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ARTICLE INFO _ _ _ ) ) _ o _
Trophically transmitted parasites have to deal with the antipredator adaptations of their intermediate

hosts. Some of these parasites induce behavioural changes in their intermediate hosts that make them
more vulnerable to predation by definitive hosts. However, the adaptiveness of behavioural manipulation
also depends on the probability of being eaten by a nonhost predator. Parasites might therefore try to use
specific antipredator responses of intermediate hosts to avoid this dead end. We tested this hypothesis
using the acanthocephalan Polymorphus minutus and its intermediate amphipod host, Gammarus roeseli.
In their natural habitat, uninfected G. roeseli shelter near the river bottom while infected gammarids tend
to cling onto floating materials. In microcosm experiments, infected amphipods were preyed upon by
sticklebacks (nonhost predators) less than uninfected individuals when refuges were provided near the
water surface. Regardless of their infection status, G. roeseli reacted to olfactory cues of predation by
spending more time on refuges and near the surface. However, these behaviours were increased in
infected gammarids. These results suggest that, in addition to specific induced behaviours, parasites may
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also enhance an existing antipredator behaviour to increase their own survival.
© 2009 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Trophically transmitted parasites rely on intermediate hosts to
reach their definitive hosts and complete their life cycle (Poulin
1998; Combes 2001). Numerous parasite species are known to alter
the phenotype of their intermediate hosts. Among the various
changes induced by infection, those that increase parasites’ trans-
mission efficiency are considered to be evolutionarily selected
adaptations (Moore 2002; Thomas et al. 2005). Previous studies
have reported enhanced transmission rates when the manipulated
host is selectively preyed upon by a suitable definitive host (Bethel
& Holmes 1977; Lyndon 1996; Bakker et al. 1997; Fuller et al. 2003;
Lagrue et al. 2007). However, alterations of the intermediate host’s
phenotype potentially lead to increased predation by a large range
of predators, including those that cannot be successfully infected by
the parasite (i.e. ‘nontarget’ predators). Consequently, to be
considered adaptive, manipulation should show some degree of
specificity by predisposing infected hosts more strongly to preda-
tion by the next hosts (i.e. ‘target’ predators) than to inappropriate
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ones (Cézilly & Perrot-Minnot 2005). Seppdld & Jokela (2008),
however, demonstrated that even nonspecific changes in behaviour
might be adaptive if target hosts are the most common predators in
the parasite’s natural environment. The remaining question is
whether manipulative parasites may evolve nonhost avoidance
strategies when the costs associated with predation risk by non-
hosts are too high to be compensated for by nonspecific manipu-
lation. Only a few empirical studies have convincingly
demonstrated that changes in infected host phenotypes could lead
to a decrease in the vulnerability to predation by inappropriate
hosts (Levri 1998; Médoc et al. 2006). On the other hand, a number
of studies have shown that modified behaviours increase the
susceptibility of intermediate hosts to nonhost predators (Ness &
Foster 1999; Mouritsen & Poulin 2003; Kaldonski et al. 2008) or, at
best, make no difference to predation probability by unsuitable
hosts (Seppadld et al. 2006; Lagrue et al. 2007).

Prey species have evolved numerous defence mechanisms to
reduce their susceptibility to predation (reviewed in Edmunds
1974; Sih 1987; Abrams 2001). The chemical detection of predatory
species is widespread among aquatic organisms and allows a high
level of specificity (Kats & Dill 1998; Wisenden 2000). Olfactory
cues appear to be a stimulus for various defence mechanisms
including behavioural responses, such as reduced activity and
increased use of shelters (Lima & Dill 1990). Thus, parasites using
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prey species to reach their definitive host via trophic transmission
have to deal with such predator assessment by the host. Some
parasites manipulating their host behaviour can modify how hosts
perceive predators, infected prey sometimes being attracted by the
predator instead of being repulsed (Berdoy et al. 2000; Perrot-
Minnot et al. 2007). However, no studies to date have shown that
infected prey use the perception of a nonhost predator and the
antipredator behaviour that follows to avoid inappropriate hosts.

