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Introduction

The adaptive benefit of many traits is widely accepted

without argument, with the frequent belief that traits

showing a design that appears perfectly suited to their

function cannot be accidents of evolution. However, the

potential costs associated with these traits, and the fact

that they may simply be the fortuitous outcomes of

evolutionary constraints, are often ignored (Gould &

Lewontin, 1979). The ability of parasites to alter the

behaviour, colouration or morphology of their hosts in

ways that facilitate their own transmission is one such

suite of traits, also providing compelling evidence for the

extended phenotype (i.e. the genes of one organism

having visible effects in another organism, with fitness

benefits reaped by the former; Dawkins, 1982). Indeed,

some examples of what parasites do to their hosts are

quite remarkable (see Moore, 2002 for review), and

therefore unlikely to be mere pathological side-effects of

infection. However, a few critics have warned that a

documented change in host behaviour that can be

argued to benefit the parasite, unless it involves a

complex mechanism with clear signs of purposive

design, cannot be taken as evidence for adaptation

without quantitative assessment of its overall effect on

parasite fitness (Moore & Gotelli, 1990; Poulin, 1995,

2000). Without such an assessment, the more parsimo-

nious null hypothesis that altered host behaviour is

simply an incidental (if fortuitous) side-effect of infec-

tion cannot be rejected. Although studies have empha-

sized the importance of considering biological

complexity and functionality when assessing potential

parasite adaptations (see, for example, Brown et al.,

2001), none have explored the fitness gain to the

parasite of an inferred manipulation in the context of its

entire life cycle through the application of simulation

modelling. We would argue, however, that such an
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Abstract

Parasite manipulation of host behaviour is a compelling example of the

extended phenotype. However, in many cases, such manipulation may be

incorrectly assumed. Previous work has demonstrated that Austrovenus

stuchburyi cockles stranded on mud-flat surfaces due to an inability to

re-burrow both contain significantly more metacercariae of the trematode

Curtuteria australis and are predated by the definitive host of this parasite at a

faster rate than burrowed cockles. These results have been interpreted as

strong evidence for a manipulation of cockle behaviour by the trematode to

facilitate transmission to the definitive host. The model presented here,

however, indicates that the selective advantage to the parasite of the altered

host behaviour is currently of a negligible level at our study site that is highly

unlikely to have been realized as an adaptation over evolutionary time. Hence,

there are no grounds on which the more parsimonious explanation, that the

altered host behaviour observed is simply an incidental side-effect of infection,

can be rejected. We thus maintain that for any change in the behaviour of

infected hosts to be confirmed as potentially a parasite trait that has evolved in

response to selection, the adaptive benefit taking into account the entire

parasite life cycle may need to be considered.
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approach may be essential when testing against the

nonadaptive null hypothesis, since even a manipulation

of great benefit at one stage of the life cyle may mean

little in terms of overall parasite fitness if transmission

success at that stage is not a limiting factor.

Here, we use this novel approach to critically assess a

host/parasite system for which there is compelling

evidence for parasite manipulation of host behaviour,

to determine whether estimates of the selective advant-

age of the altered behaviour are of a magnitude that

make it likely to have been selected for as a parasite

adaptation over evolutionary time. The trematode Curtu-

teria australis (Echinostomatidae) cycles through three

hosts in the New Zealand intertidal zone (Allison, 1979).

Miracidial larvae hatched from eggs infect the whelk

Cominella glandiformis, in which they multiply asexually

to produce cercariae, the next free-swimming infective

stage. Cercariae then enter the cockle Austrovenus stutch-

buryi via the filtration current and encyst as metacerca-

riae in the bivalve’s foot. The life cycle is completed when

infected cockles are ingested by oystercatchers, Haemato-

pus spp., the definitive hosts in which adult flukes live. It

is at the cockle-to-bird stage of the cycle that host

manipulation by the parasite has been inferred. Normal,

healthy cockles live burrowed 1–3 cm under the inter-

tidal zone sediment surface. However, as a cockle

accumulates metacercariae in its foot, its ability to

burrow decreases until the cockle is incapable of

re-burrowing when accidentally exposed at the sediment

surface (Thomas & Poulin, 1998; Mouritsen, 2002). The

accumulating metacercariae not only replace muscle

tissue, but also directly interfere with the foot’s mechan-

ical performance (Mouritsen, 2002). Two independent

predation tests have revealed that cockles exposed at the

surface are between five and seven times more vulner-

able to predation by oystercatchers than burrowed

cockles (Thomas & Poulin, 1998; unpublished data) and

thus the inhibition of the cockle’s burrowing ability

apparently increases the transmission rate of the parasite

to its definitive host. However, as the inferred parasite

adaptation is neither complex nor strongly evident of a

purposive design, we would argue that a test against the

nonadaptive null hypothesis is required to justify the

altered host behaviour being considered a parasite

manipulation.

