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Abstract Many parasites are known to manipulate the behaviour of intermediate hosts in

order to increase their probability of transmission to definitive hosts. This manipulation

must have costs. Here we explore the combined effects of three such costs on the amount

of effort a parasite should expend on host manipulation. Manipulation can have direct costs

to future reproductive success due to energy expended to manipulate the host. There may

also be indirect costs if other parasites infect the host and profit from the manipulation

without paying the cost of manipulation. These ‘‘free riders’’ may impose a third cost by

competing with manipulators for resources within the host. Using game theory analysis and

several different competition models we show that intrahost competition will decrease the

investment that a parasite should make in manipulation but that manipulation can, under

some circumstances, be a profitable strategy even in the presence of non-manipulating

competitors. The key determinants of the manipulator’s success and its investment in

manipulation are the relatedness among parasites within the host, the ratio of the passive

transmission rate to the efficiency of increasing transmission rate and the strength of

competitive effects. Manipulation, when exploited by others, becomes an altruistic

behaviour. Thus we suggest that our model may be generally applicable to cases where

organisms can exploit the investment of others (possibly kin) while also competing with

the organism whose investment they exploit.
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Introduction

Parasites, particularly macroparasites, are known to manipulate the behaviour of their hosts

in ways that increase their probability of transmission (Poulin 1998; Lafferty 1999; Moore

2002; Thomas et al. 2005). In the best documented cases, parasitic worms alter the

behaviour of their intermediate host in ways that make it more likely to be eaten by the

parasite’s definitive host (Lafferty 1999; Moore 2002). The ability to manipulate host

behaviour has evolved independently several times, both across and within numerous

parasite phyla (Poulin 1998; Moore 2002). Host manipulation must therefore confer sub-

stantial benefits to parasites to account for its repeated appearance over evolutionary time.

Brown (1999) pointed out that this manipulation is likely to be costly to the parasite in two

ways (see also Poulin 1994). First, manipulation requires some effort by the parasite and

probably reduces its own growth rate within the host, decreasing its survival and/or

reproductive success in its definitive host. Manipulation is often induced via substances

produced by the parasite and acting on the host’s nervous system (e.g., Helluy and Holmes

1990; Thompson and Kavaliers 1994; Øverli et al. 2001; Helluy and Thomas 2003); the

development of specialized tissues and the secretion of these substances must come with a

cost. Second, manipulators are open to exploitation by conspecifics who infect the same

host but who don’t manipulate host behaviour. These non-manipulators will also be

transmitted to their definitive host due to the efforts of the manipulator but do not pay the

cost of manipulation. Brown (1999) proposed a model of this behaviour in which

manipulators made up for their losses through benefits gained by the group in which they

lived; the model contrasted individual selection with kin or group selection. Here we

propose to add possible competitive effects among parasites within a single host (Parker

et al. 2003; Michaud et al. 2006) to this model. Like Brown (1999) we will consider both

types of cost to manipulators and we will model both linear and non-linear effects on

parasite transmission rates.

We intend our model to apply primarily to trematode parasites which have a complex

life-cycle typically involving at least three different organisms (see Kearn 1998; Combes

2001). Following the infection of a first intermediate host (usually a snail) by a single

trematode egg, the parasite begins to multiply asexually, producing cercariae that will be

responsible for finding and infecting the second intermediate host. Infected snails release

from a few dozen to a few thousand cercariae per day, often for months or years. Cercariae

usually penetrate the second intermediate host, where they encyst as metacercariae. The

life cycle is completed when an infected second intermediate host is ingested by a ver-

tebrate definitive host, in which the parasites develop into adult worms. Two well-docu-

mented aspects of the trematode life cycle are relevant to our models. First, many

trematode species have been shown capable of manipulating the behaviour of their second

intermediate host in order to increase transmission rates to their definitive hosts (e.g,

Webber et al. 1987; Lafferty and Morris 1996; Mouritsen and Jensen 1997; Helluy and

Thomas 2003; see exhaustive review in Moore 2002). Second, there is evidence that

metacercariae can compete for resources within the second intermediate host, resulting in

reduced growth and future fecundity (Sandland and Goater 2000; Brown et al. 2003;

Fredensborg and Poulin 2005). In addition, the asexual reproduction of trematodes within

their snail host, coupled with the low mobility of snails and the limited dispersal capa-

bilities of cercariae, means that the second intermediate host may be infected by several

individuals of a given parasite clone. For instance, for both the trematodes Maritrema
novaezealandensis and Coitocaecum parvum in amphipods, more than one metacercariae

of the same clone are regularly identified in the same individual host using microsatellite
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DNA markers (Keeney et al. 2007; Lagrue et al. 2009). In our models we will consider

cases in which a host may be infected by members of one or more clones. When two or

more different clones are present, benefits will be shared with parasites of other genotypes.

