of
phylogenetically similar
host species

Aphids/nematode vectors and
the pathogens they transmit

Specialists

Rare parasites, low prevalence

Pathogens that cause high
mortality

Parasites with obligate
alternative hosts

Seed-borne viruses and some
fungal pathogens

Retroviruses

Generalists

RNA viruses

Generalists

Parasites and pathogens of
phylogenetically similar
host species
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Indeed, it is the common or prevalent macroparasites that tend to
regulatory (Hudson et al. 2002), but these too may be lost or redu ed
intensity, because subsampling hosts from aggregated host-macroparas
distributions tends to sample individuals with low parasite inte
(Shaw et al. 1998). We may expect parasite loss to be accentuated
ther if the process of selecting invaders favors healthy individuals
are free of parasitic infection, for example functional groups with
the population that have low exposure or have acquired immunity
infection.

Immature stages have different (often fewer) parasites than do adul
For example, sexually marure male rodents have been identified as}
hosts in the persistence of tick-borne disease (Perkins et al. 2003
erally, for vertebrate hosts the intensity of macroparasites is male
(Moore and Wilson 2002); thus if a deliberate introduction favors
males, then parasite diversity will be further reduced within the fount
population. For plants, a key issue is whether transport occurs as a p!
tosynthetic plant or as a dormant seed or spore, as the latter gener:
have a smaller subset of parasites than do adults (e.g., Molloy et
1997). Adult plants are likely to be transported in soil with a m
greater likelihood that associated parasites of leaves, flowers, or 10
are simultaneously transported (Keane and Crawley 2002). Invas
plants are more likely to escape from fungal than from viral pathe
(Mitchell and Power 2003), in part because fungal parasites tend t@
more host specific, but also because viruses can often persist in s8
and be vertically transmitted (Torchin and Mitchell 2004). Theref
the mode of parasite transmission has an impact on the likelihoot
loss, and retroviruses and other endogenous or vertically transmi
parasites will be extremely difficult to escape from. However, in
many vertically transmitted microbes tend to be mutualistic
parasitic, and so movement of seeds compared with whole plang
much more likely to result in enemy escape.

Intuitively, we expect the high mortality associated with host tr
port, coupled with parasitic infection, could cause host mortality &
amplified, particularly if the infection is acute (Moller 2005). Ther
acute infections of high virulence and short infectious periods are
to be lost, along with their hosts, in the transport stage. Acute i
tions, which include many microparasitic diseases, are often highly
ulating, and release from them may partly explain the incn
demographic capability of invaders (figure 8.1).

After transport, some parasites could be lost during establishmi
in part due to thresholds for invasion. Parasites require a thresh
population size to establish and persist (Lloyd-Smith et al. 2005). H
ever, founder populations of invading species typically fluctuate ap
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jgure 8.1. A schematic of the change in size over time of an introduced popula-
hat experiences parasite release and so increased growth during invasion,
by parasite regulation coupled with a reduction in population size. Two
ble potential outcomes are shown. The solid line represents moderate
escape and release, followed by moderate biotic resistance of the invaded
unity; the dashed line represents high parasite escape and release, followed
1 biotic resistance, or rapid accumulation of regulatory parasites.

» small numbers, and therefore parasites cannot establish and
before the invader reaches population densities that would sup-
endemicity (e.g., de Castro and Bolker 2005).

or hosts with complex life cycles, appropriate alternative hosts may
: present in the invaded range, precluding parasite establishment.
asites and other vectors also may be lost, since those with short
periods and seasonality in host biting behavior (e.g., ricks in
e zones) are unlikely to be transported with the introduced
onsequently, vector-borne pathogens will be especially vulnera-
s. Additionally, if the abiotic conditions in the new habitat are
ble for free-living parasitic stages, then they will be lost during
rent. Indeed, any form of complex life cycle parasite or spe-
requirements suggests that specialist parasites will be lost over
s (Cornell and Hawkins 1993; Kennedy and Bush 1994). The
of parasites are lost during introduction and establishment.
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Once established and spreading or increasing in population size, then
the invasive species are no longer likely to lose parasites but instead start
to gain them.

