
Abstract During their lifetime most organisms are ex-
posed to various enemies influencing their victims in
multiple direct and indirect ways. Most studies concen-
trate on the effects of one enemy at a time, thereby not
taking into account that in nature organisms are often si-
multaneously exposed to more than one enemy. We con-
ducted a life-history experiment to investigate the simul-
taneous effects of predators (fish, Leuciscus idus) and
parasites (microparasite, Caullerya mesnili) on their vic-
tim (Daphnia galeata). D. galeata were exposed to pred-
ator kairomones, parasites or both. D. galeata are able to
sense the presence of fish predators via chemical cues
(= kairomones). Both fish predator kairomones and micro-
parasite infections influence the life history of Daphnia.
Some of the effects of fish predator kairomones are di-
rectly opposed to microparasite effects; fecundity, for ex-
ample, is increased in the presence of fish kairomones
and decreased in Daphnia parasitised with C. mesnili.
We investigated the influence of both threats on age at
maturity, body size at different adult instars, fecundity
and survival of one D. galeata clone. In the presence of
fish kairomones, all D. galeata matured significantly
earlier and increased the number of eggs in the second
brood significantly. Parasitised D. galeata matured sig-
nificantly earlier than non-parasitised ones in the ab-
sence and presence of fish kairomones. An infection
with the microparasite C. mesnili led to significantly
lower clutch sizes at the second adult instar, to signifi-
cantly smaller body sizes from adult instar three onwards

and to significantly reduced survival. No significant in-
teraction effect between the responses to fish presence
and to parasite infection was found for any of the inves-
tigated life-history traits. The lack of interaction effects
between the exposure to predator kairomones and para-
site infection was most likely due to the different timing
of the effects. Fish kairomones affected D. galeata early
in its life history whereas C. mesnili increased in its ef-
fects over time. Our results show that parasitised D.
galeata are able to exhibit life-history responses to fish
predator presence early in their lives. Thus, D. galeata
parasitised with C. mesnili have a similar chance as non-
parasitised D. galeata to escape from fish predation via
life-history changes. Since older parasitised D. galeata
are smaller, they may have an even better chance to es-
cape visual predators under actual predation.
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Introduction

Most organisms have to face a wide range of different
enemies including competitors, predators and parasites.
These enemies affect their victims in various direct and
indirect ways, altering their victims' chemistry, physiolo-
gy, morphology, behaviour and life history (e.g. Kerfoot
and Sih 1987; Minchella and Scott 1991; Tollrian and
Harvell 1999). Most studies of the effects of different en-
emies on their victims consider only one enemy at a
time; however, such situations are rare in nature. Organ-
isms typically have to face and fight several different en-
emies simultaneously in natural communities (e.g. Sih et
al. 1998; Sih and Krupa 1996; Thompson 1994). Investi-
gations of simultaneous effects of multiple enemies re-
main rare but are indispensable for understanding the
structure and function of natural communities (sensu
Thompson 1994).

Facing multiple enemies simultaneously might cause
conflicts in the victims because adaptive responses to one
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enemy might increase the risk of being harmed by anoth-
er enemy. The simultaneous exposure to several enemies
may induce responses in the victims that cannot be pre-
dicted by exposure to one enemy at a time. Sih and Krupa
(1996) observed that water striders (Aquarius remigis)
decreased mating duration in the presence of fish preda-
tors (Lepomis cyanellus) but increased mating duration in
the presence of food competitors (minnows, Pimephales
promelas). No significant change in mating behaviour
was observed when predators and competitors were pres-
ent simultaneously (Sih and Krupa 1996). Zooplanktonic
cladocerans of the genus Daphnia exhibit opposed reac-
tions to predators that differ in their size selectivity (e.g.
Dodson 1988; Stibor and Lüning 1994). In the presence
of predatory phantom midge larvae (Chaoborus), which
prefer smaller prey, Daphnia reproduce at a larger size
whereas they exhibit a decreased size at maturity when
planktivorous fish are present, which feed selectively on
larger Daphnia (Stibor and Lüning 1994). When exposed
to infochemicals indicating the presence of both preda-
tors, Daphnia exhibit typical anti-fish predator responses
and no Chaoborus effects (Weber and Declerck 1997).