We expect the presence of other clones within the host to lower the investment in host

manipulation because parasites should be less willing to help non-kin.

In this paper we construct general models for the evolution of host manipulation with

intra-host competition, inspired by the biological features of trematodes and applicable to

other trophically transmitted parasites capable of manipulation, such as cestodes and

acanthocephalans. We expect that the models may apply to a much larger class of

behaviours in which an individual’s investment in its own fitness can be exploited by its

competitors, thus making such investments seem altruistic or cooperative. Our analyses of

the effect of competition on manipulative effort can thus also apply to the evolution of

cooperation among kin who compete with each other (Queller 1994; West et al. 2001;

West and Buckling 2003). In order to attain a certain amount of generality in our models

we evaluate several possible competition models and both linear and non-linear effects of

manipulation on transmission probability.

The model

We start with a model of fitness (W) similar to Brown et al. (2002) in which we change one

parameter and to which we add the effects of competition within hosts:

W ¼ 1� x� N=K

� �
p0 þ bNxð Þ: ð1Þ

Here, the first right-hand term accounts for losses due both to the investment effort, x, and

to resource competition, N/K, within the host. The second term accounts for the increase in

the probability of transmission to the new host. The term x is measured as the cost to the

parasite in reduced future reproduction (either by increased probability of mortality before

reproduction or decreased fecundity in the definitive host). This manipulation increases the

probability that the parasite’s host will be eaten by its definitive host by an amount

proportional to the loss of fecundity, say bx (b can be interpreted as the efficiency of

manipulation). Further, each parasite which sacrifices a proportion x of its future fecundity

increases the probability that the current host will be consumed by a definitive host by b x.

So in total, if N parasites in a host each sacrifice on average x, the increase in probability

will be bNx. We define p0 as the passive transmission rate (the probability of being passed

to the definitive host if no sacrifice is made by any parasite). Finally, K accounts for within

host competition among parasites. The parameter is borrowed from the logistic population

growth model and causes a linear reduction in fecundity as the number of parasites per host

increases. Our approach is the same as that adopted by Anderson and May (1978) to

account for intra-host competition (our parameter K is 1/l in their notation).

Because the success of each parasite depends on the strategy adopted by the other

parasites within the host it is appropriate to use game theory (see Maynard Smith 1982

Eq. 2.11, Brown 2001 or Brown et al. 2002) in order predict the amount of effort which

each parasite is likely to invest in manipulation. Game theory analysis predicts an

unbeatable strategy, that is, a strategy which, if adopted by all members of a group,

prevents all rare invading strategies from achieving greater success than they do. We will

refer to such an unbeatable strategy as an ESS (evolutionary stable strategy). To find the

ESS investment (see Maynard Smith 1982, Eq. 2.11) in parasite manipulation we calculate,
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using Eq. 1, the fitness of an invading mutant, using strategy x, in a group whose mean

strategy is x: Differentiating this equation with respect to x, and setting the differential

equal to zero allows us to find the best response x to the ESS, x: Then setting x equal to x
and solving for x gives us the ESS.

The first stage of this process shows that the best response to the ESS will be

xc ¼ 1� N=K �
p0

bNo�x=ox
� �x

o�x=ox
: ð2Þ

It is important to note that in Eq. 1 x is in fact a function of x because as an individual

changes its strategy the mean strategy of the group also changes. In fact the change can be

measured as
1þ N�1ð Þr

N where r is the mean relatedness of a focal individual to all other

individuals in the group (see Brown 2001). The term ðN � 1Þr=N in this equation accounts

for changes in the mean due to relatives of the focal individual. Substituting this value for
o�x=ox and solving for x ¼ x gives us an ESS, in the presence of competition, of

x�c ¼
K � Nð Þ 1þ N � 1ð Þrð Þ
K 1þ N � 1ð Þr þ Nð Þ �

p0

b 1þ N � 1ð Þr þ Nð Þ: ð3Þ

Our main objective here is to evaluate the effects of intrahost competition. We can see

