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Abstract. The process of rapid range expansion (as seen in many invasive species, and in
taxa responding to climate change) may substantially disrupt host–parasite dynamics.
Parasites and pathogens can have strong regulatory effects on their host population and, in
doing so, exert selection pressure on host life history. We construct a simple individual-based
model of host–parasite dynamics during range expansion. This model shows that the parasites
and pathogens of a range-expanding host are likely to be absent from the host’s invasion front,
because stochastic events (serial founder events) in low-density frontal populations result in
local extinctions or transmission failure of the parasite/pathogen and, hence, a preponderance
of uninfected hosts in the invasion vanguard. This pattern is true for both density-dependent
and density-independent transmission rates, although it is exacerbated in the case of density-
dependent transmission because, in this case, transmission rates also decline on the front. Data
from field surveys on the prevalence of lungworms (Rhabdias pseudosphaerocephala) in
invasive cane toads (Bufo marinus) support these predictions, in showing that toads in newly
invaded areas of tropical Australia lack the parasite, which only arrives 1–3 years after the
toads themselves. The resultant ‘‘honeymoon phase’’ immediately post-invasion, when
individuals in the invasion-front population are virtually pathogen-free, may lead to altered
host population dynamics on the invasion front, causing, for example, high densities in
invasion-front populations, followed by a decline in numbers as parasites and pathogens
arrive and begin to reduce host viability. The honeymoon phase may ultimately impact the
evolution of life-history investment strategies in both host and parasite on the invasion
vanguard, as hosts are released from immune challenges and parasites continuously expand
into a favorable and unoccupied niche.

Key words: Bufo [Rhinella] marinus; cane toad; climate change; density dependence; host–parasite;
introduced species; lungworm; northern Australia; range expansion; Rhabdias pseudosphaerocephala;
transmission rate.

INTRODUCTION

Parasites and pathogens exert a powerful influence on

the ecology and evolution of their hosts. Not only can

they have a strong regulatory effect on host population

dynamics (e.g., Hudson et al. 1998), but parasites and

pathogens also can also exert selection pressure on the

life-history traits and immunocompetence of their hosts

(e.g., Agrawal and Lively 2001, Busch et al. 2004). Thus,

host populations that can rid themselves of parasites and

pathogens face altered selective pressures and may

exhibit changed population dynamics (Colautti et al.

2004).

Introduced species make excellent study systems

within which to examine the ecological and evolutionary

effects of parasites and pathogens (Lafferty et al. 2005).

The reason for this is that introduced populations often

start from a very small founder population, and this

small founder population is likely, by chance, to capture

only a subset of the parasites and pathogens that exist in

the parental population. Thus, introduced populations

usually exhibit lower parasite and pathogen diversity

than their parental population (Mitchell and Power

2003, Torchin et al. 2003). This release from the full

effect of parasites and pathogens is often cited as a

primary reason for the spectacular success of many

introduced species (Williamson 1996, Keane and

Crawley 2002).

Here we argue that the founder effect during initial

introduction is only the first mechanism by which

introduced species leave behind parasites and pathogens.

We argue that, post-establishment, as soon as the

introduced population begins to expand its range, the

process of range advance quickly results in lowered

parasite prevalence on the expanding range edge. Our

models and data suggest that this second mechanism is

likely to be so effective that few or no parasites and

pathogens will be able to keep pace with the expanding

population front. Additionally, because this second

mechanism is a consequence of range shift, it is

applicable not only to invasive species, but also to
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species shifting their range as a consequence of climate

change.
Why do we expect this second purge? The first reason

is simply that the host population density is low on the
expanding front, so the sampling error around proba-

bilities of parasite/pathogen arrival and transmission is
high. At some point during range expansion, this

sampling error will result in either no infected hosts
arriving at a frontal population, or infected hosts
arriving but failing to infect others. When this happens,

the parasite will be locally extinct. This mechanism has
been described under various names in population

genetics, where it can lead to complex changes in gene
frequencies (e.g., Austerlitz et al. 1997, Klopfstein et al.