Now naturalized in France, Gammarus roeseli is a freshwater
amphipod of Balkan origin that became widespread in Western Europe
over the past century (Karaman & Pinkster 1977; Jazdzewski 1980;
Barnard & Barnard 1983). Under predation risk, this crustacean
decreases its activity and shelters near the river bottom while its dorsal
spines reduce the capture efficiency of fish (Bollache et al. 2006). In
natural populations, G. roeseli is commonly infected by the acantho-
cephalan parasite Polymorphus minutus, and infected gammarids are
known to swim close to the water surface and cling onto floating
materials. This behaviour is thought to favour the parasite’s trans-
mission to its definitive host, awaterbird (Cézilly et al. 2000; Bauer et al.
2005). Polymorphus minutus has been used in three previous studies on
predation by nondefinitive hosts, making it one of the best-known
parasites in this respect. Médoc et al. (2006) showed that the presence
of a benthic arthropod predator increases the amount of time that
P. minutus-infected G. roeseli spend near the water surface, conse-
quently decreasing the predation rate by this nonhost predator. Using
Gammarus pulex, another intermediate host of P. minutus, Kaldonski
etal.(2007) found that an antipredator reaction (increasing the level of
refuge usage) was as strong in infected animals as in uninfected ones
when the predator was a benthic fish (Cottus gobio). However, they did
not find any decrease in predation associated with this behaviour. In
addition, Kaldonski et al. (2008) found differences in the predation
rates by invertebrate predators, but the link to refuge usage was
unclear. These studies suggest that gammarids infected by P. minutus
may be able to detect and escape predators inappropriate for the
parasite. The inconsistencies between escape behaviours and differ-
ential predation noted by Kaldonski et al. (2007, 2008) could be
because refuges provided to gammarids in these experiments did not
allow infected individuals to express the modified behaviour fully (i.e.
swimming at the top of the water column and clinging to floating
refuges), since the refuges provided were limited to the benthic area
(Kaldonski et al. 2007, 2008).

Our aim in our study was to test the ability of G. roeseli infected by
P. minutus, compared to uninfected individuals, to perceive predation
risk by fish and escape predation in different refuge conditions. We
first determined the prevalence of infection in the main natural
habitats of G. roeseli. We then measured predation preference of
a nonhost predator in microcosm experiments. The three-spined
stickleback, Gasterosteus aculeatus, was chosen as a predator because
itlives in sympatry with G. roeseli in the study site and amphipods are
known to be part of its diet (Hynes 1950; Hart 2003). Its foraging
behaviour is also well documented (Hart & Ison 1991; Gill & Hart
1999). Finally, as G. roeseli commonly uses chemical communication
to assess predation risk (Baumgartner et al. 2003; Bollache et al.
2006), we investigated how P. minutus-infected G. roeseli perceived
and reacted to olfactory cues. That is, we recorded behaviour of
amphipods exposed to water scented or not by sticklebacks.

METHODS
Study Species and Sampling

We studied the G. roeseli population living in the Nied river,
Laquenexy, northeastern France (49°05'N, 6°19'E). Gammarus

roeseli is the only amphipod species present and is parasitized by
P. minutus, the only macroparasite of G. roeseli found at this site.

To assess accurately the distribution of infected gammarids at
this site, we investigated the prevalence of P. minutus at the
mesohabitat scale. In June 2005, a 100 m long representative
section of the stream was defined to identify the natural habitat
that covered more than 5% of the river bottom. This preliminary
step allowed us to select six distinct natural habitats for the
study. Invertebrates were collected with a Surber sampler from
these substrates, including floating organic materials (FOM),
Nuphar lutea leaves, the dominant hydrophyte Potamogeton
pectinatus, willow roots, pebbles (diameter: 6-8 cm) and stones
(diameter: 15-20 cm). These organic and mineral substrates
differed in their location along the water column, ranging from
the water surface (FOM and N. lutea, 0-15 cm depth) to the river
bottom (pebbles and stones, 40-50 cm depth), with the hydro-
phytes and roots being located between these extremes
(20-30 cm depth). We sampled each habitat three times and
sorted invertebrates in the laboratory, using a binocular magni-
fying glass (Leica MZ 125). Dissection of amphipods followed to
confirm infection by P. minutus.

