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If there is one thing that the past three decades of re-
search in behavioural and evolutionary ecology have
taught us, it is that there are no free lunches. Adap-
tive traits provide net fitness benefits to the animals
bearing them, but the gains would be even greater if
there were no concurrent costs associated with the ex-
pression of those traits. The ability of many parasites
to enhance their transmission success by manipulating
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viving offspring produced by individuals with a certain
genotype relative to that produced by other genotypes,
or as an individual’s relative contribution of genes to
future generations (Ridley, 1996; Freeman and Herron,
2001), Energy is not the best currency to measure loss
of fitness, because other fitness components, such as
mortality risk, cannot readily be quantified in units of
energy. Elsewhere in their review, in their discussion of
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he behaviour of their hosts is one such trait (seeMoore,
002). In their excellent synthesis of past and current
esearch on this phenomenon,Thomas et al. (2005)cast
doubt on the importance of the cost incurred by ma-
ipulating parasites. They argue that the existence and
agnitude of such costs are dependent upon the type of
echanism used by a parasite to alter host behaviour.
homas et al. (2005)focus exclusively on physiologi-
al, or proximate, costs such as the energetic costs nec-
ssary for the production of neuroactive substances in
arasite species that use them to modify host behaviour.

n a broader evolutionary context, however, one must
onsider costs at the ultimate level, in terms of fitness.
itness is usually defined as the average number of sur-

mafia-like strategies,Thomas et al. (2005)consider fit-
ness costs, but a similar perspective is needed to as
the cost of manipulation itself.

Here, we wish to re-visit the issue of costs asso
ated with manipulation. Even if the energetic expen
necessary to alter host behaviour are nil, a man
lative parasite may still incur a cost resulting, for i
stance, from a higher probability of being killed. Th
is a probabilistic cost, only paid in the event that t
parasite dies, but it is a cost nonetheless. The net fit
outcome of manipulation must be positive, of cour
otherwise it would not have been selected; it is
quantity subtracted from the gross benefits that we
dealing with here. Ideally, one would need to comp
the fitness costs paid by a manipulative parasite w
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the costs, if any, incurred by a conspecific parasite that
benefits from manipulation without itself inducing it.
We found three examples of manipulative trematode
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species where such a contrast is possible.Thomas et
al. (2005)question whether there is a cost associated
with encystment in a particular site within the host as
opposed to another site. Specifically, they ask whether
it is costly for a parasite to encyst in the eye of a fish, re-
ferring to the well-studied trematodes such asDiplosto-
mum spathaceumthat encyst in the eye lenses of fish,
altering the latter’s behaviour and making them more
susceptible to predation by avian definitive hosts (e.g.,
Crowden and Broom, 1980; Seppälä et al., 2004). The
fact that a significant proportion ofD. spathaceumcer-
cariae die en route to the eyes after penetrating the fish
through the gills or the skin (Ratanarat-Brockelman,
1974; Whyte et al., 1991) suggests that encysting in
the eyes is costly. This is true even if the eye is a prime
location for avoiding host immunity (the eye lens lacks
blood vessels and circulating antibodies) and manip-
ulating the host. Because allD. spathaceumcercariae
migrate to the eyes of their fish host, it is not possible
to compare them to conspecifics that encyst elsewhere.
The three examples we chose allow such a comparison,
and demonstrate that the site of encystment can relate
to both the success of manipulation and its cost.

Our first example is the trematodeDicrocoelium
dendriticum(and related species), the classical text-
book example of a manipulative parasite. Infected ants,
which serve as intermediate hosts for this trematode, at-
tach to the tips of grass blades where they are presum-
ably more susceptible to ingestion by grazing sheep,
the parasite’s definitive host (seeCarney, 1969; Romig
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i.e., they may all be derived from a single parasite egg.
Cercariae shed from a snail occur as batches in slime
balls exuded from the snail’s mantle cavity. If a given
ant feeds on a single slime ball containing several ge-
netically identical cercariae, then the brainworm’s sac-
rifice would ensure the transmission of its clones, and
could be favoured by selection (Wickler, 1976; Wilson,
1977). In this scenario, manipulation would remain di-
rectly costly for the manipulative individual, but would
be indirectly compensated by the increased success of
the manipulator’s kin. There is no confirmation, how-
ever, thatD. dendriticumindividuals inside the same
ant are indeed clones; this is purely speculative at this
point. In fact, there have been no studies on the genetic
structure of groups of metacercariae sharing the same
hosts in any of the many trematode species known to in-
duce changes in the behaviour of intermediate hosts. In
any event, the following two examples are set in aquatic
habitats, where the dispersal of cercariae makes it ex-
tremely unlikely that clones regularly co-occur in the
same intermediate host.