2006); we refer to it here as the ‘‘serial founder
mechanism.’’ The second reason for this purge is that

many parasites and pathogens exhibit density-dependent
transmission. In such cases, at low host densities (as can

be found on the expanding front), the parasite has
lowered transmission rates. Thus, with density-depen-

dent transmission, parasites and pathogens face both a
lowered chance of transmission as well as the risk of

stochastic extinction through serial foundering.
Here we explore the effect of serial founder events and

density-dependent transmission on the prevalence of
parasites/pathogens, using a simple, spatially explicit

simulation model. Some previous models have explored
the situation in which parasite dispersal is decoupled

from that of the host (i.e., parasites may disperse a
greater distance than the host; e.g., Owen and Lewis
2001). Other models have focused on the effect of

parasitism on the rate of range advance in the presence
of a competitor (Moorcroft et al. 2006), using plants as

model systems. Here, we consider the common situation
in animals: where parasite dispersal is effected by host

movement. Further, to clarify the mechanisms at work,
we examine cases in which the parasite may or may not

be pathogenic (i.e., the ‘‘parasite’’ may be a symbiont).
After demonstrating that the parasite/pathogen lag is

likely to occur under a broad range of conditions, we
then present data from a real biological invasion (that of

the cane toad, Bufo marinus, and its natural lungworm
parasite, Rhabdias pseudosphaerocephala, in northern

Australia) that exhibits the predicted parasite/pathogen
lag.

METHODS

Simulation model

Population simulation was conducted in the R

statistical package (R Development Core Team 2008).
A schematic of our individual-based model is presented

in Fig. 1. We simulated the host population as having
discrete generations, inside a spatially explicit frame-

work. Space was modeled as continuous for the
purposes of host dispersal, but discrete (i.e., gridded)

for the purposes of calculating local host densities and
local parasite presence/absence/transmission. Parasite/

pathogen life history was considered direct (i.e., no

secondary host) with no intermediate hosts. Further,

parasite dispersal was considered to be tied to that of the

host (i.e., parasite dispersal is effected by movement of

infected hosts rather than independent movement of the

parasite).

We considered two major modes of parasite trans-

mission: density dependent and density independent

(McCallum et al. 2001). In the density-independent

scenario, transmission rate was set by a global param-

eter that determined the rate of transmission between

infected environments and recruits. A grid cell was

considered infected if a single infected host was present,

and infected grid cells had a fixed probability of

infecting new individuals within that cell. In the

density-dependent scenario, transmission rate was set

according to standard mass-action transmission, where

the number of new infections per cell equals the density

of infected individuals multiplied by the density of

susceptibles (in our case, new recruits), multiplied by

beta, the ‘‘transmission coefficient’’ (May and Anderson

1979). In both scenarios, stochasticity was introduced

into the transmission process by determining the

infected status of a new recruit from a binomial

distribution with probability of being infected deter-

mined by the (global or within cell) transmission rate.

The population was seeded with an initial population

size of 100% of the total carrying capacity of a 1003200

unit space. The units of space are arbitrary. Individuals

were scattered randomly through this space and were

randomly assigned infected status via a single binomial

draw on the global transmission rate (density-indepen-

FIG. 1. Schematic of the spatially explicit host–parasite
simulation model. The number of iterations (generations) run is
given by 35 and 345.
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dent scenario), or an initial prevalence of 0.5 (density-

dependent scenario). Host population growth followed

the Ricker equation (e.g., Travis 2003), with population

density calculated within each grid cell and an individ-

ual’s expected number of offspring calculated according

to this grid cell density. Individuals reproduced asexu-

ally, and demographic stochasticity was introduced by

drawing an individual’s actual number of offspring from

a Poisson distribution with lambda equal to the expected

number from the Ricker equation. Following the

calculation of offspring number for each individual, all

parents died and, if the offspring were in an infected grid

cell, offspring were infected according to a single draw

from a binomial distribution with p equal to the

transmission rate.