One reason why the observed change in host

behaviour may not be adaptive is that there are

potentially associated costs, as well as benefits, to the

parasite. In particular, the inability of infected cockles

to burrow may increase rates of ingestion of parasite

metacercariae by non-host predators in two ways. First,

cockles exposed at the sediment surface are also more

vulnerable to predation by whelks (Mouritsen &

Poulin, 2003a). Although the metacercariae can survive

in whelks for a few days and may yet end up in birds

if the latter prey on whelks, whelk predation results in

major losses of metacercariae (McFarland et al., 2003).

Secondly, cockles at the sediment surface face a high

risk of having their foot cropped by the fish Notolabrus

celidotus (Mouritsen & Poulin, 2003b). Thus, on

average, a metacercariae in the foot of a surfaced

cockle is about 500 times more likely to be ingested by

a fish than one in a burrowed cockle (see Table 2).

Hence, it is possible that any fitness gain to the parasite

through an increase in the transmission rate of parasite

stages from the intermediate to the definitive host may

be negated by the increased loss of infective stages to

these two non-host predators. Although some parasites

appear to alter intermediate host behaviour not only to

increase transmission to definitive hosts, but also to

minimize losses to non-host organisms (e.g. Levri,

1998), the observed effect of the parasite would not

allow such flexibility – either a cockle is able to burrow

or it is not. Thus, losses of metacercariae to non-host

organisms (and the costs to parasite fitness that they

reflect) are an integral part of the model constructed,

which simulates both the flow of parasite stages and

the number of infected hosts in this complex system,

and the magnitude of the parasite ‘manipulation’ of

cockle behaviour at a tidal stretch of mud-flats located

on the Otago Peninsular, New Zealand. This location

(Company Bay) was chosen as the mean metacercariae

burden of cockles at this site (and likewise the

population scale impact of the parasite) is at the high

end of the observed scale. Thus, we assumed that

failure to reject the null hypothesis using the best

parameter estimates from this site would be strong

evidence for a lack of current adaptive benefit from the

inferred manipulation.

Methods

Model formulation

The life cycle of C. australis was modelled using a

linked set of differential equations, simulating (on a

daily basis) the accumulation of live (L) and dead (D)

metacercariae in cockles, the survival of metacercariae

(T ) in the gut of whelks acting as temporary transport

hosts, the population of flukes (H) in the definitive

host, and the number of infected whelks (I) present in

the system:

dL

dt
¼ bIkI � PLB � PLW � PLF � ðaC þ aLÞL ð1Þ

dD

dt
¼ aLL � PDB � PDW � PDF � ðaC þ aDÞD ð2Þ

dT

dt
¼ ð1 � aMÞPLW � ðaT þ lIBÞT ð3Þ

dH

dt
¼ e�aHðPLB þ lIBTÞ � aHH ð4Þ
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dI

dt
¼ e�aHb

NW

NC

HkH � ðaI þ lIBÞI ð5Þ

In eqn (1), b is the transmission rate (to cockles) of

cercariae produced by infected whelks. The same term

appears in eqn (5) for the transmission rate (to whelks) of

miracidia hatched from eggs defecated by the definitive

host, although here it is adjusted to take into account the

different abundances of whelks and cockles in Company

Bay (NW/NC). This formulation assumes that the trans-

mission rate per host individual is the same for both

cercariae and miracidia. This is a logical assumption to

make as both forms of infective stages are being trans-

mitted at the same locality in the same medium. Note

that any cercariae and miracidia that fail to infect either

cockles or whelks respectively on the day they are

produced are assumed to be lost from the system. This is

realistic as a result of the tidal nature of Company Bay.

The time delay between egg defecation and miracidial

emergence from eggs (c. 10 days; Allison, 1979) and the

time delay between miracidial penetration of whelks and

cercariae production (c. 3 weeks; Allison, 1979) are not

included in the model as they do not significantly affect

the equilibrium dynamics.