Effects of a simultaneous exposure to predators and
parasites have mostly been investigated in systems with
parasites having indirect life cycles meaning that more
than one host is required to complete the life cycle (e.g.
Hohorst and Graefe 1961; Moore 1984; Pulkkinen et al.
2000). These studies demonstrate that parasites have the
potential to alter predation risk of their hosts. Several par-
asites with indirect life cycles seem to be able to increase
their intermediate host’s susceptibility to predation, there-
by improving their chances of entering their definitive
host and thus to complete their life cycles. However, it
has been shown that even a parasite with a direct life cy-
cle, which dies if its host dies and thus does not profit
from the consumption of its host, increases its host’s sus-
ceptibility to predation (Lefcort and Blaustein 1995).

Zooplankton ecology has traditionally focussed on the
effects of predation on population dynamics and prey life
histories (e.g. Kerfoot and Sih 1987; Zaret 1980). Plank-
tivorous fish are one of the most important Daphnia pre-
dators (e.g. Stibor and Lampert 2000), directly by reduc-
ing natural Daphnia population densities (e.g. Boersma
et al. 1996; Christoffersen et al. 1993) and indirectly by
inducing defence responses (e.g. Boersma et al. 1998;
Stibor 1992). Daphnia are able to sense fish predators
via infochemicals (kairomones) and respond by exhibit-
ing adaptive changes in behaviour, morphology and life
history (for review see Larsson and Dodson 1993;
Tollrian and Dodson 1999). Fish kairomones mainly affect
early life-history parameters in Daphnia and induce ear-
lier maturation at a smaller size and increased fecundity
(Stibor 1992).

Parasites and their consequences for Daphnia have
only recently received increasing research attention (e.g.
Ebert 1995; Green 1974; Schwartz and Cameron 1993;
Stirnadel and Ebert 1997). These studies have shown
that microparasites can be highly abundant in natural
Daphnia populations (e.g. Stirnadel and Ebert 1997), and

experimental studies supply evidence for potentially
large impacts of microparasites on Daphnia life history
(Bittner et al. 2002; Ebert 1995; Mangin et al. 1995).
The microparasite we used for our study, Caullerya mes-
nili Chatton, 1907, is regularly found in natural Daphnia
populations (Bengtsson and Ebert 1998; Bittner 2001;
Green 1974; Little and Ebert 1999; Stirnadel and Ebert
1997). It is a directly and horizontally transmitted gut
parasite; i.e. transmission takes place via waterborne in-
fection stages from one Daphnia host to another (Bittner
et al. 2002). C. mesnili grows exponentially in D. gale-
ata and increases in its effects on D. galeata life histo-
ries with time castrating its host after a few reproductive
events and increasing host mortality.

Here, we set out to improve the understanding of si-
multaneous predator and parasite effects in systems with
parasites having direct life cycles. We investigated how
life-history reactions of D. galeata were affected by ex-
posure to planktivorous fish, to the microparasite C.
mesnili or to both. Previous work has shown that both
Daphnia enemies, fish predators and C. mesnili, co-oc-
cur but that parasite prevalence and predator activity
peak at different times of year (Bittner 2001; Bittner et
al. 2002). It has been suggested that Daphnia parasites
might have difficulties in persisting under strong fish
predation pressure on their hosts because of preferential
predation of parasitised Daphnia (Ebert et al. 1997). In-
creased susceptibility of parasitised Daphnia to fish pre-
dation could result from parasite-induced life-history
changes in Daphnia that may be unfavourable under fish
predation. Our working hypothesis was that simulta-
neous exposure to both enemies might cause interaction
effects on Daphnia life history. An alternative hypothesis
was that the effects of both enemies may cause no con-
flict or interaction since the enemies affect Daphnia life
histories at different stages of their victims’ life cycle
(fish: early effects, Caullerya: late effects).

Materials and methods

We conducted a life-history experiment in which we exposed one
Daphnia galeata clone to lake water either without fish kairom-
ones or with fish kairomones. Half of the experimental D. galeata
was kept non-parasitised and the other half was parasitised with
the microparasite Caullerya mesnili. The experiment was designed
as a two-factorial: 2 (without and with fish kairomones) × 2 (with-
out and with parasite infection) × 24 (replicates) = 96 experimen-
tal animals. The experiment lasted for 29 days.