Following possible infection, individuals dispersed in

random directions away from their birth location with a

distance given by a draw from a log-normal distribution

with a mean of five and standard deviation equal to two

units. To avoid rare, long-distance dispersal and to

introduce more realism into the dispersal process,

dispersal was given a linear cost whereby the probability

of surviving dispersal was proportional to the distance

an individual moved (see Phillips et al. 2008). Here we

used a simple linear cost and constrained the maximum

possible dispersal distance to 15 units.

Following the initial host/parasite seed, the host/par-

asite population was run for five generations inside the

100 3 200 space before the right-hand edge of the space

was opened and the population was allowed to expand

into this 1003 unbounded space for a further 45

generations. Space edges were treated as reflective (the

world is not infinite, and suicidal lemmings are

apocryphal). To speed simulations, space was closed

200 units behind the expanding front during the phase of

range advance. That is, only individuals within 200 units

of the most frontal individual were retained in our

simulations.

The population at equilibrium

The way we discretize space for the purposes of

density calculations and parasite transmission would

probably influence the outcome, so we ran numerous

simulations varying grid-cell size, global carrying

capacity, and parasite transmission rates (see

Appendix). Following these simulations, we selected a

grid size of five, and a global carrying capacity of 32 000

individuals. This combination of parameters supported

parasites over 50 generations for global transmission

rates ranging from 0.1 to 0.9, but had a cell size only

one-third that of the maximum dispersal distance. All

simulations reported on here use this combination of

parameters. Our approach is to create a system in which

parasites persist at expected prevalences over 50

generations in equilibrium space, then test this system

under range shift. If range shift has no effect on host–

parasite dynamics, prevalences on the expanding front

should be identical to those occurring at spatial

equilibrium, or in the core of the range.

The model during range expansion

We examined the effect of range expansion in the

symbiont case in which the parasite/pathogen did not

inflict any cost on the host’s viability, as well as in cases

where the parasite inflicted a survival cost. Any lowered

prevalence of parasites/pathogens on the expanding

range front in the cost-free instance must be driven

purely by low host density on the leading edge of the

expanding front (i.e., serial founder effects), and will not

be driven by differential survival of infected and

noninfected hosts. However, lowered survival from

parasitism may amplify this effect, so we examined

two levels of parasite cost: reductions in survival

probability of 0.1 vs. 0.4. Because we kept our scale of

dispersal and carrying capacity constant across simula-

tions, we can compare our measures of lag size (Fig. 2)

across all simulations.

We explored these varying parasite cost scenarios

across density-independent transmission rates (T ) vary-

ing from 0.1 to 0.9 (i.e., the probability that a host

individual in an ‘‘infected’’ cell would itself become

infected ranged between 0.1 and 0.9), and across

transmission coefficient values of 0.04–0.2 (the range

within which parasites persisted but did not always grow

to prevalences of 1.0 in initial equilibrium trials over 50

generations). These two transmission modes were

examined across rates of population growth (r) ranging

from 1 to 3. To capture variance between simulations,

each combination of parameters was simulated 20 times.

The case study: cane toads and lungworms

in tropical Australia

To test the prediction from our model, that a parasite

front will lag behind a rapidly expanding host front, we

studied the well-described invasion of cane toads (Bufo

[Rhinella] marinus) in northern Australia. Cane toads

were released into northeastern Australia in 1936 and

have since spread westward more than 1700 km, largely

unassisted by humans (Phillips et al. 2007). The history

of the toad advance has been well documented (with

currently more than 16 000 unique date/locality data

points across the country; e.g., Sabath et al. 1981,

Easteal et al. 1985), so we can estimate, with reasonable

precision, the arrival year of toads at each location

across their current range (Phillips and Shine 2004,

Urban et al. 2008).