The kI [eqn (1)] and kH [eqn (5)] denote the

production rates of cercariae and eggs, by infected whelks

and flukes in the definitive host respectively. aC [eqns (1)

and (2)], aL [eqn (1)], aH [eqn (4)] and aI [eqn (5)] are

the mortality rates of cockles, metacercariae, flukes and

infected whelks, respectively, whereas aD [eqn (2)] and

aT [eqn (3)] are the clearance rates of dead metacerca-

riae from the cockle foot and live metacercariae from the

whelk gut, respectively, and aM [eqn (3)] is the metac-

ercariae mortality that occurs initially upon ingestion by

whelks. Whelk mortality is ignored in eqn (3) as this is

an insignificant route of metacercariae loss compared

with the rate of clearance from the gut.

Whereas, lIB [eqns (3–5)] is the predation rate of

infected whelks by birds, PXY [eqn (1–4)] is the number

of X (either live or dead metacercariae in cockles)

ingested by Y, with Y ¼ B, W and F denoting predation

by birds, whelks and fish (cropping) respectively, where:

PXY ¼ X
lJY þ Sð1:4lKY � lJY Þ

1 þ 0:4S

in which lJY and lKY are the predation rates of burrowed

and surfaced cockles respectively by Y, and S is the

proportion of the cockle population that is surfaced,

being dependent on the intensity of metacercariae

infection in the following manner:

S ¼ 0:0000366ðL þ DÞ
NC

� 0:0001047

½if ðL þ DÞ=NC � 2:86; else S ¼ 0�

These equations are based on the observation that the

intensity of metacercariae infection in surfaced cockles is

c. 1.4 times that in burrowed cockles (after controlling for

the different rates of foot cropping by fish for surfaced vs.

burrowed cockles – see below), irrespective of global

intensity (Table 1), and the previously documented

positive relationship between the intensity of metacerca-

riae infection and the proportion of cockles that are

found on the surface (Fig. 1).

Density dependence in the model is in the form of

reduced establishment success (from 100%) of ingested

metacercariae and reduced fecundity of flukes in the

definitive host with increasing fluke population size [e)aH

in eqns (4) and (5)]. As we have no specific information

on the population dynamics of C. australis infections in

birds, the magnitude of the density dependence effect (a),

by default, is assumed to be the same for both establish-

ment success and fecundity. Based on experimental

infections in the model Echinostoma revolutum/chicken

system (with E. revolutum and C. australis being in the

same taxonomic family, the Echinostomatidae), this is a

reasonable assumption (Fried, 1984; Fried & Freeborne,

1984). As the proportion of Curtuteria-infected whelks in

Table 1 Intensity of infection (mean±SE), by metacercariae of the

trematode Curtuteria australis, in surfaced vs. burrowed cockles from

three sites in Company Bay, New Zealand (unpublished data).

Site

Intensity observed (n) Adjusted for cropping
Surfaced/

burrowedSurfaced Burrowed Surfaced Burrowed

1 140 ± 15 (72) 118 ± 15 (73) 163 118 1.38

2 395 ± 38 (35) 322 ± 35 (36) 460 322 1.43

3 568 ± 46 (74) 457 ± 35 (79) 661 457 1.45

The mean values adjusted for the different rates of foot cropping

by fish for surfaced vs. burrowed cockles taken into account an

average loss of metacercariae from surfaced and burrowed cockles of

14.18% and 0.09% respectively (see Methods).

Fig. 1 Relationship between the mean intensity of infection by

metacercariae of the trematode Curtuteria australis, and the propor-

tion of cockles that are surfaced in Company Bay, New Zealand

(n ¼ 12 sites). Data obtained from Mouritsen & Poulin (2003a).
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Company Bay is, on average, only c. 5% (see below),

density dependence is unlikely to affect the infection rate

of uninfected whelks by miracidia. Also, to our know-

ledge, there is no evidence suggesting density depend-

ence in the rate at which metacercariae accumulate in

cockles; even in the most heavily infected specimens

from Company Bay, metacercariae occupy only about

25% of the cockle foot (unpublished data), indicating

that there is plenty of space left for additional infections.

The model is illustrated, in flow diagram form, in

Fig. 2. Note that the model contains both macroparasite

and microparasite elements, with eqns (1–4) simulating

parasite numbers (in cockles, birds, and the gut of

whelks), whereas eqn (5) simulates infected host indi-

viduals (whelk ‘cercarial factories’). Whereas the cockle

and whelk populations of Company Bay are assumed to

remain constant at NC and NW respectively, with density-

dependent recruitment compensating for all mortality

rates, the size of the bird population is not considered

(rather the fluke population infecting all bird hosts at

Company Bay is simulated). Also note that the docu-

mented relationship between cockle size, parasite inten-

sity, and oystercatcher foraging preference (Norris, 1999)

is not included in the model as, although there is a

significant positive relationship between cockle shell

length and metacercariae intensity in the system studied,

it explains very little of the variance observed (r2 < 0.08;

Poulin et al., 2000). Furthermore, even if definitive hosts

could avoid large numbers of parasites in this system by

selective foraging, this would only act to reduce the

selective advantage of the inferred manipulation, making

rejection of the nonadaptive null hypothesis less likely.