Parasites Gained

The accumulation of parasites during the invasion process determines
the extent of net release, which in turn depends on the diversity of the
parasite community in the invaded range and the susceptibility of the in-
vader to these parasites, which may differ from its susceptibility in its
native range. On average, animal invaders accumulate four new para
sites from the invaded range, less than a third as many as they escape it
their native range (Torchin et al. 2003). Plants accumulate about 13% as
many new fungal and viral pathogens as they escape (Mitchell
Power 2003). This accumulation process is key to the biotic resist
hypothesis (Elton 1958; Maron and Vila 2001), which suggests that
cumulation of enemies (both parasites and predators) by an introd
species may often prevent them from becoming damaging or in
The rate of accumulation and the type of parasites that are gained a
likely to have profound effects on whether the species can become estab
lished or invasive and the time period over which an invasive speci@
may remain so. _

During the establishment phase, parasites from local communitie
can start to colonize the introduced hosts. Many introduced sp
might disappear before they are even noticed due to high parasit
sure, particularly if the local community exhibits high biotic resi
(Elton 1958). The phylogenetic similarity between introduced
and resident native species may determine the likelihood of color
by preadapted parasites. An introduced species from an unrepresen
genus or family should have a lower probability of parasite accumt
tion than an introduced species with many close relatives. Ha
close relatives might also indicate greater suitability of local envirg
ments for the introduced species (Mack 1996).

Encounter with potential natural enemies will increase as the iny
expands its range. Parasites with broad host ranges and little host or
tor specificity should be more likely to colonize than highly specific pa
sites (see table 8.1). Examples include RNA viruses, parasites
generalist vectors, or other generalist parasites. If there are no p
or generalist pathogens, the probability of de novo pathogen evo
random mutation will increase as the local abundance of the in
species increases (e.g., Antia and Koella 2004). Thus, the more s
an invasive species is, the greater the chance that a novel virulent ps
gen will arise. Once a pathogen establishes, it may rapidly increase

1
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lead to epidemics and major die-offs in the introduced species, in part be-
use of the high density of susceptible hosts. This may be especially true
hen the introduced species is genetically uniform. Although natural ex-
amples of this are few (but see Hochachka and Dhondt 2000), consider-
1 "le evidence is available from the biological control of invasive plant
nd animal species (e.g., Fenner and Fantini 1999).
Evidence for the accumulation of parasites by introduced species
comes from many sources: well-documented cases of infection of non-
ve crop species and domesticated animals (Scheffer 2003), published
abases and disease indices (Farr et al. 1989), and comparative studies
itchell and Power 2003; Torchin et al. 2003). For example, Pierce’s
ease of the grape, which caused several devastating epidemics in Cali-
ia vineyards, is caused by a bacterial pathogen common in native
es from the southeastern United States. Fire blight of pome orchards
also thought to have arisen from native pathogens adapted to native
eous trees (Scheffer 2003). Similar examples exist in animals: cattle
t Africa succumb to sleeping sickness caused by trypanosome par-
tes in native ungulates, and introduced house finches in the United
s are attacked by a native pathogen causing mycoplasma conjuncti-
:{Dhondt et al. 200‘5].
Intuitively, release from natural enemies may be temporary, as in-
uced species gradually accumulate resident parasites (see table
Parasites from the invader’s native range may eventually colonize
roduced host populations through repeated introductions or long-
ce or human-assisted dispersal. Colonization leads to accumu-
gains over time of parasites and corresponding declines in invasive
s abundance, and the extent and timing of the decline are a func-
on of the likelihood of acquiring regulatory parasites (see figure 8.1).
herefore, a key question is, will parasite communities of introduced
ilations ever “catch up” to those of the native populations, and if
w long does this take, and will the acquired-community of para-
mit the fitness of the host species as effectively as in their native