The D. galeata clone and the C. mesnili strain we used for our
experiment were isolated from Lake Constance, a large pre-alpine
lake. The D. galeata clone and the C. mesnili strain were kept in
the laboratory for several generations prior to the experiment. The
D. galeata clone was chosen for the experiment because it is
known to respond to fish kairomones (S. Lass, unpublished data)
and to be susceptible to infection by the microparasite C. mesnili
(Bittner et al. 2002). C. mesnili becomes visible externally (ap-
proximately 6–10 days after infection) through its large spore
clusters (up to 100 µm in diameter) in the gut consisting of 8–20
10×8 µm oval-shaped spores (Bittner et al. 2002). We established
and maintained mass cultures of monoclonal D. galeata parasitis-
ed with C. mesnili under standard culture conditions in 1.5 l-glass
beakers (20±1°C, 16 h light: 8 h dark, daily food ration of 1 mg
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cl–1 Scenedesmus obliquus). The parasite cultures were maintained
by adding non-parasitised juveniles from non-parasitised stock
cultures at approximately 3-week intervals.

Media were prepared using water from mesotrophic Greifen-
see (Switzerland) that had been circulating over a sand filter at
25°C for at least 24 h to enhance degradation of possible kairom-
ones. Prior to use the lake water was filtered (0.45 µm), and aerat-
ed to ensure oxygen saturation. This water was used for the para-
site mass cultures (see above), all pre-cultures and for experimen-
tal treatments without fish kairomones. The fish-kairomone water
was prepared by incubating two golden orfe (Leuciscus idus, with
a length of 7 cm) for 22 h in 10 l Greifensee water that had been
circulating over the sand filter (see above). Prior to use it also
was filtered (0.45 µm) and aerated. The fish were fed chironomid
larvae daily in a separate aquarium. Chemostat-grown green al-
gae (S. obliquus) were added to both media without and with fish
kairomones at a high food concentration (1 mg cl–1). In order to
keep the experimental conditions constant, fresh medium was
acclimatised to 20°C before the experimental animals were trans-
ferred into it.

For the experiment, third-brood D. galeata neonates (<11 h
old) were derived from the clonal lineage (see above) grown for
three generations under the same conditions as the experimental
treatment without fish kairomones and without parasite infection.
From each D. galeata mother, four neonates were taken and each
was assigned randomly to one of the four experimental treatments
(split brood design). Each of these D. galeata neonates was trans-
ferred separately into 100-ml glass vessels and kept at 20°C and a
long-day photoperiod (16 h light: 8 h dark). Either one parasitised
adult D. galeata female without eggs (donor animal for parasite
treatment) or one non-parasitised adult D. galeata female without
eggs (non-parasite treatment) was added to each of the neonates.
The neonates were kept together with these donor females for an
initial incubation period of 4 days to allow for parasite transmis-
sion in the parasite treatment. Newly parasitised donor females
replaced those that died. Non-parasitised females that had devel-
oped eggs were replaced with non-parasitised females without
eggs. During the initial incubation, media (see above) were ex-
changed every other day and algae were added daily (1 mg cl–1)
to maintain non-limiting food concentrations. After the 4-day in-
cubation period, the parasitised and non-parasitised donor D.
galeata adults were removed from the vessels, and media were
exchanged daily.

The experimental D. galeata were checked every 12 h to deter-
mine the time eggs were released into the brood pouch and to
measure the body size at that time. We measured life-history traits
known to be affected by fish kairomones and/or by microparasite
infection: age at maturity, body size (from top of the eye to the ba-
sis of the tail spine) and egg number at five subsequent adult in-
stars. Almost all parasitised D. galeata were castrated after the

second adult instar. Since we aimed to compare egg numbers in
different treatments, we considered only the number of eggs at the
first and second adult instars. Furthermore, we recorded D. gale-
ata survival. Two-way ANOVA was used to test for treatment dif-
ferences in the life-history parameters under study (see above).
The differences in body size of the first five adult instars were
analysed by repeated-measures ANOVA. Survival was analysed
with a log rank-test. For survival, it did not make sense to test for
interaction effects of both treatments, since almost no D. galeata
died in the non-parasitised treatment.