Recently, a second species of trematode was found

encysted in the foot of cockles, along with C. australis

(unpublished data). Like C. australis, it belongs to the

Table 2 Parameter values for the simula-

ted life cycle of the trematode Curtuteria

australis infecting whelks, cockles and birds

in Company Bay, New Zealand.

Parameter Symbol Value

Number of cockles in Company Bay NC 3 103 200

Number of whelks in Company Bay NW 172 800

Cercariae emergence from infected whelks kI 100

Egg production by flukes in the definitive host kH 19.58

Cockle mortality aC 0.000274

Metacercariae mortality aL 0.00184

Fluke mortality aH 0.026

Infected whelk mortality aI 0.000548

Dead metacercariae clearance from the cockle foot aD 0.00274

Live metacercariae clearance from the whelk gut aT 0.333

Metacercariae mortality upon ingestion by whelks aM 0.194

Predation of infected whelks by birds lIB 0.000122

Predation of burrowed cockles by birds lJB 0.000125

Predation of surfaced cockles by birds lKB 0.00064

Predation of burrowed cockles by whelks lJW 0.000165

Predation of surfaced cockles by whelks lKW 0.000965

Cropping of metacercariae from burrowed cockles lJF 0.000000533

Cropping of metacercariae from surfaced cockles lKF 0.000266

Cercariae transmission to cockles b ?

Miracidia transmission to whelks b(NW/NC) ?

Fluke density dependence in the definitive host a ?

All values (bar NC,NW and a) are expressed as daily rates.

Fig. 2 Flow diagram for the simulated life cycle of the trematode

Curtuteria australis infecting whelks, cockles and birds in Company

Bay, New Zealand. Dark boxes denote accumulations and/or losses

of parasite stages (the macroparasite part of the model) with, as in

the model equations, L, D, T, H and I denoting live metacercariae in

cockles, dead metacercariae in cockles, live metacercariae in the

whelk transport host, flukes in the definitive host, and infected

whelks respectively. F denotes the loss of metacercariae to fish via

cropping of the cockle foot. The light box, I, denotes the number of

infected whelks (the microparasite part of the model), and the circle

denotes the variable S (the proportion of the cockle population that

is surfaced). Solid arrows indicate the flow of macroparasite stages,

whereas dotted arrows indicate influences.
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family Echinostomatidae; it uses a different snail first

intermediate host, but shares cockles and oystercatchers,

as second intermediate and definitive hosts respectively,

with C. australis. The relative proportions of the two

trematodes vary among localities in Otago Harbour, and

probably fluctuate in time as well. However, they show

the same preference for encysting near the tip of the foot

of cockles, and they have roughly similar sizes (unpub-

lished data). We consider them to be ecological equiva-

lents, and have not distinguished between them in the

model.

Model parameterization

Parameter estimates (daily values averaged across sea-

sons) were obtained from the literature, including our

own work, and unpublished data (see Table 2). Numbers

of cockles (NC) and whelks (NW) present in Company Bay

were estimated from mean densities of 431 m)2 and

24 m)2 respectively and an approximate area of available

habitat of 7200 m2 (unpublished data). The rates of

predation of cockles by birds (lJB and lKB for burrowed

and surfaced cockles respectively) and whelks (lJW and

lKW for burrowed and surfaced cockles respectively) were

estimated as half that observed during the yearly peak

period of predation and expressed in terms of the

proportion of the standing stock of burrowed and

surfaced cockles taken per day (unpublished data).

Cropping rates of burrowed and surfaced cockles by fish

(lJF and lKF respectively) were calculated as those

required to maintain equilibrium levels of 13.9% bur-

rowed and 82.9% surfaced cockles cropped, where

cropped burrowed and surfaced cockles have lost, on

average, 0.68% and 17.1% of their metacercarial loads

respectively (unpublished data), in the face of cockle

recruitment (of uncropped individuals) replacing the

losses to the cockle population caused by natural mor-

tality (aC), bird predation (lJB and lKB for burrowed and

surfaced cockles respectively) and whelk predation (lJW

and lKW for burrowed and surfaced cockles respectively).