For experimental purpose, amphipods and fish were collected
at the same site in 2006, with a pond net (500 pm mesh). The
presence of P. minutus cystacanths observed through the cuticle of
infected G. roeseli distinguished them from uninfected individuals.
To remove potential host sex or parasitic-load effects, only male
amphipods harbouring one cystacanth were used in the experi-
ments. Males were identified during the precopula mate-guarding
phase to avoid any confusion between the two genders. Selected
gammarids measured approximately 7 mm in length to match the
buccal aperture of sticklebacks and allow prey ingestion (following
pre-experimental investigations). Selected fish were males of
equal size (65+3 mm in length) showing a red breeding
coloration.

Housing

During transport to the laboratory, gammarids and fish were
maintained, respectively, in 3 litre and 30 litre opaque plastic tanks,
at a density that did not exceed 50 individuals/litre for G. roeseli and
4 individuals/litre for G. aculeatus. We placed some plants collected
from the river (P. pectinatus) in each tank to reduce the stress
induced by handling and transport.

In the laboratory, amphipods were maintained separately from
sticklebacks in plastic tanks (33 x 25cm and 13 cm high) at
a density of 20 individuals/litre. Sticklebacks were placed in larger
tanks (60 x 29 cm and 31 cm high) at a density of 2 individuals/
litre. Each housing unit was filled with filtered site water and we
added some natural plants (P. pectinatus) to reduce the risk of death
from cannibalism for gammarids, and to minimize aggression
between males for fish. Oxygen was supplied by a filter pump
which also generated a flow inside the tanks. Animals were housed
in a thermoregulated room to ensure a stable water temperature
(16 £1 °C) and with a 12:12 h light:dark period.

The experimental subjects were maintained under these labo-
ratory conditions for 8 days before experiments began. During this
time, gammarids were fed at satiation with Alder-sheet discs while
sticklebacks received live chironomids as food (20 chironomids per
fish per day). Sticklebacks were deprived of food for 24 h before
experiments to standardize the predation pressure among the
experimental units. All specimens were used only once. At the end
of the experiments, gammarids were dissected to confirm their
infection status while surviving sticklebacks were released in the
Nied river, in accordance with European legislation. Nine of the 80
sticklebacks collected for the study died in captivity for unknown
reasons. Approval for the study was granted by the Ministére de
I'Ecologie et du Développement Durable.
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Vulnerability to Predation

Twenty G. roeseli (10 uninfected and 10 infected) were placed in
opaque aquaria (33 x 25 cm and 13 cm high) partially filled with 8
litres of filtered water drawn at the site. Proper oxygenation was
ensured by an air pump fixed on one corner and six discs (diameter:
18 mm) of conditioned Alder-sheets were distributed to inverte-
brates as a nutritive resource. Aquaria were placed inside a wide vat
(140 x 110 cm and 40 cm high) partially filled with water and
acting as a ‘water bath’ system. A pump ensured water circulation
and a cooler (Huber TC40E) allowed a high degree of thermal
stability (16 & 1 °C). Water temperature was checked regularly. The
device was illuminated by four light tubes (Philips, 36 W) mounted
60 cm above the water surface; the light:dark period was 12:12 h.