this by differentiating x�c with respect to K. The resulting expression is always positive

showing that investment should increase as K increases. Increasing values of K represent

decreases in competition. Thus, as the strength of intrahost competition increases,

investment in host manipulation should decrease. This decrease can be quantified by the

difference between x�n; the expected (ESS) investment in the absence of competition, and

x�c :. It is easily shown that

x�n ¼
1þ N � 1ð Þrð Þ

1þ N � 1ð Þr þ Nð Þ �
p0

b 1þ N � 1ð Þr þ Nð Þ: ð4Þ

So the proportional decrease in investment due to intrahost competition should be:

x�n � x�c
� �

x�n
¼ N

K
: ð5Þ

Figure 1 illustrates the reduction in investment due to intrahost resource competition.

Note that intrahost competition not only reduces the investment in host manipulation (see

Fig. 1b) but also reduces the range of passive transmission rates and parasite loads for

which manipulation is profitable (best seen by comparing Fig. 1a, with competition, and

the upper graph in 1b, without competition). Furthermore, intrahost resource competition

reduces the range of passive transmission rates for which increased parasite load will lead

to higher investment in manipulation (compare the lower left-hand side of Fig. 1a, with

competition, with the lower left-hand side of the upper graph in 1b, without competition).

It is also of interest to see how intrahost competition may affect the way in which other

parameters influence the model. Brown et al. (2002) showed, for a slightly different form

of this model, that virulence, which should respond roughly the same way investment in

manipulation does in our model, could either increase or decrease as group size (N)

increased. For our model, by differentiating Eq. 4 with respect to N we can see that x�n will

increase with increasing N whenever

p0=b [ 1� rð Þ= 1þ rð Þ; ð6Þ
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and x�n will decrease as N increases when this relation is reversed. A similar analysis could

be done with Brown et al.’s (2002) model adding precision to their assertion that parasite

virulence will not necessarily decrease as parasite load (N) increases.

In the presence of intrahost competition, the condition for x�c to increase with N becomes

p0=b [
1� r

1þ r
þ 1� rð Þ2

K 1þ rð Þ þ
rN N 1þ rð Þ þ 2 1� rð Þð Þ

K 1þ rð Þ : ð7Þ

Thus, with intrahost competition, manipulative effort is less likely to increase as par-

asite load increases than when such competition is absent. This result suggests that

manipulative effort will increase with increased parasite load only when competition is

weak (large K) and parasites are closely related (high r).

When only a single clone infects a given host Eq. 7 simplifies to p0=b [ N2

K implying that

manipulative effort will increase with parasite load only when parasite load is very small

relative to the capacity of the host.

Intrahost competition can potentially affect the way in which other factors influence

investment in host manipulation. For instance, when competition is present relatedness

among parasites within a host does not increase investment nearly as much as when

competition is absent (Fig. 2). However, we do note that as mean relatedness with other

Fig. 1 The effect of parasite
load and passive transmission
rate on investment in host
manipulation based on the linear
model (Eq. 1). a with intrahost
resource competition (r = 1/3,
b = 1/100 and K = 10) and b
without intrahost resource
competition compared to with
intrahost resource competition.
Note that 1b shows that the
investment without resource
competition is greater than the
investment with competition for
every combination of parameter
values
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parasites in the host increases investment increases for all values of r and N for which

investment is worthwhile.

Differentiating both x�c and x�n with respect to b and to p0 shows that investment in

manipulation should increase as b increases (Fig. 3) and decrease as p0 increases (Fig. 1 a,

b) regardless of whether or not there is intrahost competition. In both cases, as parasite

load, and thus intrahost competition, increases the rate of increase in investment slows

down.

Alternate models

Equation 1 assumed that intra-host competition had a logistic form (following Anderson

and May (1978)). In order to assure that our results do not depend strictly on the choice of

this one model, we repeated the analysis presented above using four other competition

models (Appendix 1): a single-species Monod model, a Ricker model, a Hassel model, and

a shared-resources model. The latter assumed reproductive success decreased geometri-

cally as the number of parasites in the host increased. The Ricker and the shared resources

model were not constrained to parasite loads less than K, as were the other models. Our

analyses also cover the Beverton-Holt model which is a special case of the Hassell model.