The predation rate of infected whelks by the definitive

host (lIB) was calculated based on the assumption that

whelks make up 5% of the birds’ diet, with the

remaining 95% of the diet made up by cockles (Baker,

1974). According to our parameter values, with c. 0.5%

of the cockle population of Company Bay occurring on

the surface of the mud-flats (see below), an average of

396 individual cockles are taken by birds from Company

Bay each day. Thus, the whelk proportion of the bird diet

consists of an estimated 21 individual whelks per day.

Both the clearance rate of live metacercariae from the

whelk gut (aT) and the metacercariae mortality that

occurs initially upon ingestion by whelks (aM) were

calculated from experimental infections (McFarland

et al., 2003), whilst the clearance rate of dead metac-

ercariae from the cockle foot (aD) was estimated from

unpublished data. The natural mortality rate of cockles

(aC) was estimated from an observed maximum lifespan

of c. 20 years (unpublished data). The mortality rate of

metacercariae in cockles (aL) was assumed to be similar

to values reported for other echinostomes (Donges,

1969), and the mortality rate of infected whelks (aI)

was deduced from Huxham et al. (1993). The mortality

rate of flukes in the definitive host (aH) was calculated

using the body size regression approach of Trouvé et al.

(1998) (with an average body size for C. australis of

1.8 mm; Allison, 1979), plus a small amount to account

for fluke loss because of host mortality. This same

approach was used to give an estimate for fluke fecundity

in the definitive host of 23.5 eggs per day. Since, of the

39 day lifespan, C. australis flukes are estimated as being

prepatent for 6.5 days (again using the body size regres-

sion approach), the fecundity value was adjusted to give

an average rate per day (kH) across the entire lifespan.

The rate of cercarial emergence from infected whelks (kI)

was estimated from the experimental values recorded for

C. australis in Allison (1979).

Model simulation

Model properties were explored by numerical simulation.

Values for either the transmission rate (b) of cercariae to

cockles (and likewise the transmission rate of miracidia to

whelks) or the strength of density dependence influen-

cing flukes in the definitive host (a) are not available.

Hence, model behaviour was analysed to ascertain the

a/b parameter region in which the model output

conformed to observed characteristics of the parasite

system in Company Bay – a mean intensity of

150 metacercariae (both live and dead) per cockle, and

an average proportion of infected whelks (producing

cercariae) in the whelk population of 5% (unpublished

data). Only one combination of a and b satisfied the

above requirements (see Results) and these were thus

the parameter estimates used in subsequent simulations.

The selective potential of the surfacing behaviour in

the cockles as a parasite-induced manipulation was

investigated by comparing parasite population equilibria

for the model constructed including the surfacing

behaviour as a manipulation to a version of the model

with the surfacing behaviour removed (i.e. the propor-

tion of the cockle population surfaced, S, maintained at

0). The selective advantage(s) of a parasite that induces

the surfacing behaviour over one that does not, was

calculated as the increase in the equilibrium fluke

population size attained over that of a non-surfacing

parasite, divided by the non-surfacing equilibrium. This

is the correct point at which to estimate parasite fitness,

as it is in the definitive host that competition between

parasites occurs (see model formulation above). A more

complex version of the model constructed, which placed

surfacing and non-surfacing parasites together in the

same system, verified that any selective advantage of

the induced behaviour would lead to the loss of the
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non-surfacing parasite at a rate proportional to the

magnitude of ‘s’.

The selective advantage of the parasite-induced surfa-

cing behaviour in cockles was assessed both in the

presence (as in the model constructed) and absence of

whelk predation of cockles and cropping of the cockle

foot by fish, as these trophic relationships may have

evolved after the potential parasite manipulation (only

being selected for once the parasite causing the hosts to

surface became established in the host population,

resulting in a constant supply of exposed cockles).

It thus may be argued that even if there is currently no

recognizable selective advantage to the parasite of the

inferred manipulation, the behaviour may have evolved

at a time when the ecological conditions were different,

metacercariae in surfaced cockles were not lost to

non-host predators, and the costs associated with adopt-

ing the behaviour were lower. Likewise, the host/parasite

association may also have evolved under different levels

of predation of burrowed and surfaced cockles by the

definitive oystercatcher hosts than have been estimated

from Company Bay. Sensitivity analyses were thus

conducted to determine the robustness of the estimated

selective advantage of the inferred manipulation in the

face of changes in the model parameters lJB and lKB.

Such analyses were also conducted on the unknown

parameters a and b.