Our second example is the trematodeMicrophal-
lus papillorobustus, another well-known manipulator.
Metacercariae of this species that encyst in the cerebral
region of the second intermediate host, the amphipod
Gammarus aequicauda, induce a strong positive photo-
taxis and aberrant evasive responses in the host (Helluy,
1983). This manipulation of host behaviour results in
infected amphipods being more susceptible to preda-
tion by aquatic birds, which serve as definitive hosts for
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t al., 1980). Following their arrival in an ant, on
ne cercaria (the “brainworm”) migrates to the a
uboesophageal ganglion and induces the behav
hange; the others remain within the host’s haemo
hen an infected ant is eaten by a sheep, the brainw

nvariably dies whereas the other parasites esta
ithin the definitive host (Wickler, 1976). It appear

hat while it is inducing a change in host behavio
he brainworm does not develop as do other me
rcariae, and does not become infective for its
ost. Thus, the manipulative individual dies wher

he non-manipulative individuals have a good cha
f surviving and reproducing. Does that represent a
f manipulation? We say it does.

It is possible that this cost inD. dendriticumis miti-
ated by kin selection. Based on the mode of trans
ion of this parasite, all cercariae ingested by a give
ay come from the same snail first intermediate h
he parasite (Helluy, 1984). However, not all metace
ariae ofM. papillorobustusencyst in the cerebral r
ion of amphipods, some also encyst in the abdom
mphipods are capable of mounting an immune
ponse against invading parasites, involving both
apsulation and melanization, and they use this ce
efense reaction against metacercariae.Thomas et a
2000)have found that approximately 17% of cereb
etacercariae ofM. papillorobustusare killed by en

apsulation and melanization, whereas less than 1
bdominal metacercariae suffer this fate. Three o

rematode species, belonging to the same family
rophallidae) asM. papillorobustus, also parasitize th
mphipodG. aequicauda; they all encyst in the amph
od’s abdomen, and none of them is attacked by
ost immune system (Thomas et al., 2000). The host’s
efenses are apparently targeted specifically at
etacercariae most likely to cause it harm. The
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result is that in this system, manipulative parasites in-
cur a much greater probability of death from immune
attack than their conspecifics opting not to manipulate
and encysting in the abdomen of the host. Is manipula-
tion costly in this trematode species? Here too, we say
it is.

Our final example involves the two echinos-
tome trematodesCurtuteria australis and Acan-
thoparyphiumsp., which live in sympatry on New
Zealand intertidal mudflats and have the same life cy-
cle. After their release from snail first intermediate
hosts, cercariae of both species penetrate a bivalve sec-
ond intermediate host, the cockleAustrovenus stutch-
buryi, through its inhalant siphon; they encyst as metac-
ercariae in the foot of cockles and await predation
by oystercatchers, their common definitive host. As
metacercariae accumulate in the foot of a cockle, they
replace host muscle tissue and stunt further foot growth.
The outcome is that heavily-parasitized cockles lose
their ability to burrow, and are left stranded on the
sediment surface (Thomas and Poulin, 1998). Two in-
dependent field experiments have shown that manipu-
lated cockles are between 5 and 7 times more likely to
be eaten by bird definitive hosts than healthy, buried
cockles (Thomas and Poulin, 1998; Mouritsen, 2002).
Both trematode species appear to contribute equally to
this manipulation: their relative abundances vary from
one locality to the next, but on a regional scale they are
roughly equally abundant (Babirat et al., 2004). In ad-
dition, they both tend to encyst near the tip of the foot
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not a suitable definitive host for the two echinostome
trematodes: any metacercaria ending up in a fish dies.
Up to one-third of all cockles show signs that part of
their foot has been cropped by the fish (Mouritsen and
Poulin, 2003a). The frequency of foot cropping is par-
ticularly high among manipulated cockles lying on the
sediment surface, and field estimates indicate that close
to one-fifth of metacercariae are thus lost to fish preda-
tion (Mouritsen and Poulin, 2003b). All of those were
encysted near the tip of the foot of cockles, not at its
base. Thus, in this system, all metacercariae in a cockle
have the same probability of reaching a bird definitive
host, but those that are responsible for manipulating
host behaviour face a greater risk of mortality. Is host
manipulation costly in these two trematode species?
Once again, we say it is.

The reader may feel that our three examples repre-
sent exceptions rather than the rule. To some extent,
this is true: the host–parasite systems discussed above
are unusual. But their uniqueness does not come from
the fact that manipulation is costly in all of them, but
instead from the fact that they allow this cost to be es-
timated. Intraspecific variation in whether or not par-
asite individuals contribute to host manipulation (i.e.,
intraspecific variation in site of encystment within the
host) is the common feature of these systems, one that
provides a baseline for measuring fitness costs asso-
ciated with manipulation. Other manipulative parasite
species do not display any such variation, or if they
do it has not been examined or reported. It is thus the
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Babirat et al., 2004), where their debilitating effect o
he host’s burrowing ability is most intense (Mouritsen
002). Importantly, however, about 25% of metac
ariae of both species are found in the middle of
oot, and about 10% near the base of the foot (Babirat e
l., 2004). The benefits of host manipulation are sha
y all metacercariae: although only those near the t