Although cane toads in Australia carry several

parasites and pathogens (Freeland et al. 1986, Speare

1990, Barton 1997), we focus here on a species of

lungworm (Rhabdias pseudosphaerocephala) that origi-

nates in South America, and thus was probably

transported to Australia with the original founding

toads. Extensive sampling and nuclear and mtDNA

sequencing confirm both the South American origin of

this parasite (Dubey and Shine 2008) and that R.
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pseudosphaerocephala is by far the most common lung

parasite in Australian toads (often reaching prevalences

of 80% in sampled populations; Barton 1998). This

parasite exhibits a direct life cycle. Infective larvae

invade anurans through the skin or alimentary tract and

migrate to the lungs, where they feed directly on host

capillaries and mature into large (�13 mm) protan-

drous, hermaphroditic adults. Eggs released in the lungs

pass into the small intestine where they hatch into

larvae. After the toad defecates, larvae undergo a free-

living sexual stage in the soil before producing infective

larvae to continue the life cycle (Baker 1979). Rhabdias

pseudosphaerocephala exert strong pathological effects

on juvenile toads (through lowered growth and survival

of infected individuals), but effects on adult hosts have

not been recorded (Kelehear et al. 2009). The direct life

cycle of this parasite, coupled with its limited self-

dispersal ability, suggests that it may be best described

by density-dependent transmission.

Here, we report on toad collections made over the last

23 years in which toads from numerous localities were

collected, euthanized, dissected, and examined for the

presence of rhabditid nematodes in the lung. Our

simulation modeling leads us to predict that, through

repeated founder effects, the R. pseudosphaerocephala

invasion front will lag behind that of the cane toad.

Data and analysis

We combined data sets on R. pseudosphaerocephala

prevalence collected by several workers (D. Barton, C.

Kelehear, B. L. Phillips, L. Pizzatto, G. P. Brown). This

data set came from 1412 individual toads, representing

72 sites spanning the toad’s range across northern

Australia, sampled over a 23-year period (1989–2008;

Fig. 3 and Appendix: TableA1). In analyzing this data

set, we were primarily interested in whether distance

from the toad invasion front (measured here as time

between toad colonization and sampling of the partic-

ular site) influenced Rhabdias prevalence. However,

because the data were collected at various times, and

because we expect that R. pseudosphaerocephala will

vary in prevalence seasonally (Barton 1998), we added a

seasonal effect in addition to our main effect of interest.

Our analysis, then, consisted of a linear model with a

binomial error structure (and thus a logit link) and three

effects; time since toad colonization, site, and season

(Clark 2007).

Site was modeled as a random variable. Season was

modeled as the sum of two cyclic terms (i.e., sin(month)

FIG. 2. (a) An example of a simulation showing the distribution of the population after 45 generations of range expansion;
distances are arbitrary units. Black points are infected individuals, and gray points are uninfected individuals. Black-outlined
rectangles are the windows within which parasite prevalence was measured (on the range front and in the core of the population),
and the double-headed arrow measures the distance between the most advanced infected and uninfected individuals. Carrying
capacity in this example is 50% of that used in actual simulations, and the global transmission rate is 0.3. (b) Change in parasite
prevalence through the space, where parasite prevalence was calculated from x-axis bins of size 10 units.
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þ cos(month), where month is considered continuous, is

expressed in radians, and is scaled between 0 and 2 p;
Crawley 2007). Time since toad colonization was

modeled as a threshold effect because we are looking

at a front of advance and, thus, do not expect time since

colonization to have a gradual, linear effect on

prevalence; instead, we expect a sharp transition

between parasite absence and presence. To describe this

threshold effect, we modeled time since colonization as a

generalized logistic curve (i.e., 1/(1 þ 1/exp(a þ b 3

TSC)), where a and b are parameters to be estimated

that affect the location and sharpness of the transition

and TSC is time since colonization);�a/b represents the

inflexion point of the logistic function and, in our case,

estimates the size of the lag (in years). If the posterior

distribution of �a/b is positive with credible intervals

that do not overlap zero, we can be confident that our

data indicates a lag between toads and their Rhabdias

parasites. We fitted this model using a Bayesian MCMC

approach in OpenBUGS using minimally informative

priors (Lunn et al. 2000). Following a burn-in of 10 000

iterations, each chain was iterated a further 100 000

times.