‘some species, accumulation of parasites can be a relatively rapid
s leading to no differences in parasite diversity or infection levels
en native and introduced hosts, and so host regulation is also
ed to be rapid. For example, Clay (1995) found that introduced
s in the United States actually supported more fungal pathogens
(native grasses, although introduced species also had larger geo-
ical ranges, which was the primary predictor of pathogen load.
nd Levin (1975) examined species richness of parasitic fungi of
trees and found that there was no difference in fungal species
between introduced and native trees when corrected for range.
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They suggested thar fungal species richness rapidly saturates over eco-
logical time (i.e., over several hundred years). However, the agents with
the greatest potential to have long-term control may not necessarily be
the ones with the most dramatic immediate effects. Thus, for example,
floral smuts that reduce fecundity are predicted to have an 1ncreasmgl
detrimental effect as host longevity increases, while for pathogens that
affect mortality, causing intermediate levels of mortality will red m_..:
population sizes significantly more in the long term, than pathogens that
are more destructive (Thrall and Burdon 2004). Data from agricultural
experiment stations or forestry plantations might prove useful, given the
intensive records of plant introductions. Longer-term historical records’
may provide some solace in light of the disruption caused by recently in:
troduced species, many of which have become problematic only in ::'.:.
past 20-30 years. Introduced species may cause much ecological dams
age in the meantime but nevertheless offer many opportunities for ex:
amining the longer-term dynamics of disease.

EFFECTS OF INTRODUCED SPECIES ON PArRASITE DyNAMICS
IN NaTive HosTs

Introduced species, regardless of the pathogens they lose or gain, car
have large indirect impacts on native hosts by changing the characteris
tics of the ecosystem, by amplifying disease or vector populations, or by
changing the spatial distribution of hosts.

Ecosystem-Level Changes

Introduced species can affect ecosystem properties, such as productivity
nutrient status, water balance, physical structure, and disturbance
gime (e.g., Cox 1999; Dukes and Mooney 2004; Mack et al. 20
Eviner and Likens, chapter 12, this volume). Modification of ecosys
functions change the rules of the game for every other species i
community (National Research Council 2002), which ultimately ma
alter host-parasite dynamics. The consequences of ecosystem alteratior
by introduced species on the dynamics of native parasites seem litt
studied, but we can suggest some plausible possibilities based on welk
studied introduced organisms, Introduced earthworms in eastern N
America destroy the forest litter layer, changing the water and nutrien
content of the upper soil layers (Hendrix and Bohlen 2002), thereby p

tentially altering conditions for transmission and survival of soil-
plant pathogens. Another example is that of zebra mussels, widely i
duced in Europe and North America, which produce nutrient-
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iti et al. 1997) and presumably microanaerobic conditions in their
This may favor anaerobic bacteria such as Clostridium and con-
te to the recent rise in Type E botulism in Lake Erie (New York Sea
nt 2003). Finally, introduced grasses change the frequency of fires
'Antonio and Vitousek 1992), which ought to affect the timing and
severity of disease caused by plant pathogens. Similarly, parasite out-

reaks in native coniferous forests make them more prone to devastating

pildfires.