Results

Model equilibria of a mean intensity of 150 metacerca-

riae per cockle, and an average proportion of infected

whelks in the whelk population of 5% were only

obtained at the a/b parameter combination of

a ¼ 0.002015 and b ¼ 0.8373. These values were thus

used to parameterise the model for all subsequent

simulations. At these parameter values an equilibrium

fluke population size in the definitive host of H ¼ 3068

was observed, with 0.54% of the cockle population being

surfaced and a ratio of live : dead metacercariae in the

cockle foot of 1.8 : 1. Interestingly, these equilibrium

values barely alter if metacercariae transmission to birds

via ingested whelks is not included in the model (mean

intensity per cockle ¼ 150, proportion of infected

whelks ¼ 5%, fluke population size ¼ 3068). This con-

firms the view that although metacercariae ingested by

whelks during predation on cockles can remain viable,

with the potential to infect the definitive oystercatcher

host if such ‘transport’ whelks are themselves predated

upon, this route of infection is of little significance in the

parasite life cycle (McFarland et al., 2003). This is

primarily due to the relatively fast clearance rate of

whelk gut contents (taking c. 3 days; McFarland et al.,

2003), and the relatively low estimated rate of whelk

predation by the definitive host (Table 2).

When the model was run with the surfacing behaviour

removed, only minor changes in parasite equilibria were

observed, regardless of whether whelk predation of

cockles and cropping of the cockle foot by fish were

included or not (Table 3). In terms of the selective

advantage of a parasite that induces the surfacing

behaviour over one that does not, s ¼ 0.0021 in the

presence of non-host predators, and s ¼ 0.0026 in their

absence. At this order of magnitude, it is highly unlikely

that a mutation in the parasite population giving rise to

the induced behaviour would be sufficiently advanta-

geous for its fixation in the face of genetic drift – i.e. the

advantage of surfacing is unlikely to be realized in a

natural population as a parasite manipulation of host

behaviour (Levinton, 2001). For example, assuming

100% heritability, the probability of fixation for such a

mutation occurring at an initial frequency of 0.001 (i.e. 1

in 1000 parasites induces the behaviour) in a population

of 10 000 flukes is calculated as being <5% (Ewens,

1979). Thus, even accounting for the fact that the

parasites in Company Bay (equilibrium of just over

3000 flukes – see Table 3) may actually be part of a larger

population (with fixation more likely in larger popula-

tions), we are unable to reject the null hypothesis that

the surfacing behaviour is simply a side-effect of infec-

tion.

The sensitivity analyses conducted show that this

result varies little with changes in the values of the

unknown parameters a and b (Fig. 3). Maximizing

the rate of cercarial transmission (b) does little to increase

the selective advantage of the behaviour, whilst the

Table 3 Equilibrium values for the simula-

ted life cycle of the trematode Curtuteria

australis infecting whelks, cockles and birds

in Company Bay, New Zealand, for the

model constructed containing the surfacing

behaviour of cockles as a manipulation (S)

vs. the version of the model with the surfa-

cing behaviour removed (NS).

Predation and

cropping included

Predation and

cropping excluded

S NS S NS

Mean intensity of metacercariae infection in cockles 150 153 160 162

Ratio of live : dead metacercariae in the cockle foot 1.8 : 1 1.8 : 1 1.71 : 1 1.71 : 1

Percentage of whelk population infected 5.0 5.1 4.8 4.9

Fluke population size in the definitive host 3068 3062 3087 3079

Percentage of cockle population surfaced 0.54 NA 0.57 NA

This comparison was conducted in both the presence (as in the model constructed) and

absence of whelk predation of cockles and cropping of the cockle foot by fish.
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strength of density dependence in the definitive host (a)

has to drop to 0.0008 before the probability of fixation in

the above calculation increases above 10% (at a selective

advantage of s ¼ 0.0055). At this level parasite intensity

in the whelks, cockles and birds is already predicted by

the model to be unrealistically high (c. 12.5% of the

whelk population infected, 370 metacercariae per cockle,

and a population of 8000 flukes).

Altering the values for the predation rates of cockles by

the definitive bird host had more varied results (Fig. 4).

The predicted selective advantage of the surfacing beha-

viour, in either the presence or absence of non-host

predators, again altered little with changes in the

predation rate of surfaced cockles by oystercatchers. It

was greatly affected, however, by changes in the preda-

tion rate of burrowed cockles by oystercatchers with a

decrease in the predation rate of 40% (to 0.00007)

increasing the calculated fixation probability of the

induced behaviour as an adaptation to 10%, and a

decrease of 80% (to 0.000025) increasing it to 50%.