Results

D. galeata individuals matured earlier and had more
eggs at the second adult instar in the presence of fish kai-
romones (Table 1, Fig. 1). The number of eggs at maturi-

Table 1 Two-way ANOVA for
effects of fish kairomones and
the microparasite Caullerya
mesnili on different life-history
traits of one Daphnia galeata
clone. D. galeata were either
non-parasitised or parasitised
with the microparasite C. mes-
nili in the absence or presence
of fish kairomones in a two-
factorial life-history experi-
ment. Significant effects shown
in bold

Trait Source df MS F P level

Size at maturity Fish 1 0.002 0.556 0.458
Parasite 1 0.003 0.939 0.335
Fish × parasite 1 0.001 0.333 0.565
Error 88 0.003

Age at maturity Fish 1 2.636 18.772 <0.001
Parasite 1 2.144 15.267 <0.001
Fish × parasite 1 0.183 1.306 0.256
Error 88 0.140

No. of eggs at maturity Fish 1 6.604 3.755 0.056
Parasite 1 0.048 0.027 0.869
Fish × parasite 1 3.889 2.212 0.141
Error 88 1.758

No. of eggs at 2nd adult instar Fish 1 51.037 29.028 <0.001
Parasite 1 14.250 8.105 0.006
Fish × parasite 1 2.937 1.671 0.199
Error 87 1.758

Fig. 1 Life-history reaction norms of Daphnia galeata, either
non-parasitised (open circles) or parasitised with the microparasite
Caullerya mesnili (black circles) in the absence (no fish) or pres-
ence (fish) of fish kairomones. The experiment was designed in a
two-factorial way. Error bars indicate 95% confidence limits
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ty was marginally increased in D. galeata in the presence
of fish kairomones (Fig. 1), whereas size at maturity (Ta-
ble 1, Fig. 1) and survival (survival analysis, log rank
test: non-parasitised: df=1, P=0.655; parasitised: df=1,
P=0.305) were not affected by fish kairomones (Fig. 2). 

Age at maturity and fecundity were also affected by
infection with C. mesnili (Table 1). Parasitised D. gale-
ata matured significantly earlier than non-parasitised D.
galeata (Fig. 1). In contrast to the effect of fish kairom-

ones, an infection with C. mesnili led to decreased egg
numbers at the second adult instar (Fig. 1). Body size of
D. galeata increased with instar, but growth decreased
due to the C. mesnili infection (Fig. 3, Table 2). The par-
asite infection led to smaller body size from adult instar
three onwards (Fig. 3), resulting in a significant interac-
tion effect between parasite infection and adult instar
(Table 2). An infection with C. mesnili further reduced
the survival of D. galeata hosts (survival analysis, log
rank test: no fish treatment: df=1, P<0.001; fish treat-
ment: df=1, P<0.001; Fig. 2). 

No interaction effects between the influence of fish
kairomones and of parasite infection were found for any
of the investigated life-history parameters (age at maturi-
ty, body size at maturity and over five subsequent adult
instars, number of eggs at maturity and at the second
adult instar; Tables 1, 2). Thus, parasite infection did not
influence life-history responses to fish kairomones in D.
galeata.

Discussion

The lack of interaction effects between fish kairomones
and microparasite infection on D. galeata life history
shows that individuals parasitised with C. mesnili are as
able as non-parasitised ones to sense fish predator pres-
ence via kairomones and to exhibit anti-predator defenc-
es. An infection with the microparasite did not constrain
its hosts’ ability to change life-history traits as a re-
sponse to fish presence. Non-parasitised as well as para-
sitised D. galeata matured significantly earlier and ex-
hibited a higher reproductive effort in the presence of
fish kairomones (Table 1, Fig. 1). Several studies have
described these changes as typical life-history responses
of Daphnia to fish kairomones (e.g. Boersma et al. 1998;
Macháček 1995; Stibor 1992). The lack of interaction ef-
fects between treatments also demonstrates that fish kai-
romones had no influence on the effects of the micropar-
asite infection. Parasitised D. galeata matured signifi-
cantly earlier than non-parasitised individuals, exhibited
a reduced reproductive effort and reduced their growth at
later adult instars in the presence as well as in the ab-
sence of fish kairomones (Tables 1, 2, Figs. 1, 3).