implification of Reservoir Host Populations

asive species may affect parasite dynamics by amplifying disease or
tor populations. For example, in the highly invaded California grass-
nds, introduced annual grasses attract and amplify the fecundity of
eal aphids that vector barley and cereal yellow dwarf viruses (B/CY-
DVs). The presence of these introduced grasses has been found to more
han double the incidence of barley and cereal yellow dwarf infection in
by native bunchgrasses (Malmstrom, McCullough, et al. 2005). Be-
B/CYDV infection can stunt bunchgrasses and increase their mor-
(Malmstrom, Hughes, et al. 2005), these findings indicate that
us-mediated apparent competition has the capacity to influence inter-
ns between native and introduced species and contribute to the de-
of the natives. In contrast, introduced tall fescue grass is widely
ibuted and commonly endophyte infected, and is more resistant to
s as a result (Siegel 1990). Resistance to aphids has the knock-on
- of reduced aphid-borne virus pressure on neighboring nartive
es. A good example of an introduced domestic species that has en-
d the pathogen reservoir population comes from the Serengeti,
e domestic cattle increased rinderpest prevalence in wild ungulates,
sult discovered when cattle vaccination indirectly lowered rinderpest
tidence in wild hosts (Sinclair 1979).
Another mechanism by which introduced species can enlarge the res-
fvoir population is by serving as alternative hosts for parasites with a
'hosr life history strategy. For example, the fungus Cronartium
ola, which causes the devastating white pine blister rust, requires
wo hosts—one Pinus, one Ribes—to complete its life cycle. In the
Jnited States, the presence of cultivated and escaped Ribes (currants
'gaoseberrics} has such a strong influence on white pine blister rust
ci ence in nearby pines that horticultural use of Ribes is severely re-
icted (Maloy 1997). Similarly, pheasants introduced into the United
dom have been shown to successfully feed ticks and support Lyme
erium transmission, thus contributing to the reservoir host popula-
jon for Lyme disease (Kurtenbach et al. 1998).
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Changes to Host Spatial Distribution or Density

Native host spatial distribution, density, and host contact structus
within and among populations and communities can be altered by spi
cies introductions. For example, impacts of invasive weeds on soil com
munities could alter ecosystem functions, with secondary impacts @
native host abundances (Kourtev et al. 2002). Thus, changes in pa asil
dynamics are expected partly through indirect impacts on host popula
tion structure, including total host abundance or density, and the m
ments of hosts or vectors in the environment. One obvious way th
introduced host species can have an impact on native community st
ture is through population explosions. Such invasions may lead to ne
increases in species diversity, although a decrease is usually more com
mon. A decrease in species diversity can lead to an upsurge in parasi
levels primarily by concentrating infection within the most comp
reservoir hosts, an amplification effect (Mitchell et al. 2002, 2003;
also Clay et al., chapter 7, and Begon, chapter 7, this volume). In
ingly, as shown by Mitchell and colleagues, it is not just parasite abus
dance and disease prevalence that may change but also the rela
prevalence of particular types of pathogens—that is, the parasite ¢
munity. The converse of this observation is the basis for the use of vag
etal mixtures in cereal crops, where parasite levels may be significanth
reduced by the construction of random three-component mixture
susceptible and resistant varieties (Wolfe 1985). Other possible e
of changes in community composition following invasions include
in patterns of herbivory or predation, which if they increase or reduce
reservoir host population mighe further alter disease dynamics.
An intriguing but little considered impact of an invasive species is#
potential collateral impact the invading species’s parasites may ha
the native species’s own suite of host-specific parasites (e.g., Torchit
al. 2005). Although this may be minimal when the native species is.
reasonably abundant, in the case of introduced pathogens like che
blight, Cryphonectria parasitica, or root rot, Phytophthora cinnam
that have devastated the entire population of their host species (¢
nut, Castanea dentata, and Brown’s banksia, Banksia brownii), a
host-specific native parasites must have undergone a devastating (a
undocumented!) decline if not extinction. '

EvOLUTIONARY CONSIDERATIONS

A range of evolutionary processes should affect the vulnerability of i
troduced species to parasite accumulation. First, most invasive popu



INVASION BIOLOGY AND PARASITIC INFECTIONS 191

tions are likely to originate from a few founders, thus limiting their
tic diversity and increasing their susceptibility to parasites (Sakai
tal. 2001). Second, introduced species that are released from parasites
night reallocate resources away from parasite defense and into growth
id reproduction (Colautti et al. 2004; Wolfe et al. 2004), thereby po-
ally allowing the species to become invasive (Siemann and Rogers
1; Tilman 1999). Together, these ideas suggest that low overall gene-
iversity combined with evolutionary reductions in parasite defense
Id make introduced species vulnerable targets for future epidemics

DeWalt et al. 2004, Knevel et al. 2004; Reinhart et al. 2003).