Interestingly, at such a level (50% probability of fix-

ation), the parasite intensities predicted by the model do

not alter unreasonably – the proportion of the whelk

population infected increases to 8.5%, the number of

metacercariae per cockle increases to 270 (with the

proportion of the cockle population surfaced at 1%), and

the size of the fluke population in the definitive host

decreases to 2750.

(a) 

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.001 0.002 0.003 0.004

Density dependence

(b) 

0.001

0.0014

0.0018

0.0022

0.0026

0.003

0.5 0.6 0.7 0.8 0.9 1

Transmission rate

Fig. 3 Sensitivity analysis demonstrating how the selective advant-

age of the inferred parasite adaptation to manipulate the behaviour

of the cockle intermediate host varies with changes in the unknown

parameters (a) fluke density dependence in the definitive host, and

(b) the transmission rate of cercariae to cockles (and likewise the

transmission rate of miracidia to whelks), in models both with (solid

lines) and without (dashed lines) cockle predation by non-host

organisms. Selection coefficients were calculated from equilibrium

fluke population sizes generated by model runs with and without

the inferred manipulation.

(a) 

0

0.001

0.002

0.003

0.004

0.005

0.0002 0.0004 0.0006 0.0008 0.001

(b) 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.00005 0.0001 0.00015 0.0002

Predation rate

Fig. 4 Sensitivity analysis demonstrating how the selective advant-

age of the inferred parasite adaptation to manipulate the behaviour

of the cockle intermediate host varies with changes in the predation

rate of (a) surfaced cockles by birds, and (b) burrowed cockles by

birds, in models both with (solid lines) and without (dashed lines)

cockle predation by non-host organisms. Selection coefficients were

calculated from equilibrium fluke population sizes generated by

model runs with and without the inferred manipulation.
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Discussion

In this study, we took the novel approach of simulating a

complex parasite life cycle to investigate the adaptive

potential of an inferred parasite manipulation of host

behaviour. We would argue that such an approach,

designed to quantify overall effects on parasite fitness, is

a useful test of whether documented changes in host

behaviour are to be invoked as being beneficial to the

fitness of an infecting parasite, and should be applied in

more studies. As the scientific method highlights, one

should always maintain the most parsimonious explan-

ation as one’s null hypothesis (altered host behaviour

being simply an incidental side-effect of infection in this

case), and the burden of proof should be on demonstrating

otherwise (that the altered behaviour is indeed a parasite

adaptation). Too many times this approach is not taken in

studies of parasite manipulation of host behaviour, with

manipulation often being accepted precociously.

All evidence suggests that the model constructed

accurately captures the dynamics of the parasite/host

system in Company Bay under investigation. Although

two crucial parameters (the transmission rate of cercariae

to cockles and the strength of density dependence

influencing flukes in the definitive host) had to be

estimated, model simulations run with the determined

values not only fitted the selection criteria for the

estimation procedure, but also resulted in all other

aspects of the equilibrium model being structured in

agreement with the natural system. For example, at

equilibrium for all simulations conducted, the ratio of

live : dead metacercariae in the cockle foot deviated little

from 1.8 : 1 (Table 3). The resulting proportion of dead

metacercariae (35.7%) is similar to that observed around

the Otago Peninsula (mean ± SD, 0.281 ± 0.153; n ¼ 80;

unpublished data), as is the proportion of the cockle

population that is surfaced (0.54%; see Fig. 1).

As another example, the equilibrium population size of

flukes in definitive hosts at Company Bay, driving all

other components of the parasite life cycle, varies little

from a total of 3068 under all simulations conducted at

an estimated cercarial transmission and fluke density

dependence parameter values. Since the number of

oystercatchers utilizing Company Bay over the course

of the year has been observed at approximately four

individuals per day (unpublished data), this gives a mean

intensity of flukes in the definitive host of 767 parasites.

This is well within the range of mean intensities reported

for oystercatcher gut helminth infections (e.g. Goater

et al., 1995). Furthermore, the numbers of intermediate

hosts estimated as being predated by definitive hosts at

these equilibrium levels (a mean of 104 prey items per

bird per day) gives an intake rate similar to that recorded

for oystercatchers predating mainly on cockles in others

studies (e.g. Norris & Johnstone, 1998).