It is crucial for the understanding of our model system
and our results to consider that fish kairomones influence
early life-history traits in D. galeata whereas C. mesnili
mainly affects later life-history parameters. Our results

Fig. 2 Survival of D. galeata during the experiment, either non-
parasitised or parasitised with the microparasite C. mesnili in the ab-
sence (solid lines) and presence (dashed lines) of fish kairomones

Fig. 3 Body size of D. galeata from adult instar 1–5. D. galeata
were either non-parasitised (empty symbols) or parasitised (black
symbols) with the microparasite C. mesnili in the absence (circles)
or presence (triangles) of fish kairomones. Error bars indicate
95% confidence limits

Table 2 Repeated-measures
ANOVA of the body size of the
D. galeata clone under study at
five subsequent adult instars
(1–5). D. galeata were either
non-parasitised or parasitised
with the microparasite C. mes-
nili in the absence or presence
of fish kairomones in a two-fac-
torial life-table experiment. Sig-
nificant effects shown in bold

Effect df effect MS effect df error MS error F P level

Fish 1 0.0069 46 0.0170 0.4026 0.528
Parasite 1 0.1301 46 0.0170 7.6301 0.008
Instar 5 0.4925 230 0.0045 108.5878 <0.001
Fish × parasite 1 0.0085 46 0.0170 0.4999 0.483
Fish × instar 5 0.0004 230 0.0045 0.1092 0.990
Parasite × instar 5 0.0195 230 0.0045 4.3094 <0.001
Fish × parasite × instar 5 0.0010 230 0.0045 0.2243 0.952



confirm previous findings by showing that fish kairom-
ones induced early maturation and increased the number
of eggs at the second adult instar in D. galeata (Table 1,
Fig. 1) whereas C. mesnili increased in its effects on D.
galeata life history with time (mainly on growth and sur-
vival, Table 2, Figs. 2, 3). An early reaction to fish preda-
tor presence is important for Daphnia prey, since their
life expectancy is strongly reduced under actual fish pre-
dation and they might have the chance to reproduce only
once before being eaten (Lampert 1991, 1993). Our re-
sults show that C. mesnili may also affect early life-histo-
ry traits in D. galeata such as age at maturity. Parasitised
D. galeata matured significantly earlier than non-parasiti-
sed individuals (Table 1, Fig. 1). This is exactly the same
effect as that of fish kairomones and thus did not result in
an interaction effect of both treatments. The number of
eggs at the second adult instar was the only life-history
parameter that was affected by both treatments in oppo-
site directions. In the presence of fish kairomones egg
numbers at the second adult instar increased whereas they
decreased due to C. mesnili infection (Table 1, Fig. 1).
However, the effect of the parasite infection was not
strong enough to result in a significant interaction effect.
We conclude that the lack of interaction effects between
both treatments most likely results from the different tim-
ing of effects of both enemies on their shared victim.

Although we did not find any interaction effects in our
experiment, some of the parasite-induced life-history
changes may have consequences for D. galeata under ac-
tual fish predation. In the presence of feeding fish, the ear-
lier reproduction in parasitised D. galeata might be an ad-
vantage over non-parasitised D. galeata because of in-
creased chances for a successful reproduction before be-
ing eaten. Influences of parasites on host fecundity might
not necessarily represent costs for the host but alternative-
ly be adaptive responses of the parasitised host (Forbes
1993). Earlier reproduction may represent a host-mediated
change in reproductive effort in order to offset future fe-
cundity reduction following an infection with the parasite
(Forbes 1993; Minchella 1985). Hosts that reproduce ear-
lier are believed to have a selective advantage since they
can reduce the impact of the parasite on overall reproduc-
tive success (Hochberg 1992). As observed in previous
studies (Bittner et al. 2002; Stirnadel and Ebert 1997), C.
mesnili also considerably affected the fecundity of its D.
galeata hosts in our study. C. mesnili decreased the overall
reproductive output of D. galeata by castrating its hosts
mostly after the second adult instar. Although fewer
clutches in parasitised D. galeata were not compensated
for by bigger clutches (Fig. 1), parasitised D. galeata nev-
ertheless might benefit from the earlier maturation. It is
possible that parasitised D. galeata would already be cas-
trated after the first adult instar if they did not mature ear-
lier than non-parasitised D. galeata.