To provide shelters from fish predation and prevent canni-
balism, 40 glass pebbles (diameter: 15 mm; four white, 18 green
and 18 brown) were haphazardly placed on the bottom of each
aquarium, convex side down. In addition to this benthic refuge,
since gammarids are known to use plants as refuges to avoid
predation (Kaldonski et al. 2007), a dense artificial plant (33 x 8 cm
and 7 cm high) was added in some experimental series. Artificial
plants were preferred to natural plants to avoid a potential con-
founding effect of plant usage for feeding. We tested three situa-
tions (experimental groups): (1) with glass pebbles only (control),
(2) with glass pebbles and the artificial plant placed horizontally on
the bottom of the aquarium (gammarids allowed to use refuges
only at the bottom), (3) with glass pebbles and the artificial plant
placed vertically in the aquarium, from bottom to surface (amphi-
pods allowed to use refuges from the bottom to the water surface).
Each situation was replicated 20 times (21 for the group with no
plant) both with G. roeseli alone (mortality control groups) and in
the presence of G. aculeatus (experimental groups).

In experimental groups, after an acclimatizing period of 1 h, one
stickleback was added in each aquarium. After pilot experiments,
we chose an exposure time of 24 h without a complex refuge and
48 h in the presence of artificial plants. At the end of the experi-
ments, the fish were removed and the surviving G. roeseli were
counted.

Differential predation on uninfected and P. minutus-infected
G. roeseli by sticklebacks was assessed using Manly’s alpha (pref-
erence index, Manly 1974; Chesson 1978), which allows for the
depletion of prey during the course of the experiment. Replicates
with no predation and those with fewer than four amphipods
consumed were removed from analyses. The preference index was
calculated using the equation:

In p;
o = —t—
l Z]m=1pj

where ¢; is the Manly’s index for prey type I (here infected prey), p;
and p; the proportion of prey i or j remaining at the end of the trial
and m is the number of prey types. The index ranges from O to 1
(when only uninfected or infected prey were consumed, respec-
tively). Observed values were compared with a situation of absence
of preference (a; = 0.5).

Gammarids’ Response to Predation Cues

We equipped a Pyrex crystallizing dish (diameter: 140 mm;
height: 74 mm) with eight equidistant plastic strips acting as arti-
ficial refuges (height: 60 mm; width: 10 mm; depth: 3 mm). In
contrast to glass, the plastic strips were porous to allow amphipods
to cling to them. We used a silicone glue to fix the strips vertically
onto the side wall of the dish, from bottom to water surface. As the
strips came up to the water surface, amphipods were allowed to

cling onto refuges along the water column. The dish was filled with
900 ml of water from the collecting site, oxygenated and temper-
ature stabilized (16 + 1 °C) at least 48 h prior to experiments. The
water was either free of any olfactory cue (controls) or scented by
sticklebacks during a predation event. The scented water was
obtained from the previous experiments, using the replicates in
which the fish ate 10 prey (five uninfected and five infected spec-
imens, representing 1.25 predation events per litre) after a 24 h
exposure. This process was expected to provide a predation signal
close to the one observed under natural conditions, because it
includes both the fish odour and the chemical cues released by
injured gammarids (Wudkevich et al. 1997; Abjérnsson et al. 2000;
Wisenden et al. 2001). To protect the organisms from any external
disturbance, we performed tests in a closed box (28 x 28 cm and
37 cm high) equipped with a source of diffuse light and a webcam
(Philips ToUcam Pro II Pcvc840) to film the horizontal plan. Filming
began 5 min after a single G. roeseli was introduced into the device.
The recording time was 3 min at a rate of 20 frames/s. Experiments
were replicated 20 times with both uninfected and P. minutus-
infected gammarids. The video shots were analysed frame by frame
with an unpublished software developed at the LIEBE laboratory
(designed by Philippe Rousselle). We first measured the time spent
in contact with refuges, during which gammarids remained static,
clinging onto the strip, or moved slightly along it. Then, we calcu-
lated the proportion of refuge time spent clinging at the surface.
Finally, we measured the time spent close to the surface, including
swimming and sheltering periods.

Statistical Analyses

Differences in the prevalence of P. minutus between habitats
were analysed using a nested ANOVA design (after arcsine square-
root transformation of the data), where depth category was a fixed
factor, and the substrates were random factors nested within depth
category, followed by a Tukey honestly significant difference (HSD)
post hoc test.