RESULTS

Model during range advance

Following our initial population seeding (at 100%

carrying capacity), we ran the population for five

generations at equilibrium before allowing the popula-

tion to expand into uncolonized space for a further 45

generations. At the end of 45 generations of range

expansion, we recorded three measures of parasite

distribution (Fig. 2): the distance between the most

advanced uninfected and infected hosts; the proportion

of infected individuals on the expanding ‘‘edge’’ of the

range (calculated from all individuals within 10 x-axis

units of the most advanced individual); and the

proportion of infected individuals in the ‘‘core’’ of the

range (calculated from all individuals 30–40 x-axis units

from the trailing edge of our space). In this way we

recorded the size of the lag in terms of physical distance

as well as the relative proportion of infected individuals

in edge and core populations.

Density-independent transmission

With density-independent transmission, the preva-

lence of the parasite/pathogen on the invasion front

varied wildly (Fig. 4, top left panel; error bars). This

increased variance in prevalence is to be expected during

the serial founder events characterizing the low-density

invasion front: only a small number of hosts arrive at

frontal locations each generation, so the sampling error

associated with these small numbers leads to massive

variance in observed parasite prevalence. Importantly,

this increased variance in prevalence often leads to the

extinction of parasite/pathogen populations on the

expanding host front, and thus a lag between the arrival

in an area of hosts and of their parasites (Fig. 4, bottom

left panel). This large error variance was not observed in

the density-dependent case, because the lag size was

greater in those simulations and thus edge populations

(defined as ,10 units from the invasion front) almost

always had prevalences of zero. Indeed, with density-

independent transmission, the size of the lag between

host and parasite fronts was always smaller than that

observed under density-dependent transmission. This is

to be expected, because the only cause of the lag in the

density-independent case is sampling error around

transmission, whereas in the density-dependent case,

this sampling error is compounded by a lower expected

transmission at low density. In our simulations, the only

cases in which parasites occasionally did not lag behind

their host were when transmission rate was high (.0.8)

and independent of density. The transmission rate

necessary to cause a lag in the density-independent case

decreased with increasing r (Appendix: Fig. A3).

Density-dependent transmission

With density-dependent transmission, the prevalence

of parasite/pathogens on the invasion front was almost

always zero following 45 generations of range expansion

(Fig. 4, top right panel). This striking difference

occurred even when the transmission coefficient was

high and core populations had nearly 100% parasite

prevalence. The physical size of the lag between host and

parasite invasion fronts declined rapidly from greater

than the size of the space available (i.e., 200 units) when

the transmission coefficient was very low, to a much

smaller lag as the transmission coefficient increased (Fig.

4, bottom right). The size of the lag increased with

FIG. 3. Localities sampled for Rhabdias in northern
Australia (Northern Territory and Queensland). Sampled
localities are indicated by dark dots. Localities are Timber
Creek (TC), Middle Point (MP), Roper Bar (RB), Borroloola
(B), and Calvert Hills (CH).
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increasing r (Appendix: Fig. A2). In both density-

dependent and density-independent cases, increasing

parasite costs (on host survival) led to increasing lag

sizes and lowered prevalence of parasites on the front

(Fig. 4 and Appendix).

The case study: cane toads and lungworms

in tropical Australia

Three lines of evidence suggest that the Rhabdias

pseudosphaerocephala front does, in fact, lag behind the

invasion front of toads in northern Australia. Each line

consists of detailed sampling that revealed no lungworms

in toads at a site near the current toad invasion front, but

the arrival of the parasites at that site at a later date.

First, a sample of 72 toads collected near the western

edge of the toads’ range (at Calvert Hills) in 1989 (an

area colonized by toads less than two years previously)

lacked Rhabdias, despite the parasite being common in

sites farther east. A follow-up survey 17 years later

(2006) found that 87% of 31 toads from nearby

Borroloola were infected. At the same time (2006), a

sample of toads (n¼ 21) from the current invasion front,

750 km farther west at Timber Creek, yielded no

Rhabdias. Two years later, however, a small sample of

toads at Timber Creek (n¼ 4) yielded 50% prevalence of

R. pseudosphaerocephala.

Second, in November of 2007, a transect between

Roper Bar and Middle Point in the Northern Territory

was sampled at regular intervals for Rhabdias. In this

transect, R. pseudosphaerocephala was detected in all of

the 17 easternmost sites, but was not detected in the four

westernmost sites (i.e., closest to the toad invasion

front). Follow-up sampling 10 months later (in

September 2008) confirmed the presence of lungworms

in all of the resampled, previously infected, sites, but

also detected Rhabdias at all of the resampled, previ-

ously Rhabdias-free sites. Together, these data indicate

an invasion of R. pseudosphaerocephala from east to

west across this transect, following the toad invasion but

lagging behind it.