The reduced growth rates we found for older parasiti-
sed D. galeata may have further consequences under ac-
tual fish predation. Since fish prefer larger prey, the re-
duced body size of older parasitised compared to non-
parasitised D. galeata might result in a preference for

non-parasitised D. galeata at later adult instars. Conse-
quently, older parasitised D. galeata may have a better
chance to escape from fish predation than non-parasitis-
ed conspecifics.

Our finding of reduced growth in parasitised D.
galeta at later instars corresponds with a study on another
microparasite, Pleistophora intestinalis (= Glugoides in-
testinalis). P. intestinalis did not affect size at maturity in
its Daphnia magna hosts but led to a reduced size at the
sixth adult instar (Ebert 1994). Both C. mesnili and G.
intestinalis infect Daphnia gut cells, so it is likely that
they take up nutrients, reducing nutrient availability to
the hosts and leading to reduced growth rates in parasitis-
ed animals. Alternatively, reduced host growth may be
caused by lower food ingestion rates in parasitised D.
galeata. Reduced feeding rates have been observed in
other parasitised hosts (e.g. Sirois and Dodson 2000).
And parasitised Daphnia have been observed to leave
more algae food in the medium than non-parasitised
ones, indicating that they have lower filtering rates
(Dieter Ebert, personal communication).

It is important to consider that we investigated one D.
galeata clone and one C. mesnili strain in our experiment.
Since we were interested in possible interaction effects on
Daphnia life history under simultaneous exposure to mul-
tiple enemies, we chose a clone that was known to react
to fish kairomones (S. Lass, unpublished data) and also to
C. mesnili infection (Bittner et al. 2002). Several Daph-
nia clones and species have been shown to react to fish
kairomones in the same way as the clone we used for our
experiment (e.g. Spaak et al. 2000; Stibor 1992). Most of
the observed effects of the microparasite C. mesnili on
the investigated D. galeata clone have also been found
for other Daphnia clones and species (Bittner 2001;
Stirnadel and Ebert 1997). Thus, we believe that our results
are representative. However, future studies on multiple
predator effects should include several clones of the vic-
tim as well as more parasite strains to test the significance
of the findings for natural populations.

Our study examined the role of multiple predator effects
in natural plankton populations. Previous work implies that
Daphnia parasites (including C. mesnili) are less prevalent
and less abundant in lakes with planktivorous fish (Bittner
2001). It has further been suggested that Daphnia parasites
might have difficulty coexisting with fish predators, e.g.
due to preferential predation on parasitised Daphnia (Ebert
et al. 1997). Both enemies, fish predators and micropara-
sites, influence Daphnia life histories considerably and
partly have opposite effects [e.g. on fecundity (Bittner
2001; Boersma et al. 1998; Ebert 1995; Stibor 1992)].
Thus, possible interaction effects between the exposure to
fish predator kairomones and parasite infection could result
in life-history changes that might be unfavourable in the
presence of fish predators and thus make parasitised Daph-
nia more susceptible to fish predation. When exposing D.
galeata to fish predator kairomones, to the parasite C.
mesnili or to both threats simultaneously, we did not find
any interaction between the effects of the two enemies. In
contrast, parasitised D. galeata exhibited typical life-histo-
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ry changes to fish kairomones. Thus, we conclude that D.
galeata parasitised with C. mesnili have the same and, be-
cause of their reduced growth, possibly an even better
chance to escape from fish predation via life-history
changes as non-parasitised D. galeata. However, fish pre-
dation pressure may still control C. mesnili prevalence,
since parasitised D. galeata may be better visible to fish
predators (Lee 1994) or might behave differently than non-
parasitised D. galeata.
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