he foot impair the burrowing ability of cockles, on
n oystercatcher feeds on a cockle, it ingests all p
ites along with host tissues. Predatory whelks also
n surface-stranded cockles (Ansell, 2001; McFarlan
t al., 2003); although they only attack a small pr
ortion of cockles, they ingest all tissues, and thu
arasites face the same risk whatever their exact s
ncystment. Another opportunistic predator also p
n surface-stranded cockles, but this one eats e
ively the tip of the foot of surface-stranded cock
rying in vain to burrow. This predator, a labrid fish
xistence of cheaters, who benefit from manipula
ithout incurring its cost, that allow us to estimate
ost in our three examples. In addition, the three fa
ies (Dicrocoeliidae, Microphallidae and Echinosto
tidae) involved in our examples fall on completely

erent branches of the phylogeny of trematodes (Olson
t al., 2003); the cost of host manipulation is theref
ot restricted to a single trematode clade.

Thomas et al. (2005)presented a proximate-lev
iew of the cost of host manipulation incurred by m
ipulative parasites. Our main purpose in this comm

ary was to complement their review and offer an a
ative, and somewhat broader, perspective of the
f manipulation. The proximate physiological co
f manipulation, measured in terms of the energy
ended by the parasite, may often be trivial, but th

imate fitness costs paid by manipulative parasites
till be considerable. Similarly, the costs of defen



244 R. Poulin et al. / Behavioural Processes 68 (2005) 241–244

against parasites incurred by resistant hosts may also
appear small when seen from a metabolic perspective,
but their fitness costs are often substantial (Sheldon
and Verhulst, 1996; Lochmiller and Deerenberg, 2000).
The examples we have chosen illustrate that manipu-
lation of the host can result in higher mortality risks
for manipulative individuals compared to their non-
manipulative conspecifics. The actual sources of para-
site mortality vary among host–parasite systems, from
host immune responses to predation by non-host preda-
tors. Fitness costs involving reduced future fecundity
instead of higher risk of mortality are also possible. Of
course, the net outcome of manipulation, i.e., the dif-
ference between fitness gains and fitness costs, taking
into account that both gains and costs are only proba-
bilistic (higher probability of transmission, higher risk
of death from various causes), must be positive for
manipulation to evolve. This does not mean that the
cost is negligible, however. In fact, high costs may be
one key reason why host manipulation is observed in
some parasite species, but not in other closely-related
species.

References

Ansell, A.D., 2001. Dynamics of aggregations of a gastropod preda-
tor/scavenger on a New Zealand harbour beach. J. Mollusc. Stud.
67, 329–341.

B hip:
g be-

C car-
Nat.

C ke,

F d ed.

H
-

es

H
s

termédiaires et tests de prédation. Ann. Parasitol. Hum. Comp.
59, 41–56.

Lochmiller, R.L., Deerenberg, C., 2000. Trade-offs in evolutionary
immunology: just what is the cost of immunity? Oikos 88, 87–98.

McFarland, L.H., Mouritsen, K.N., Poulin, R., 2003. From first to
second and back to first intermediate host: the unusual transmis-
sion route ofCurtuteria australis(Digenea: Echinostomatidae).
J. Parasitol. 89, 625–628.

Moore, J., 2002. Parasites and the Behavior of Animals. Oxford Uni-
versity Press, Oxford.

Mouritsen, K.N., 2002. The parasite-induced surfacing behaviour in
the cockleAustrovenus stutchburyi: a test of an alternative hy-
pothesis and identification of potential mechanisms. Parasitology
124, 521–528.

Mouritsen, K.N., Poulin, R., 2003a. The risk of being at the top: foot-
cropping in the New Zealand cockleAustrovenus stutchburyi. J.
Mar. Biol. Assoc. UK 83, 497–498.

Mouritsen, K.N., Poulin, R., 2003b. Parasite-induced trophic facilita-
tion exploited by a non-host predator: a manipulator’s nightmare.
Int. J. Parasitol. 33, 1043–1050.

Olson, P.D., Cribb, T.H., Tkach, V.V., Bray, R.A., Littlewood,
D.T.J., 2003. Phylogeny and classification of the Digenea (Platy-
helminthes: Trematoda). Int. J. Parasitol. 33, 733–755.

Ratanarat-Brockelman, C., 1974. Migration ofDiplostomum
spathaceum(Trematoda) in the fish intermediate host. Z. Par-
asitenk. 43, 123–134.

Ridley, M., 1996. Evolution, second edition. Blackwell Science, Ox-
ford.

Romig, T., Lucius, R., Frank, W., 1980. Cerebral larvae in the second
intermediate host ofDicrocoelium dendriticum(Rudolphi, 1819)
andDicrocoelium hospesLooss, 1907 (Trematoda, Dicrocoeli-
idae). Z. Parasitenk. 63, 277–286.
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