Third, we sampled a single site (Middle Point; Fig. 3)

longitudinally at regular intervals from when cane toads

first arrived (early 2005) through to late 2008. In this

sample, Rhabdias were not present before January 2008

(n ¼ 94 up to December 2007), but were detectable in

samples from this date on (n ¼ 64 since January 2008;

FIG. 4. Top panels: parasite/pathogen prevalence on the range edge vs. the range core following 45 generations of range
expansion, with varying parasite costs under density-independent and density-dependent transmission. The ‘‘edge’’ of the range was
calculated from all individuals within 10 x-axis units of the most advanced individual; the ‘‘core’’ of the range was calculated from
all individuals 30–40 x-axis units from the trailing edge. Bottom panels: the size of the lag between the most advanced host and the
most advanced parasite after 45 generations of range expansion with varying parasite costs. Truncated series have lag sizes greater
than the 200 units of space maintained for simulations. In each panel, results are from 20 replicate simulations at each level with the
rate of population growth, r, set at 1.5; error bars represent 6SD across replicate simulations and, to avoid clutter, are not shown
for all series.
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Fig. 5), indicating the arrival of R. pseudosphaerocephala

at this site approximately three years after the arrival of

toads.

Data analysis

These three observations are strongly supported by

our statistical analysis of the entire data set. Our linear

model showed high variance attributable to site, but

nevertheless confirmed that time since toad colonization

was a major predictor of the prevalence of R.

pseudosphaerocephala. The coefficient for the term

incorporating time since colonization was unequivocally

positive (median: 467.8; 95% credible interval: 18–1576;

Table 1) and the best fit of the threshold function

indicates a very steep transition in Rhabdias prevalence

with a median lag of 2.26 years (credible interval 0.9–2.5

years) between toad colonization and Rhabdias arrival

(Table 1, Fig. 5).

Our linear model also indicated weak seasonality in R.

pseudosphaerocephala prevalence, with the coefficient of

the sine and cosine terms both being weakly negative

(sine: median, �0.19, 95% credible interval, �0.6–0.2;
cosine: median,�0.23; 95% credible interval:�0.6–0.20;
Table 1). These values correspond to a cycle around

mean prevalence with a peak-to-trough amplitude of

;0.15 (lowest prevalence in early February and highest

prevalence in early August).

DISCUSSION

Both our simulation modeling and our empirical data

strongly suggest that host–parasite dynamics can be

substantially modified in the course of a range expan-

sion, as occurs with an invasive species like the cane toad

in tropical Australia. Data on lungworms in cane toads

show that individual hosts at the invasion front tend to

be parasite-free for some years after the initial coloni-

zation of an area. Our models suggest that this

FIG. 5. (a) Predicted threshold relationship (solid line) with 95% credible interval, CI (dashed line), between prevalence of
Rhabdias pseudosphaerocephala in an area (open circles, prevalence corrected for seasonal effects) and time since toads colonized
that area. The large credible interval around predicted prevalence is largely attributable to stochastic variation between sites. (b)
Prevalence of R. pseudosphaerocephala at Middle Point between the first date of arrival of toads (early 2005), to mid-2008. Lines
show the same model fit as in panel (a). Open circles are estimates of prevalence. Average sample size per point is n¼7. Up until the
first R. pseudosphaerocephala is detected, total sample size is n¼ 94. Sample size following detection of R. pseudosphaerocephala is
n ¼ 66.
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phenomenon should be widespread in species undergo-

ing rapid range expansion, even if the parasite or

pathogen involved confers no cost to the host’s

dispersal, or reproductive output. If parasites or

pathogens do confer survival costs, however (as must

often be the case), this acts to increase the duration of

the lag between the host front and the parasite/pathogen

front even further. These results are interesting in their

own right, as well as for their relevance to understanding

and (potentially) mitigating the effects of invasive

species on fauna and flora within the introduced range.