Analyses of these additional models have many points in common with the analysis of

the logistic model. In all cases, competition reduces the expected (ESS) level of investment

in manipulation. In all models, investment increased with increases in mean relatedness (r)

and efficiency of manipulation (b) but decreased with increases in passive transmission rate

(p0). Investment also decreased as the strength of competition increased (as K decreased) in

all models except Ricker where K had no effect and the shared resource model which lacks

this parameter. That all these models produce similar results suggests that our analyses may

apply quite generally to the effects of competition on investment in parasite manipulation.

Fig. 2 The effect of relatedness on investment at two parasite loads (n) (b = 1/100, K = 10 and p = 0).
Note that when parasites do not compete within the host (solid lines) investment converges on a maximal
value as relatedness approaches 1. However, competition within the host (dashed lines) prevents this
convergence, keeping investment, in fact near zero as relatedness approaches 1
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Models with independent effects

If the loss due to competition is independent of that due to manipulative effort fitness can

be evaluated using the model

W ¼ 1� xð Þ 1� N=K

� �� �
p0 þ bNxð Þ: ð8Þ

Analysis of this model shows that competition has no effect on manipulative effort. This is

the result of the assumption that the effects of competition and manipulative effort are

independent. The result applies not only to the logistic model in Eq. 8 but also to all the

models in Appendix 1 if they are adjusted so that these two factors operate independently.

Non-linear effects

Our model in Eq. 1 assumes that the combined effect of several parasites in one host is

simply the sum of the effects of the individual parasites. This may not always be true. We

explore this possibility by generating a non linear version of Eq. 1 (see Appendix 2),

W ¼ 1� x� N=K

� �
p0 þ bNaxð Þ:

The non-linear model leads to the same conclusions as the linear model except with

respect to the conditions under which investment should increase as parasite load increases.

The latter conditions fall into two categories. When the combined effect of several para-

sites has an asymptote (is less than the sum of the individual effects), investment should

decrease with increased parasite load at all passive transmission rates. Further, the range of

passive transmission rates and parasite loads for which manipulation is profitable is greatly

reduced compared to the linear model (compare Figs. 4a and 1b). On the other hand, when

the combined effect of several parasites is synergistic (greater than the sum of the indi-

vidual effects), lower passive transmission rates (compared to the linear model) can

generate increased manipulation as a function of increased parasite load and manipulation

Fig. 3 The effect of manipulation efficiency on investment at two parasite loads (n). (r = 1/3, K = 10 and
p = 1/1000) (No competition, solid lines; Competition, dashed lines). Note that as efficiency increases,
investment also increases and that the reduction in investment due to competition increases as parasite load
increases

Evol Ecol (2010) 24:773–788 779

123



will be profitable under a wider range of passive transmission rates and parasite loads

(compared to the linear model see Figs. 4b versus 1b).

Discussion

The ability to manipulate host behaviour has evolved independently several times, in many

different parasite lineages (Poulin 1998; Moore 2002). Yet, not all parasites have this

ability, even when their close relatives do. Assuming that host manipulation is not con-

strained genetically or otherwise, there must be conditions under which it is favoured, and

conditions under which it is not. Analysis of our simple model in the absence of compe-

tition would suggest that a lone parasite should sacrifice up to � of its fecundity in order to

Fig. 4 The effect of parasite load and passive transmission rate on investment in host manipulation based
on the nonlinear model (Eq. 7). a the combined manipulative effect of several parasites is less than the sum
of the individual effect (x = 2/3) and b the combined manipulative effect of several parasites is greater than
the sum of the individual effect (x = 3/2). (Competition is present in both (a) and (b); r = 1/3, b = 1/100
and K = 10)
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manipulate host behaviour. However, our model clearly shows that competition reduces the

investment which a parasite should make towards manipulating its host. This result occurs

in all variants of our model. We surmise that competition reduces the parasite’s expected

gain if it succeeds in infecting its definitive host, thus making manipulation a less inter-

esting prospect and reducing the investment a parasite will make in host manipulation.

While resource competition should always reduce manipulative effort and restrict the

conditions under which manipulation will be profitable, it will not necessarily negate the

advantages of manipulating. In fact manipulation can remain profitable despite competition

among kin provided that parasites do not reach the carrying capacity of their host.