In predation experiments, we first compared the general
predation rate (proportion of gammarids, regardless of their
infection status, eaten by the fish) between the three experimental
groups, using an ANOVA on arcsine square-root-transformed data,
followed by a Dunnett’s test (Quinn & Keough 2002), to assess
differences between the control group (with no plants) and each
group where plants were added. We then compared within groups
the observed Manly’s alpha with a situation of equal predation
vulnerability (o;=0.5) using paired t tests. These data met
normality (Shapiro-Wilk W tests: all P> 0.19) so we used para-
metric statistics. The difference between groups in ¢; (i.e. according
to refuge availability) was assessed using an ANOVA, followed by
a Dunnett’s test (control group: without plants).

The effects of parasitism and olfactory cue on the behaviour of
G. roeseli were tested by two-way ANOVAs. Data for the proportion
of time spent clinging onto refuges at the surface, and the time
spent at the surface, were transformed (arcsine square-root and
Box-Cox transformations, respectively) to meet normality and
homogeneity of variance assumptions.

We performed all tests with a 5% type I error risk, using STA-
TISTICA 6.0 (Statsoft, Tulsa, OK, U.S.A.) and JMP 6.0 (SAS Institute
Inc., Cary, NC, U.S.A.) software. All tests were two tailed.

RESULTS
Amphipod Distribution

Of the 3431 G. roeseli collected, we identified 455 P. minutus-
infected specimens (13.2% prevalence). The prevalence differed
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between sampling depths, while variation between substrates
within each depth category was not significant (ANOVA on arcsine
square-root-transformed data: global model: Fs512 =10.76,
2 =0.82, P=0.0004; effect of the fixed factor depth: F= 26.30,
P =0.01; effect of the nested random factor substrate: F= 0.97,
P = 0.44; Fig.1). ATukey HSD post hoc test revealed that prevalence
of P. minutus was higher in hosts collected in near-surface habitats
than in deeper habitats (Fig. 1).

Vulnerability to Predation

No mortality was observed in control groups (without G. acu-
leatus), regardless of infection and refuge location, suggesting that
G. roeseli were not cannibalistic during the experiments. In exper-
imental units, the average general predation rates by G. aculeatus
on G. roeseli + SEM were 0.59 + 0.05 (N = 21) when no plants were
added to the aquaria, 0.49 + 0.06 (N = 20) when plants were added
at the bottom, and 0.40 & 0.05 (N = 20) when the plant refuges
reached the water surface (ANOVA: F» 60 = 3.24, P = 0.04). Only the
group where plants were at the surface differed significantly from
the group without plants (Dunnett’s test for comparison with
a control group: P=0.33 for plants on the bottom; P = 0.02 for
plants at the surface). Hence, an artificial plant reaching the surface
significantly reduced the general predation rate, even after a longer
exposure (48 h versus 24 h).

With no plant in the aquarium, sticklebacks showed no predation
preference according to prey infection status (Fig. 2). When plant-
like refuges were added at the bottom, sticklebacks ate slightly fewer
infected amphipods than uninfected ones. The difference in preda-
tion was more marked when plants reached the surface (Fig. 2) and
varied between groups (ANOVA: F, 43 = 3.31, P = 0.04). The differ-
ence from the control group (without plants) was not significant for
series where plants were on the bottom of aquaria (Dunnett’s:
P=0.18), but was significant for aquaria equipped with plants
reaching the water surface (Dunnett’s: P = 0.03).

Refuge Usage Under Stressful Conditions

Infection with P. minutus had a significant effect on G. roeseli
behaviour, whatever the olfactory cue conditions (Table 1, Fig. 3).
Infected gammarids spent more time on refuges than uninfected
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Figure 1. Prevalence of Polymorphus minutus in the freshwater amphipod Gammarus
roeseli. Six distinct natural habitats were sampled in the Nied river (northeastern
France), including organic (floating organic materials = FOM, Nuphar lutea, Potamo-
geton pectinatus and willow roots) and mineral substrates (pebbles and stones). The
samples also differed in their position along the water column (sampling depth). N = 3
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Figure 2. Differential predation (Polymorphus minutus-infected gammarids versus
uninfected specimens) of Gammarus roeseli interacting with nonhost fish, estimated
using Manly’s a;, as a function of refuge location (artificial plant). Means are given
+95% confidence intervals. Values below the dashed line indicate underconsumption
of infected prey. Numbers in the bars are sample sizes; numbers above the bars are P
values for comparisons within groups of the observed values with no preference
(oci = 0.5).