opulation Bottlenecks and Parasite Susceptibility

senctic variation tends to be reduced in introduced populations, partic-
larly if colonists come from a single source population or undergo an
blishment phase during which population sizes remain small (Sakai |
. 2001). Founder events resulting in extreme genetic drift and in-
ding could lower the fitness of introduced populations and limit
-ability to adapt to future challenges (Lee 2002). Host populations
haracterized by loss of allelic diversity or reduced heterozygosity may
9e unable to respond evolutionarily to new threats imposed by parasites
Lande 1988; Lyles and Dobson 1993). This issue is more commonly
=d in the context of agricultural systems (e.g., Elton 1958) or species
onservation concern (e.g., Acevedo-Whitehouse et al. 2003; Thorne
Williams 1988). However, similar problems could apply to popula-
of introduced species with low genetic diversity, as has been sug-
for the unusually high susceptibility of introduced house finches
n eastern North America to ongoing outbreaks of mycoplasmal con-
unctivitis (Dhondt et al. 2005).

' Yer, despite the fact that many introduced species probably show re-
duced genetic diversity in their invaded versus native ranges, this has yet
e widely established. A recent comparison of the loss of allelic diver-
and heterozygosity in twenty-nine introduced animal species found
_on average, there is little reduction in genetic diversity (Wares et al.
). In plants, there may even be greater genetic variation in intro-
uced populations than in populations where they are native (Novack
and Mack 2005). In some cases, repeated introductions from multiple

_-"- ¢ sites could actually cause blending of alleles from different geo-
graphic locations in the new habitat, leading to greater genetic variation,

ther than less, in the introduced range (as has been demonstrated with
wn anole lizards; Kolbe et al. 2004). Hybridization in the new range
ould also lead to hosts with novel gene combinations that are highly re-
istant to parasite infections, and such genetically variable populations
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could serve as problematic sources of introduction for other vulnerable
locations (Sakai et al. 2001).

Evolution of Increased Competitive Ability

Invasive species often are larger, more abundant, and more vigorous
in their introduced range relative to their native range (Crawley 1987
Grosholz and Ruiz 2003). One explanation for this observation is that
following release from their natural enemies, introduced species experi-
ence increased growth and reproduction. A related idea, known as the
EICA (evolution of increased competitive ability) hypothesis, states that
because defenses are often costly and organisms have limited resources,
introduced species should adapt to the loss of natural enemies by allo-
cating more energy to growth and reproduction and investing less in
pathogen resistance or immune defense (Blossey and Notzold 1995).
This hypothesis predicts that in the native range, growth and reprodue-
tion should be lower, natural enemies should be common, and invest-
ment in defenses high, whereas in the new range, natural enemies should
be less common or absent, defenses should be low, and growth and re=
production should be greater (Wolfe et al. 2004). Furthermore, these
phenotypic differences should be genetically based, and parasites and
other natural enemies should preferentially attack the invasive pheno=
types, two predictions that can be tested using comprehensive common
garden and reciprocal transplant experiments. Some recent studies pro
vide support for genetic divergence in enemy defense and reproductive
strategies between native and introduced populations of weeds and trees
(Siemann and Rogers 2001; Wolfe et al. 2004). Under this scenario, if
pathogens are lost from introduced populations, the frequency of resiss
tance should decline over evolutionary time scales, potentially setting
the stage for future disease outbreaks.

The EICA hypothesis assumes that resistance is costly—and fur
depends on whether resistance traits are targeted against generalis
specialist enemies (Joshi and Vrieling 2005). Many studies have demo
strated that resistance-conferring host traits are in fact costly in terms of
reductions in growth rates, fecundity, competitive ability, or body size
(Simms and Rausher 1987). Invasive species might lose protec
against specialist parasites, since these are most likely to be lost, and
stead shift resources into defenses against generalist parasites (Joshi ang
Vrieling 2005), which are likely to be gained in the invaded range.