Manipulation can even be so profitable that manipulative effort will increase as parasite

load increases. This occurs because the benefits shared among kin due to manipulation

more than counterbalance losses due to competition. However, competition reduces the

range of parameter (r, b, p0 and N) values over which manipulative effort should increase

as parasite load increases. This is particularly clear in the linear (Fig. 1a) or asymptotic

(Fig. 4a) models but synergistic effects among parasites can counteract this tendency

(Fig. 4b).

In many cases the presence of multiple parasites within a host should decrease the level

of manipulative effort per parasite. Brown (1999) pointed out that in the absence of

intrahost competition these decreases in manipulation per individual lead to an increase in

total manipulation of the host as the rate of decrease is less than proportional to the number

of parasites in the host. The result is then that hosts should be more strongly manipulated

when they harbour more individuals even though each individual puts less effort into

manipulation. This results in greater benefits per individual than when the parasite

manipulates on its own. This situation does not necessarily hold when intrahost compe-

tition occurs. Figs. 1a, 4a, b show clearly (note that investment approaches or reaches zero

as N approaches K) that reductions in individual effort may even reduce total manipulation

of the host.

Our model assumes that when a host is infected by several individuals of the same

clone, the costs of manipulation are shared equally among individuals, and all reap the

same benefits. Although this is likely to hold for most cases, species of the trematode genus

Dicrocoelium offer one famous exception. In what is now a textbook example, Dicro-
coelium spp. cause their ant second intermediate hosts to attach to the tips of grass blades,

where they are susceptible to grazing herbivores such as sheep that serve as definitive hosts

for the parasites (Carney 1969; Romig et al. 1980). Because of the way ants become

infected, it is very likely that each ant harbours only individual parasites of a single clone

(Wickler 1976; Wilson 1977), although this still needs to be confirmed with genetic data.

Within an infected ant, a single parasite induces the manipulation by attaching to the host’s

brain, while the other parasites remain in the host’s body cavity. Following ingestion of the

ant by a suitable definitive host, the manipulator invariably dies, whereas the other para-

sites establish within the definitive host (Wickler 1976; Wilson 1977). This example, and a

few others like it (see Poulin et al. 2005), illustrate dramatically how costly it can be for a

parasite to invest in manipulation. The Dicrocoelium-ant association also shows that in

some unusual cases, manipulative effort is not shared equally among all members of the

same parasite clone within an intermediate host. It remains, however, possible that each

parasite has equal expected cost when it enters the ant/host and that chance determines

which individual parasite sacrifices all to the benefit of the others. If this is the case then

our model may still apply to this classic example.

One might argue, as has Brown (1999), that a linear model is unrealistic because it can

predict transmission probabilities greater than 1 for high levels of effort. We note here that
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this will not happen in our model provided that b \ (1 - p0)/N. Data are needed to

evaluate the relationship between manipulative effort and realised transmission. If such

data show an approximately linear relation, there is no reason to exclude the linear model

(provided that b is sufficiently small).

A brief analysis of the possible consequences a non-linear relation between lost

fecundity and increased probability of transfer suggests that our general conclusions will

hold both when increased transfer is a function of the square of lost fecundity and when it

is a function of the square root. In the former case, the model predicts higher investment in

host manipulation (and thus greater lost fecundity) than in the linear model; lower

investment in the latter case. However, in both cases within host competition has the same

effect as with the linear model.

It is not necessary to suppose that parasites can evaluate the number of conspecifics in

each host and adjust their effort accordingly, although our model could apply to this case. It

suffices that parasites adapt to the mean (expected) number of parasites per host. Analysis

of another version of our model, not presented here, using a negative binomial distribution

of parasites among hosts showed that manipulation levels will be the same if we assume

that parasites adapt to mean levels or if we let them adapt to the distribution of parasites

among hosts.

Our models’ predictions apply not only to trematodes but also to any organism whose

investment can be exploited by others such as bean weevils burrowing into beans (Ohtsuka

and Toquenaga 2008), foraging birds (Fernández-Juricic et al. 2005) whose food is

‘‘scrounged’’ by others (Vickery et al. 1992) and other parasitic worms capable of

manipulating their intermediate hosts, such as cestodes and acanthocephalans (e.g., Rosen

and Dick 1983; Dezfuli et al. 2001; Parker et al. 2003; Michaud et al. 2006). In these other

groups, the genetic relatedness within groups will differ from that observed in trematodes.