ones (Fig. 3a) and, during this sheltering time, spent more time
clinging in the near-surface area (Fig. 3b). Considering the swim-
ming and the sheltering periods together, infected amphipods
spent more time at the surface than uninfected ones, the latter
remaining mainly benthic (Fig. 3c).

Chemical cues related to predation by G. aculeatus (fish odour in
addition to chemical signals released by injured gammarids) also
significantly increased the time spent on refuges and the time spent
at the surface for both uninfected and P. minutus-infected gam-
marids (Table 1, Fig. 3a, c). However, olfactory cues did not signif-
icantly alter the clinging behaviour of G. roeseli during sheltering
time (Table 1, Fig. 3b).

Finally, interactions between parasitism and olfactory cue were
never significant (Table 1), so changes in the behaviour of G. roeseli
induced by olfactory cues did not differ with infection status.

Table 1

Results of two-way ANOVA testing for differences in the time spent in refuges, the
proportion of time clinging onto refuges at the surface and the time spent at the
surface (either swimming or clinging onto refuges) among Gammarus roeseli, in
relation to infection by Polymorphus minutus and olfactory cues related to the
predatory activity of three-spined sticklebacks

Source df Sum of squares F P

Time spent on refuges
Parasitism 1 14034.27 13.244 <0.001
Olfactory cue 1 21081.10 19.894 <0.001
Parasitism*olfactory cue 1 756.71 0.714 0.401
Error 78 82655.56

Proportion of refuge time at surface
Parasitism 1 3.52 28.367 <0.001
Olfactory cue 1 0.42 3.395 0.069
Parasitism*olfactory cue 1 0.01 0.055 0.815
Error 78 9.68

Time spent at surface
Parasitism 1 16689.37 30.752 <0.001
Olfactory cue 1 3010.58 5.547 0.021
Parasitism*olfactory cue 1 116.17 0.214 0.645
Error 78 42331.20

Prior to analysis, data for the proportion of time spent clinged onto refuges at the
surface and the time spent at the surface were transformed (arcsine square-root and
Box-Cox transformations, respectively. See text for details and Fig. 3 for differences
between infected and uninfected animals).
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Figure 3. Refuge use by Gammarus roeseli infected with Polymorphus minutus under
stressful conditions. (a) The time spent at refuges, (b) the proportion of time clinging
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clinging onto refuges) were obtained for infected (grey bars) and uninfected (white
bars) amphipods using control or predator-scented water. Means are given -=SEM. See
Table 1 for the ANOVA results.

DISCUSSION
Decreased Vulnerability to a Nonhost Predator

Overall, our results suggest that infection with this acantho-
cephalan parasite can decrease the vulnerability of amphipods to
a nonhost predator. Gammarus roeseli infected by P. minutus were
significantly less preyed upon by sticklebacks than uninfected
amphipods, mostly in experiments with refuges which allowed the
hosts to express the full behavioural modification induced by the
parasite (i.e. to reach the water surface and cling to a refuge).