Importantly, species invasions offer new opportunities to understang
the strength of parasites as agents of selection, particularly with res
to the evolution and maintenance of host defenses in the wild (Alt
et al. 2003). Field monitoring studies, reciprocal transplant experiment
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and common garden studies of introduced species from locations in the
invaded and native range provide prime opportunities for researchers to
‘measure host investment in parasite defenses relative to growth and re-
production, and to compare populations exposed to different levels of
attack by a range of specialist and generalist parasites. At the present
‘time, comprehensive studies of the biology of invasive species in both
their native and introduced ranges are surprisingly rare (but see Rein-
hart et al. 2003, 2005 for a counterexample of detailed studies of para-
site regulation of black cherry in its native and invasive ranges), despite
the potential insights that can be gained from such comparisons. Fur-
thermore, as has been demonstrated by a growing number of “virgin
ground” epidemics, emerging pathogens often cause high case fatality
rates and stunning reductions in host abundance (reviewed in Daszak
et al. 2000). If these epidemics can be buffered by the genetic composi-
tion of host populations, then studies of disease outbreaks in popula-
tions of introduced species will provide new perspectives on the role of
host genetic diversity and investment in immune defense in the outcomes
of host-parasite interactions.

Parasite Evolution in Introduced Species

We have reviewed how invasion may be facilitated because parasites,
particularly those causing acute infectious diseases, will be lost in tran-
An important area for the future ought to focus on the evolutionary
ptive processes of parasites in both invading and native species in the
ymmunity in the invaded range. Disease-causing pathogens generally
ve short generation times and high replication rates, and hence a great
ility for fast evolution (Frank 2002). The literature on virulence-
ansmission trade-offs and the rapid evolution of the myxomatosis-
wsing DNA virus of rabbits provides an excellent testimony (Fenner
3). Another interesting example is the extreme rate of evolution
form of both gene loss and genomic organization of Bordetella
ussis—the whooping cough—causing bacterium—following its
ergence in humans from its ancestral commensal of various mam-
s (Bjornstad and Harvill 2005; Parkhill et al. 2003). Over and above
t, disease-causing RNA viruses may have even higher evolutionary
s because of the high mutation rates during RNA transcription
(Grenfell et al. 2004).
- There are at least four reasons why studies focused on the postinva-
sion evolution of parasites might be particularly interesting. The first is
great evolutionary potential of many parasites. The second reason is
the effects of a parasite on the host population depend critically on

s virulence (Anderson and May 1978) and infectious period (Grenfell
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2001), so that evolutionary changes in these two parameters can drive
ecological change at the population level. The third and fourth reasons
are that selective gradients for changes in virulence and infectious peris
ods appear to be particularly steep when (3) genetic diversity within the
host population is low and (4) contact networks are altered. In terms of
contact nctwcrks transmwsmn rates will likely change whenever host

tats range, at least for directly transmitted pathogens. Changes in con-
tact rates will generally alter the optimal pathogen strategy because of
virulence-transmission trade-offs (Ebert 1998; Frank 2002). The intro-
duction of a species may be enough to alter the contact network of a spe:
cies. Indeed, several recent theoretical studies have shown that subtle
changes in social networks can greatly alter evolution toward enhanced
or diminished virulence (Boots et al. 2004; Read and Keeling 2003). The
impact of any parasite that does survive the invasion process on the i i
troduced host populations’ growth and regulation may therefore rapidly
diverge from the effects of the same pathogen in the host’s native range.

PARASITES AS INTRODUCED SPECIES

Finally, it is important to keep in mind that parasites themselves can be
a special class of introduced species (see also Hudson et al., chapter 16,
this volume} Research quesnons in thlS area focus on the mtersectmn of