In acanthocephalans and the majority of cestodes, there is no asexual multiplication in a

first intermediate host. Conspecifics sharing the same host may sometimes be full-sibs (see

Jäger and Schjørring 2006), but more commonly they will be unrelated individuals as may

be the case in foraging birds and possibly burrowing weevils. Thus, for these organisms the

relatedness parameter r in our model might be quite low, but our model will still apply.

If manipulation is seen as altruistic because it shares its benefits with others (Hamilton

1964) this suggests that altruism can evolve despite inter-kin competition, a problem that

has been much debated lately (see Queller 1994; West et al. 2001; West and Buckling 2003

among others). In the broadest sense, our model suggests that the evolution of social

behaviour will be influenced by the interaction between benefits given to kin and com-

petition among kin.
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Appendix 1: Comparison of analyses based on five different competition models

(a) Fitness equations used for the competition models

MODEL

Logistic 1� x� N=K

� �
p0 þ bNxð Þ
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Monod
K � N

aþ K � N
� x

� �
p0 þ bNxð Þ

Ricker e 1�x�N=Kð Þ p0 þ bNxð Þ

Hassell
1

1þ k�1ð ÞN
K

� �h
� x

0
B@

1
CA p0 þ bNxð Þ

Shared resources
1

N
� x

� �
p0 þ bNxð Þ

(b) ESS investment in host manipulation (x*)

MODEL

Logistic
K � Nð Þ 1þ r N � 1ð Þð Þ
K N þ 1þ r N � 1ð Þð Þ �

p0

b N þ 1þ r N � 1ð Þð Þ

Monod
K � Nð Þ 1þ r N � 1ð Þð Þ

qþ K � Nð Þ N þ 1þ r N � 1ð Þð Þ �
p0

b N þ 1þ r N � 1ð Þð Þ

Ricker
1þ r N � 1ð Þ

N
� p0

bN

Hassell
1þ r N � 1ð Þ

N þ 1þ r N � 1ð Þð ÞH �
p0

b N þ 1þ r N � 1ð Þð Þ where H ¼ 1þ N k� 1ð Þ
K

� �h

Shared resources
1þ r N � 1ð Þ

N N þ 1þ r N � 1ð Þð Þ �
p0

b N þ 1þ r N � 1ð Þð Þ

(c) Proportional decrease in x* at p0 = 0 due to competition

MODEL

Logistic
N

K

Monod
q

qþ K � N

Ricker
1þ r N � 1ð Þ

N

Hassell 1� 1=H where H ¼ 1þ N k� 1ð Þ
K

� �h

Shared resources
N � 1

N

(Note: Almost all of these proportions are positive which suggests that competition

decreases investment when the passive transmission rate is 0).
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(d) dx*/dN (The effect of parasite load on investment in host maipulation) (When the

differential is negative, investment should decrease as parasite load increases.)

MODEL

Logistic
1þ rð Þp0

b N þ 1þ r N � 1ð Þð Þ2
� K 1� rð Þ þ r 2N2 � 1ð Þ þ r � 1� rð Þ N � 1ð Þ2

K N þ 1þ r N � 1ð Þð Þ2

which is negative when p0=b\
1� r

1þ r
þ 1� rð Þ2

K 1þ rð Þ þ
rN N 1þ rð Þ þ 2 1� rð Þð Þ

K 1þ rð Þ

Monod
p0 1þrð Þ

b Nþ1þr N�1ð Þð Þþ

qþK�Nð Þ r K�2Nð Þ� 1�rð Þð Þ� K�Nð Þ 1þrð Þ 1þ r N�1ð Þð Þð Þþ K�Nð Þ 1þr N�1ð Þð Þ
Nþ1þr N�1ð Þð Þ