We showed, in accordance with results of previous studies
(MacNeil et al. 2003; Wellnitz et al. 2003), that acanthocephalan
parasites structure their intermediate host population at a micro-
spatial scale, both in nature and in our experiments. Gammarus
roeseli infected by P. minutus spent most of their time clinging onto
refuges available at the water surface, confirming the results of

Bauer et al. (2005). These results were all obtained on naturally
infected gammarids, and it might be argued that gammarids
behave differently for reasons unrelated to parasitism, or that the
abnormal behaviour is the cause and not the consequence of
infection. This is improbable, however, both because not all infec-
tions of G. roeseli by acanthocephalans are linked to behavioural
alterations (Moret et al. 2007) and because recent experimental
infections using acanthocephalans showed that the abnormal
behaviours were induced only after the host became infected
(Franceschi et al. 2008). It might also be argued that P. minutus
infection does not modify G. roeseli’s perception of water depth (i.e.
reverse geotaxis), but rather modifies its habitat choice, gammarids
showing a high affinity for floating materials once infected. This is
not the case because in a previous study performed on the same
host population, we observed the same spatial distribution (infec-
ted specimens located near the water surface) with the use of
artificial traps (Médoc et al. 2006). These traps were distributed
along the water column so as to provide a standard mesohabitat
that spanned the full range of depth categories.

We found a strong congruence between the results from
predation experiments and those from behavioural experiments
(both refuge usage and response to a predation risk cue). The
reversed geotaxis and increased refuge usage of infected amphi-
pods explained why they were less exposed to the predation by
sticklebacks than uninfected prey, especially when they were
allowed to shelter in the near-surface area. Kaldonski et al. (2007),
studying the consequences of P. minutus infection on G. pulex, also
found an increase in refuge usage when predator chemical cues
were present. However, it did not translate to a difference in
predation risk. The main difference from our experiments is that
the shelters provided to gammarids were not present throughout
the water column, therefore preventing infected gammarids from
expressing their modified behaviour fully, as they could in our
study where plants were fixed at the bottom. This therefore
suggests that the whole sequence of the manipulated behaviour is
necessary for the host to escape inappropriate predators of the
parasite. When no refuges were provided, sticklebacks indiscrim-
inately ate the two prey types. Again, this suggests that a single
component of behavioural change (increasing the time spent at the
surface) is not enough to escape the fish predator. This also suggests
that differences in appearance linked with the infection did not
modify the stickleback’s preference for one prey type. Uninfected
and infected gammarids differed in appearance because cys-
tacanths are visible as orange dots through the host’s cuticle. This
result contrasts with the observations reported by Bakker et al.
(1997) who found that the coloration of acanthocephalans is an
effective signal increasing the conspicuousness of infected prey,
and therefore contributes to the increased trophic transmission of
parasites. Bakker et al. (1997) nevertheless worked with fish
acanthocephalans, which could explain the different results from
ours, but it appears that a visual signal from the parasites as
a component of parasite-induced phenotype manipulation is not
a general pattern.

Does Enhancement of Existing Behaviour Explain Manipulated
Behaviour?

An increase in refuge usage under chemical stimulation is an
antipredator behaviour commonly reported among gammarids
(G. lacustris: Wudkevich et al. 1997; G. minus: Wisenden et al. 1999;
G. pulex: Baldauf et al. 2007; Perrot-Minnot et al. 2007). Here, we
showed that this behaviour also exists in G. roeseli (see also Boll-
ache et al. 2006). Polymorphus minutus-infected as well as unin-
fected individuals perceived the olfactory cue related to the
predation by sticklebacks and reacted to it by increasing their
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sheltering time. Kaldonski et al. (2007) reported a similar increase
in refuge usage in P. minutus-infected G. pulex when exposed to
another nonhost fish, the bullhead, Cottus gobio. Whether the
predator signal was present or absent in our study, sheltering time
was higher in infected G. roeseli than in uninfected ones.

In addition to an enhanced refuge usage, P. minutus infection
was also associated with an increased time spent at the surface.
This raises an interesting question about adaptive sophistication:
can we consider negative geotaxis and refuge usage as two distinct
manipulations driven by two distinct selective forces (target and
nontarget hosts, respectively)? Two hypotheses can be advanced:
(1) the weak hypothesis, where both negative geotaxis and refuge
usage have been selected to maximize transmission to birds, the
reduced predation by fishes being a fortunate side-effect and (2)
the strong hypothesis, where the parasite expresses two distinct
adaptive manipulations, the first increasing the encounter proba-
bility between infected prey and target hosts (negative geotaxis),
and the second decreasing their vulnerability to predation by
nontarget hosts (refuge usage). The results of the predation
experiment tend to be consistent with the strong hypothesis.
Indeed, following the weak hypothesis, infected gammarids would
be expected to reach the top of the water column and then to stop
in surface refuges to be easily preyed upon by birds. Consequently,
infected gammarids should have experienced a higher predation
rate than uninfected conspecifics when the artificial plant was
placed on the bottom of the experimental unit. This was not the
case, suggesting that one of the modified behaviours (e.g. refuge
usage) can be expressed independently of the others (e.g. negative
geotaxis).