et al. 2004; Bauer 1991; Daszak et al. 2000; Dobson and May 193"
Such introduced diseases can have a devastating impact on immunologis
cally naive host populations, often with enormous consequences for hu-
man health, the economy, and wildlife conservation. Diseases of humans
and wildlife have been traded across the globe with increasing frequency
for centuries; common examples of relevance to human health include
smallpox, typhus, yellow fever, cholera, schistosomiasis, SARS, West
Nile virus, HIV, and influenza. These same patterns are evident in ani-
mals and plants. Select examples for animals include salmonid whirlings
disease, chronic wasting disease, rinderpest, shrimp whitespot diseasé,
crayfish plague, avian malaria, avian cholera, and duck plague. Com
mon examples for plants include wooly hemlock adelgid, dogwood
anthracnose, beech bark disease, white pine blister rust, oak wilt, and
numerous others.
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‘Unfortunartely, even basic epidemiological information is lacking for
st pathogens, native or introduced. For example, Taylor et al. (2001)
reported that the basic transmission mode was unknown for more than
200 human pathogens, precluding any comparative analyses of the basic
oduction number, R. Information on host use, native geographic
ge, propagule pressure, and failed invasions is correspondingly lack-
ing for many plant and animal pathogens. As such, attempts to analyze
introduced pathogens through stages of the invasion process, while very
romising, and to develop more quantitative predictions have lagged be-
,,r nd recent efforts with free-living groups, including fish, plants, and
birds (see Kolar and Lodge 2001, 2002).

‘Recent reviews of disease emergence in humans (Taylor et al. 2001),
tebrate wildlife (Dobson and Foufopoulos 2001), and plants (Ander-
et al. 2004) offer important first steps to understanding how disease
mergence intersects with stages of the invasion process. Do these dif-
ferent stages represent different sorts of barriers for parasites than for
er invasive species? Clearly, arrival doesn’t lead to establishment for
ny introduced species (e.g., failed introductions for biocontrol). Is the
bability of getting from one stage of the invasion process different
paramtes than for plants and animals? What features promote suc-
at each stage? Do plant parasites possess life-history features that
e them more or less likely to invade than animal parasites? For ex-
pIe, wind-blown spores may be capable of dispersal over thousands
of kilometers (Brown and Hovmoller 2002). Comparative studies could
vide a useful approach to answering some of these questions, and are
ely to provide further insights into factors influencing the invasion
process.

" The arrival of parasites into a novel environment is dependent on the
nvading host population, and we have posited which parasites are most

[y to be present in that population. However, important questions
nain, including the following: Are parasites a special class of invad-
or do they share features common to other invasive species, such as
generalist host range and simple life cycle? And are the routes by
h parasites arrive different in some qualitative way from the ways
hich other invaders arrive, so that the probability of successful inva-
sion might also different?

Different types of investigative or applied approaches are more likely
to be useful at different stages of an invasion process. For example, the
arliest stages of invasion following arrival may be most amenable to
cation, especially if there are sufficiently effective quarantine and
oring programs in place. Although it is difficult to envisage using
imental manipulations to study early processes associated with
asite arrival, the use of high-resolution molecular markers to study
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within-host variation or to trace pathways of infection back to sources
can be effective. As parasites become established and spread into mu
ple host populations, and eradication becomes less likely, the applied
emphasis may shift from eradication to long-term control. Pc}pulat’i&
and metapopulation modeling approaches become more valuable: ong
can begin to study general dynamical properties of the system and to
test predictions empirically. Developing an understanding of the und
lying patterns of host resistance and pathogen infectivity and aggres
siveness as part of evolutionary studies (which may include model
population genetic, and phylogenetic approaches, as well as experim
tal studies) will be critical for explaining underlying patterns of disease
incidence and prevalence. The lack of empirical evidence is particular 1
surprising in light of the potential for such variation to affect not ...-
disease dynamlcs and prevalcncc but also when or where new diseas

emerge (e.g., canine parvovirus; Parrish 1999). Increasingly, this lack ¢ '
knowledge has led to calls for an integrated approach to disease man-
agement that would incorporate both ecological and evolutionary pros
cesses. Addressing such questions will be essential if we are to developa
predictive understanding of diseases as invaders.