which is negative when

p0=b\
1�rð ÞK2� 1�rð Þ 2N�qð ÞKþ 1þrð ÞrN2þ 1�rð Þ2rNþ 1�rð Þ2

qþK�Nð Þ 1þrð Þ

Ricker
p0 � bþ br

bN2

which is negative when p0=b\1� r

Hassell
2ph k� 1ð Þ

b N þ 1þ r N � 1ð Þð Þ K þ N k� 1ð Þð Þ

� 1þ r N � 1ð Þð Þh k� 1ð Þ
H N þ 1þ r N � 1ð Þð Þ K þ N k� 1ð Þð Þ �

r

H N þ 1þ r N � 1ð Þð Þ

þ p 1þ rð Þ
b N þ 1þ r N � 1ð Þð Þ2

� 1þ rð Þ 1þ r N � 1ð Þð Þ
H N þ 1þ r N � 1ð Þ2
� �

which is negative when

p0=b\
N þ 1þ r N � 1ð Þð Þ 1þ r N � 1ð Þð Þh k� 1ð Þ þ 1� rð Þ K þ N k� 1ð Þð Þ

H 1þ rð Þ K þ N k� 1ð Þð Þ

Shared resources
p0 1þ rð Þ

b N þ 1þ r N � 1ð Þð Þ2
� r2 N � 1ð Þ2þ N2 � 2ð Þr þ 2N þ 1ð Þ

N þ 1þ r N � 1ð Þð Þ2N2

which is negative when p0=b\
r2 N � 1ð Þ2þ N2 � 2ð Þr þ 2N þ 1ð Þ

N2 1þ rð Þ

 !

(e) dx*/dr (The effect of relatedness on investment)

MODEL

Logistic
N K � Nð Þ N � 1ð Þ

K N þ 1þ r N � 1ð Þð Þ2
� p0 N � 1ð Þ

b N þ 1þ r N � 1ð Þð Þ2
which is positive

when N\K
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Monod
N � 1ð Þ bN K � Nð Þ þ p0 qþ K � Nð Þð Þ

b qþ K � Nð Þ N þ 1þ r N � 1ð Þð Þ2
which is positive when N\K

Ricker
N � 1

N
which is always positive

Hassell
N þ 1ð Þ bN=H þ p0

� �

b N þ 1þ r N � 1ð Þð Þ2
which is always positive

Shared resources
N � 1ð Þ bþ p0ð Þ

b N þ 1þ r N � 1ð Þð Þ2
which is always positive

(f) dx*/db (The effect of conversion efficiency on investment in host manipulation)

MODEL

Logistic
p0

b2 N þ 1þ r N � 1ð Þð Þ which is always positive

Monod
p0

b2 N þ 1þ r N � 1ð Þð Þ which is always positive if p0 [ 0

Ricker
p0

b2N
which is always positive

Hassell
p0

b2 N þ 1þ r N � 1ð Þð Þ which is always positive

Shared resources
p0

b2 N þ 1þ r N � 1ð Þð Þ which is always positive

(g) dx*/dp0 (The effect of passive transmission rate on investment in host manipulation)

MODEL

Logistic
�1

b N þ 1þ r N � 1ð Þð Þ which is always negative

Monod
�1

b N þ 1þ r N � 1ð Þð Þ which is always negative

Ricker
�1

b N þ 1þ r N � 1ð Þð Þ which is always negative

Hassell
�1

b N þ 1þ r N � 1ð Þð Þ which is always negative

Shared resources
�1

b N þ 1þ r N � 1ð Þð Þ which is always negative

(h) dx*/dK (The effect of reducing competition intensity (increasing K) on investment in

host manipulation)
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MODEL

Logistic
N rN þ 1� rð Þ

K2 N þ 1þ r N � 1ð Þð Þ

� 	
which is always positive

Monod
q 1þ r N � 1ð Þð Þ

N þ 1þ r N � 1ð Þð Þ qþ K � Nð Þ2
which is always positive

Ricker 0 The strength of competition has no effect on investment in host manipulation:ð Þ

Hassell
Nh k� 1ð Þ

HK K þ N k� 1ð Þ N þ 1þ r N � 1ð Þð Þð Þ which is positive when N\K

Shared resources (Does not apply)

Appendix 2: Evaluation of non-linear models

We explore possible effects of a non linear version of Eq. 1 using:

W ¼ 1� x� N=K

� �
p0 þ bNaxð Þ ðA1Þ

where a is a parameter which describes the shape of the combined effects of all the

parasites in the host on the host’s susceptibility to predation by the parasite’s definitive

host. When a exceeds one the combined effect of the parasites exceeds the sum of the

individual effects producing a certain synergy; when a is less than one, the combined

effect is less than the sum of the individual effects. When a = 1, Eq. A1 becomes

Eq. 1.