Taken together, our findings suggest that parasitic manipulation
can be an enhancement of existing antipredator behaviours. To be
precise, we do not know whether the time spent at the surface is an
efficient antipredator behaviour (this requires at least further
investigations). However, both increased sheltering behaviour and
increased time spent at the surface were, on the one hand, a reac-
tion to a predator cue, and on the other hand, considerably
increased by the infection by P. minutus. Therefore, we propose that
the behavioural alterations induced by this parasite enhance
natural behavioural responses to predators, pre-existing in their
host. The P. minutus behavioural manipulation could therefore
consist of enhancing an antipredator behaviour in its intermediate
host, a situation contrasting with some other parasite-induced
behavioural changes. Indeed, several studies performed on fish
acanthocephalans found hyperactive intermediate hosts (Maynard
et al. 1998; Dezfuli et al. 2003), sometimes attracted to fish odours
(Baldauf et al. 2007; Perrot-Minnot et al. 2007). Perrot-Minnot et al.
(2007) described how ‘reverse antipredator behaviours’ enhance
the trophic transmission of an acanthocephalan parasite to an
appropriate fish host. Here, our results suggest that enhanced
antipredator behaviours may allow avoidance of a species that
cannot be successfully infected by the parasite.

The fact that intermediate hosts become more efficient in facing
certain predators once infected may nevertheless appear counter-
intuitive when prey organisms are expected to do all they can
anyway to avoid being eaten. One explanation can be provided that
considers life history budgeting in manipulated hosts. Indeed,
P. minutus is known to decrease the pairing success in G. pulex
significantly while infected females are totally castrated (Bollache
et al. 2001, 2002). In the same way, infection with the other fish
acanthocephalan Echinorhynchus truttae significantly decreases the
number of isopods (Asellus aquaticus) killed by G. pulex (Fielding
et al. 2003). Trophically transmitted parasites, which have little
interest in these host behaviours (sexual and foraging activities),
shift the balance towards antipredator behaviours that specifically
reduce predation risk by nonhosts.

In addition to enhanced refuge usage and reversed geotaxis
(negative instead of positive), infected G. roeseli also showed
clinging behaviour, which consists of sheltering close to the water
surface. This P. minutus-induced change appeared more specific to
infected individuals than the other two changes because it was
significantly related to parasitism, but not to the olfactory cue. This
argues for the multidimensionality of host manipulation by
P. minutus, demonstrating that parasites modify more than one
dimension in the phenotype of their hosts (Cézilly & Perrot-Minnot
2005). This idea is also supported by the recent finding that
P. minutus-infected G. roeseli interacting with a crustacean predator
have a higher escape speed than uninfected individuals (Médoc &
Beisel 2008). Such a behaviour, which seems a priori inconsistent
with an increased trophic transmission to host predators, could
nevertheless be of selective importance for P. minutus if it reduces
predation risk by nonhosts. As pointed out by Cézilly & Perrot-
Minnot (2005), one remaining question to be answered is how
these different behavioural alterations are linked (e.g. by a common
mechanistic basis).

To conclude, although the transmission of P. minutus-infected
G. roeseli to waterbirds remains to be quantified (data concerning
increased transmission to birds relate to another Polymorphus
species, see Bethel & Holmes 1977), our results provide evidence for
a parasitic manipulation preventing ingestion by a nonhost pred-
ator, therefore showing some degree of specificity.
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