CONCLUSIONS

Questions concerning the role of parasites in the success of species inva-
sions bring together two rapidly developing research fields, the ecology
of species invasions and the population biology of infectious diseas
Recent years have seen an increase in the number of quantitative stud
concerning the ecology of invasive species (reviewed in Colautti et ali
2004; Kolar and Lodge 2001), as well as factors determining the spread
and impacts of parasites and the infectious diseases they cause in natu-
ral systems (reviewed in Hudson et al. 2002). A growing number of
studies point to the role of parasites in regulating hosts and driving pop-
ulation dynamics, such that their removal could in part explain in-
creased growth, abundance, and size of exotic organisms in novel
habitats. As such, there exists an experimental niche in terms of bri
ing these disciplines together with regard to specifically assessing
role of parasites in the enemy release hypothesm However, confounding
variables create difficulties for examining empirical evidence of the role
that parasites alone, compared with other enemies, play in facilitat :»_:
or inhibiting the invasion process. Most studies of assessing enemy re-
lease thus far have taken comparative approaches, with release of bio=
logical control agents providing an alternative set of opportunities to
assess the impacts of different parasites on host regulation.
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Given the potential limitations of experimental tests of enemy release
ntroduced populations, we advocate a synergistic approach to study
ole of parasites in invasion biology using a combination of molecular
hniques, field surveys, experiments, historical records, and multivari-
odels. Molecular techniques can be used to test for evidence of mul-
inle introductions in the introduced range as well as for genetic variation
i both the native and introduced ranges (e.g., founder effects in the intro-
aced range). Field surveys help quantify both enemy pressure and geo-
phic variation in size and fitness of the invader across the native and
duced ranges. Historical records can provide further information on
the scope and timing of the introduction and the number of poten-
introduction events. Multivariate models that predict the success of
ders (at species or population level) based on overlap between native
nd introduced range, time since introduction, parasite burden, popula-
jon density, climate, and existing genetic variation will provide a more
mprehensive review of the importance of parasite release in determin-
invader success. Not only is there a need for further experimental ap-
sroaches, such as manipulation of hosts and parasites in both natural and
nvaded range, but there is also a need to incorporate developing areas of
se ecology, such as interactions of parasite species within hosts.
Complementary to determining the role of parasites in enemy release
i determining which types of parasites would be lost and gained during
invasion. In this chapter we have speculated that highly regulatory para-
es are most likely to be lost, but they could also be rapidly gained, es-
secially RNA viruses. Therefore the rate at which parasite accumulations
r will determine the time period under which the invasive host pop-
ulation becomes regulated by parasites (see figure 8.1). We speculate
that this time frame may be hundreds of years, but it may be accelerated
by high propagule pressure, which in turn will depend on the level of bi-
otic resistance of the invaded community. This could be high for invaded
mmunities that contain phylogenetically close species, or low for spe-
that invade phylogenetically distant communities, for example, de-
liberate introductions to distant and remote islands.
Owing to the potentially long time period over which accamulation of
asites and thus regulation of invasive species occur, it is essential to
into account evolutionary theory. This suggests that, at first, resource
ocation away from costly parasite defense should enhance invasive spe-
growth rates, but that founder effects and loss of resistance should
ncrease host susceptibility to parasitic infection in the long term.
~ Careful consideration should be given to the changes in ecosystem
functioning that invasive species may cause. Ultimately these indirect
ges can affect host-parasite dynamics not just of the invading species
but also of the native host community and its parasite fauna. For instance,
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invasive species can increase the reservoir host density, facilitating the per-
sistence of some parasites or increasing transmission through paras
mediated competition. Indirect effects brought about by invasions cou

form the focus of future research, for example changes in native reservoir
host density though trophic interactions with invasive species. An overall
focus for future work is to move beyond case studies, speculation, an
inference-based retrospective studies to develop a general understanc "
of key processes and patterns that reflect the interface between infectious
diseases and biology of species invasions. As global trade and travel i
crease, the number of accidental and deliberate introductions is expe:
to rise, providing further impetus to elucidate the role of parasites and
pathogens in host regulation and the importance this has for invasive spe-
cies and ecosystem functioning. '
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