We will explore the process responsible for generating

these parasite lags before considering the implications of

our results.

Our models are simplistic, with assumptions that fail

to match biological attributes of all invasive species and

their parasites/pathogens (e.g., asexual reproduction,

discrete generations, parasites with limited self-dispersal

ability, parasites with a direct life history) and with

arbitrary values for many of the critical parameters

(such as the rate of population growth, r). Our model is

also a simulation, and it is impractical to explore the

entire possible parameter space of the model, so it is

possible that some combination of parameters yields

qualitatively different outcomes than we have observed

here. Nonetheless, within the parameter space we

explored, our results were consistent across a wide

range of parameter values, and the model’s outputs are

readily interpretable in terms of logic. Additionally, our

model of parasite/pathogen spread during range ad-

vance yields results similar to those of a previous model

based on integrodifferential equations (Moorcroft et al.

2006). In our case, the parasite lag occurs even in the

total absence of parasite costs (i.e., with hosts totally

unaffected by parasitism), and so is due entirely to the

serial founder events and, when transmission is density

dependent, lowered transmission rates on the invasion

front.

Our modeling, thus, suggests that many invasion

fronts should exhibit a lower prevalence of parasites/

pathogens than occurs farther back within the colonized

range. The duration of the lag phase will depend

strongly upon the mode of transmission (density

dependent or independent) as well as the transmission

rate of the parasite/pathogen. This lag phase should

occur not just in invasive species, but in any species

expanding its range, perhaps because of climate change,

or anthropogenic modifications such as habitat manip-

ulations or removal of a competitor or predator. In

support of this notion, recent empirical work by

Menéndez and colleagues (2008) shows reduced parasite

prevalence on the expanding range edge of a butterfly

species shifting its range northward due to climate

change. The results of Menéndez et al. (2008), however,

could be due to a number of competing factors,

including switches in feeding preference by the butterfly,

as well as the mechanisms we elucidate here. The cane

toad example, however, is much less ambiguous, with a

nonnative parasite lagging behind its natural host as the

host invades new areas.

The lag in parasite arrival suggests several interesting

implications for the evolution and ecology of host–

parasite systems under range advance. First, because

parasites/pathogens act as strong regulators of host

populations (e.g., Hudson et al. 1998), parasite-free host

populations on an expanding range edge are likely to

exhibit altered population dynamics (e.g., changes in

population cycles, higher growth rates, and so forth)

when compared with host populations in the core of the

range. Importantly, these altered population dynamics

may lead to accelerated rates of range expansion by the

host (Hengeveld 1989, Shigesada and Kawasaki 1997,

Clark et al. 2001, Moorcroft et al. 2006).

Second, the absence of parasites on the expanding

population front potentially has evolutionary implica-

tions for the host. Hosts that find themselves in a

TABLE 1. Results of the linear model used to analyze prevalence of the parasitic lungworm
Rhabdias pseudosphaerocephala across Australia.

Model term Prior

Posterior

Median CI lower CI upper

Intercept N(0, 1000) �469.1 �1578.0 �20.1
Sin(month) N(0, 1000) �0.191 �0.589 0.199
Cos(month) N(0, 1000) �0.227 �0.633 0.162
Logistic coefficient N(0, 1000) 467.8 18.6 1576.0
Logistic parameter (a) N(0, 1000) �1024.0 �2414.0 �140.4
Logistic parameter (b) N(0, 1000) 517.9 99.9 1381.0
Variance due to site 1/Gamma(0.001, 0.001) 9.50 5.46 17.42
Lag time (years �a/b) 2.26 0.90 2.51