The fit of the model to characteristics of the natural

parasite/host system being studied adds confidence to the

conclusion that the benefit to the parasite incurred from

the change in intermediate host behaviour caused by

metacercarial accumulation in the cockle foot is negli-

gible in Company Bay. That the parasite has the ability to

impair the burrowing or crawling activity of its host is not

in question, as is the case with other burrowing bivalve/

trematode parasite systems (Mouritsen, 1997; Desclaux

et al., 2002), as the direct effect of C. australis on the

burrowing behaviour of the cockle A. stutchburyi has been

well-documented (Thomas & Poulin, 1998; Mouritsen,

2002). Rather, it seems that the magnitude of the

selective advantage that the inferred manipulation con-

fers to the trematode is currently of a level that is

unlikely to achieve fixation as a parasite adaptation – the

model equilibria for numerical simulations run with and

without the surfacing behaviour are almost identical

(Table 3). This lack of any real adaptive potential of the

inferred manipulation is not due to the increased loss of

infective stages in surfaced cockles through predation by

non-host whelks and fish, as was initially postulated.

Rather, it is due to the increase in the proportion of the

cockle population being found on the sediment surface in

the intertidal zone resulting from parasite infection, and

the subsequent increase in metacercariae uptake by the

definitive host, having little effect on parasite fitness as

transmission success at this stage is not a limiting factor.

Many authors have argued that for any behaviour of

an infected host to be accepted as a parasite manipulation

to increase transmission to the next host in the parasite

life cycle, experiments demonstrating a significant

increase in transmission caused by the behaviour are

required (Dobson, 1988; Moore & Gotelli, 1990; Poulin,

1995). This approach has been used in several studies

(e.g. Moore, 1983; Lafferty & Morris, 1996; Bakker et al.,

1997; see review in Thomas et al., 1998). Our work here,

however, shows clearly that for the system studied this

criterion is not sufficient – although previous work has

demonstrated that surfaced A. stuchburyi cockles do

contain significantly more C. australis metacercariae than

burrowed cockles, and that the rate of predation of

surfaced cockles by the definitive host is significantly

greater, here we show that at the point of the parasite life

cycle at which it is occurring, the magnitude of the

manipulation is not sufficient to make much difference to

parasite fitness. There is therefore only a negligible

selective advantage to the parasite associated with the

surfacing behaviour (s ¼ 0.0021) that is unlikely to be

realized in the face of genetic drift (Levinton, 2001).

Thus, given that we have used the best available

parameter estimates for our system, we cannot reject

the more parsimonious null hypothesis that the beha-

viour is simply an incidental side-effect of infection. This

result strengthens the argument that evidence of an

increase in transmission caused by a parasite-induced

host behaviour (unless, as mentioned in the Introduct-

ion, it involves a complex mechanism with clear signs

of purposive design) is not sufficient to invoke
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manipulation. Rather, one needs to show that any

increase is of a magnitude of both biological and

evolutionary significance. Simulation modelling is one

way in which this can be achieved, with the additional

advantage that initially important biological factors

(non-host predation in this case) can be investigated

and shown to be of no consequence, whilst subtler

aspects of the biology can be revealed.

Although we have failed to reject the null hypothesis,

this study is not proof that the induced surfacing is not a

parasite manipulation of cockle behaviour. Indeed,

whilst the sensitivity analyses conducted demonstrate

that our conclusion is robust in the face of variations in

fluke density dependence in the definitive host (Fig. 3a),

the rate of cercariae transmission (Fig. 3b), and the

predation rate of surfaced cockles by the definitive host

(Fig. 4a), they also show that at reduced predation rates

of burrowed cockles the selective advantage of the

behaviour as a parasite-induced manipulation increases

greatly (Fig. 4b). This is biologically intuitive – under

such ecological conditions the benefit to a parasite of

being in a surfaced intermediate host is greatly increased.

Furthermore, the idea that the predation pressure on

burrowed cockles by oystercatchers may be reduced in

certain circumstances is not unreasonable. For example,

in locations where more easily accessible polychaetes are

very abundant, oystercatchers do switch their preference

away from burrowed cockles (personal observation). We

can thus postulate that the behaviour may have evolved

as a parasite adaptation under such conditions, either in

the past or at a different location. Spatial variation in

transmission conditions, either at local or geographical

scales, can create a mosaic of coevolutionary sites, where

the selective advantages of parasite-induced host surfa-

cing range from negligible to substantial (see Thompson,

1994). The modelling approach used has thus directed us

to a new avenue of research – if we can find sites in

which the parasite intensity in the intertidal community

fits those predicted to occur when the adaptive potential

of surfacing is greater, then quantifying predation at

these sites would potentially allow us to reject the

nonadaptive null hypothesis.
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