Most of the inferences drawn from Eq. 1 are also supported by analysis of Eq. A1. For

all positive values of a, increases in competition should decrease the investment in host

manipulation and the proportional decrease is described by Eq. 4. As in the linear model,

investment should increase as relatedness, r, and as manipulation efficiency, b, increase;

investment should decrease as the passive transmission rate, p0, increases. Analysis of the

non linear model differs from the linear model only with respect to the effect of increases

in parasite load. In this case, Eq. 5 describing the conditions under which investment

should increase as parasite load increases becomes

p0=b [ 1� rð ÞNa
= 1þ rð ÞaN � 1� að Þ 1� rð Þð Þ: ðA2Þ

This condition differs greatly from Eq. 5 because of the presence of N on the right hand

side of the equation. If a \ 1, indicating that the combined effect of several parasites is less

than the sum of their individual effects, investment should decrease with increased parasite

load at all passive transmission rates. Further, the range of passive transmission rates and

parasite loads for which manipulation is profitable is greatly reduced compared to the

linear model.

On the other hand, when a [ 1, lower passive transmission rates (compared to the linear

model) can generate increased manipulation as a function of increased parasite load while

manipulation will be profitable under a wider range of passive transmission rates and

parasite loads.
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Øverli Ø, Pàll M, Borg B, Jobling M, Winberg S (2001) Effects of Schistocephalus solidus infection on

brain monoaminergic activity in female three-spined sticklebacks Gaterosteus aculeatus. Proc Royal
Soc Lond B 268:1411–1415

Parker GA, Chubb JC, Roberts GN, Michaud M, Milinski M (2003) Optimal growth strategies of larval
helminths in their intermediate hosts. J Evol Biol 16:47–54

Poulin R (1994) The evolution of parasite manipulation of host behaviour: a theoretical analysis. Parasi-
tology 109:S109–S118

Poulin R (1998) Evolutionary ecology of parasites: from individuals to communities. Chapman & Hall,
London

Poulin R, Fredensborg BL, Hansen E, Leung TLF (2005) The true cost of host manipulation by parasites.
Behav Process 68:241–244

Evol Ecol (2010) 24:773–788 787

123



Queller DC (1994) Genetic relatedness in viscous populations. Evol Ecol 80:70–73
Romig T, Lucius R, Frank W (1980) Cerebral larvae in the second intermediate host of Dicrocoelium

dendriticum (Rudolphi, 1819) and Dicrocoelium hospes Looss, 1907 (Trematoda, Dicrocoeliidae).
Zeitschrift für Parasitenkunde 63:277–286

Rosen R, Dick TA (1983) Development and infectivity of the procercoid of Triaenophorus crassus forel and
mortality of the first intermediate host. Can J Zool 61:2120–2128

Sandland GJ, Goater CP (2000) Development and intensity-dependence of Ornithodiplostomum ptychoc-
heilus metacercariae in fathead minnows (Pimephales promelas). J Parasitol 86:1056–1060

Thomas F, Adamo S, Moore J (2005) Parasitic manipulation: where are we and where should we go? Behav
Process 68:185–199

Thompson SN, Kavaliers M (1994) Physiological bases for parasite induced alterations of behaviour.
Parasitology 109:S119–S138

Vickery WL, Giraldeau L-A, Templeton JJ, Kramer DL, Chapman CA (1992) Producers, scroungers, and
group foraging. Am Nat 137:847–863

Webber RA, Rau ME, Lewis DJ (1987) The effects of Plagiorchis noblei (Trematoda: Plagiorchiidae)
metacercariae on the behaviour of Aedes aegypti larvae. Can J Zool 65:1340–1342

West SA, Buckling A (2003) Cooperation, virulence and siderophore production in bacterial parasites. Proc
R Soc Lond B 270:37–44

West SA, Murray MG, Machado CA, Griffin AS, Herre EA (2001) Testing Hamilton’, s rule with
competition between relatives. Nature 409:510–513

Wickler W (1976) Evolution-oriented ethology, kin selection, and altruistic parasites. Zeitschrift für
Tierpsychologie 42:206–214

Wilson DS (1977) How nepotistic is the brain worm? Behav Ecol Sociobiol 2:421–425

788 Evol Ecol (2010) 24:773–788

123


	The evolution of host manipulation by parasites:  a game theory analysis
	Abstract
	Introduction
	The model
	Alternate models
	Models with independent effects
	Non-linear effects

	Discussion
	Acknowledgments
	Appendix 1: Comparison of analyses based on five different competition models
	Appendix 2: Evaluation of non-linear models
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