Notes: Rhabdias prevalence was modeled as a function of month and time since the host cane
toads (Bufo marinus) had colonized the sampled area (TSC), with site as a random factor. The
effect of TSC was modeled as a logistic threshold effect requiring additional parameters (a and b)
that affect the steepness and location of the threshold. The post hoc calculation of�a/b represents
the inflexion point of the logistic curve, and hence the timing of the lag between the arrival of toads
and Rhabdias. Rows 2–4 represent the partial coefficients for the three (nonrandom) model factors.
All model parameters were given minimally informative priors, where N(mean, SD) refers to the
normal distribution, and the table reports updated posterior distributions for each parameter:
median and 95% credible interval (CI) of the posterior.
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parasite/pathogen free world will probably face selection

against costly immune defenses and life-history strate-

gies tailored to deal with normal levels of disease and

parasitism (Lee and Klasing 2004, Lafferty et al. 2005,

Martin et al. 2007). With rapid evolution, relatively

short periods of range expansion may see evolutionary

divergence in life history and immune traits between

frontal and core populations of a host species.

Third, the lag between parasite and host potentially

has evolutionary implications for the parasite/pathogen.

By virtue of lagging behind its host, the parasite/path-

ogen continually has uncolonized environments (i.e.,

uninfected hosts) before it. This situation is, thus,

homologous to the process of range expansion being

undertaken by the host as it colonizes new, suitable

areas. On the expanding edge of such a range expansion,

individuals are selected for increased dispersal ability

(Travis and Dytham 2002, Hughes et al. 2007, Phillips et

al. 2008), and this should hold equally for parasites/

pathogens as for their hosts. Thus, parasites and

pathogens invading behind their hosts should evolve

heightened dispersal ability on their expanding range

edge. Parasites with limited self-dispersal ability may

increase their dispersal ability in many ways, but a clear

possibility is to increase their transmissibility. Given that

transmissibility is commonly found to trade off against

virulence (Ewald 1994), parasites/pathogens on expand-

ing range edges may face selection for reduced virulence

as a means of increasing their dispersal ability.

In addition to these implications for the ecology and

evolution of host–parasite systems, our results have

potential implications for the impact of invasive species.

Given widespread acceptance of the idea that a lack of

native-range parasites and pathogens is a major reason

why invasive species so often flourish within the

introduced range (Keane and Crawley 2002, Mitchell

and Power 2003, Torchin and Mitchell 2004), our

models and data suggest an extension to this hypothesis:

that a delay in the arrival of parasites and pathogens

may explain why invasive species often build up very

high population densities in newly invaded areas, but

their abundances decline post-invasion (Simberloff and

Gibbons 2004). This phenomenon is often observed

during biological invasions (e.g., Freeland 1986, Boggs

et al. 2006), and the mechanisms for that shift in

densities are probably manifold. Hypotheses include

prey-switching by predators (e.g., Petrie and Knapton

1999), environmental change (e.g., Phelps 1994), com-

petition (Simberloff and Gibbons 2004), food depletion,

and host-switching by native parasites (Freeland et al.

1986, Simberloff and Gibbons 2004). Another plausible

contributor to this pattern of shifting abundances is the

lag phase identified by our models. Importantly, high

abundances immediately post-invasion may increase the

degree to which an invasive species disrupts native

ecosystems.

In summary, our models predict that species under-

going rapid range expansion (including invasive taxa)

often will leave behind their parasites and pathogens

(especially pathogenic parasites or those characterized

by low density-dependent transmission rates) in the

course of that range expansion. The ecology of

populations at the invasion front thus may differ in

important ways from that of ‘‘older’’ populations. Those

differences may influence the magnitude of impact of the

invader, either exacerbating effects due to the invading

host species itself, or delaying effects due to parasite or

pathogen transmission from the invader to the native

biota. Understanding the nonequilibrial dynamics of

host–parasite interactions in a species undergoing rapid

range expansion not only may clarify many basic

ecological questions, but also may provide opportunities

for novel approaches to reducing the ecological impact

of invasive taxa.
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APPENDIX

Sampling localities, equilibrium simulations, and simulations with varying r (Ecological Archives E091-063-A1).
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