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Abstract It has recently been suggested that the expres-

sion of parasite virulence depends on host population

density, such that infected hosts have a higher sensitivity to

density, and thus reach their carrying capacity earlier than

uninfected hosts. In this scenario, parasite-induced reduc-

tion in fitness (i.e., virulence) increases with host density.

We tested this hypothesis experimentally, using outdoor

mesocosm populations of Daphnia magna infected by the

microsporidian Octosporea bayeri. Contrary to the pre-

diction, virulence was independent of host density. In a

competition experiment with initial prevalence of 50%,

O. bayeri reduced the competitive ability of infected

Daphnia within the asexual growth phase independent of

initial host population density. In an additional experiment

we set up populations with 100% and 0% prevalence and

followed their population dynamics over the whole season.

Consistent with the competition experiment, we found no

difference in population dynamics within the asexual

growth phase of the host, suggesting that infected hosts are

not more sensitive to density than uninfected hosts. The

additional experiment, however, included more than the

initial growth phase as did the competition experiment.

Eventually, after 100 days, 100% infected populations

assumed a reduced carrying capacity compared to unin-

fected populations. We identify and discuss three reasons

for the discrepancy between our experiment and the

predictions.
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Introduction

In host–parasite interactions, the harm done to the host is

important for the evolution of both the host and the parasite

(Anderson 1982a; Ewald 1983; Read 1994; Ebert and

Hamilton 1996). Hosts evolve to increase their fitness by

minimizing the negative impact of the parasite, and para-

sites try to maximize the benefit they obtain from their

hosts. The negative impact of the parasite on the host is

defined as virulence and may be expressed as a reduction in

fecundity or survival of infected hosts as compared to

uninfected hosts. Studies on virulence have implications

for numerous fields, including medicine, epidemiology,

evolution of cooperation, and the evolution of genetic

recombination and maintenance of genetic polymorphism.

The expression of virulence is believed to be either an

adaptive parasite strategy (Ewald 1983; May and Anderson

1983; Mackinnon et al. 2002), an adaptive host response, or

a combination of the two (Ebert 1994; Perlmann and

Jaenike 2003; Day and Burns 2003). Virulence is often

considered a fixed property of host–parasite interactions

(Ewald 1983; Bull 1994).

A growing body of studies suggests that virulence is

context dependent (Anderson and May 1981; Brown et al.

2000; Ebert et al. 2004; Jokela et al. 2005), for example,

that it may depend on the prevalence of the parasite in the

population (Bedhomme et al. 2005) or on host condition
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(Brown et al. 2000). Infected hosts may experience higher

virulence under stressful conditions, such as high popula-

tion density and food shortage, than under good conditions.

Lively (2006) suggested that the expression of virulence

depends on host population density. He modeled the

growth of infected populations for an annual asexual host

with non-overlapping generations, in which the parasite did

not affect mortality but decreased offspring production. He

assumed a higher ‘‘sensitivity’’ to density for infected

individuals, i.e. that infected hosts suffer from a compa-

rably stronger decrease in birth rate than uninfected hosts

as density increases. This resulted in a lower carrying

capacity for infected than for uninfected hosts, as is pre-

dicted from other models in which infection reduces the

number of hosts in a population (Anderson 1982b) and

agreed with experimental data (Ebert et al. 2000). Lively

(2006) observed that the decrease in fecundity of infected

hosts relative to uninfected hosts increases with increasing

population density and is highest at the realized carrying

capacity in populations of both infected and uninfected

hosts. Virulence at equilibrium still increases as the per-

centage of uninfected individuals increases (because the

carrying capacity for uninfected hosts is higher). Relative

fecundity is used as a measure of virulence.

Indirect support for Lively’s model (2006) comes from a

few empirical studies. In a non-manipulative study on

tropical trees, fungicide-treated seedlings survive better

than untreated seedlings at high density, but not at low

density (Bell et al. 2006). Work on bumblebees (Brown

et al. 2000) suggests that hosts in better conditions are able

to compensate for the effect of infection by enhanced

resource consumption. In another study, Bedhomme et al.

(2005) found that parasitism can alter intraspecific com-

petition. Infected hosts suffer from a higher cost of

parasitism when raised with an uninfected conspecific than

with an infected conspecific. Virulence depends on the

infection status of the co-occurring hosts. Pulkkinen and

Ebert (2004) worked with a microsporidian in aquatic

invertebrates and found that in a population at carrying

capacity, a sudden drop of resource level (food shortage)

leads to a higher mortality of infected hosts relative to

uninfected hosts. Infected hosts are apparently more sen-

sitive to the increased stress caused by less food.

Altogether these studies indicate that the expression of

virulence may be influenced by host condition which

depends on the environment.

The above-mentioned studies measured virulence (or

surrogates of it) as a reduction in host performance.

Although this approach for understanding the evolution of

the parasite has limitations [e.g., not every host fitness

component is also a parasite fitness component, see Ebert

and Bull (2008) for a discussion], it is the preferred method

for studying the evolutionary ecology of the host. To study

context-dependent virulence, one must estimate virulence

under the relevant conditions; for examining density

dependence, thus, one must estimate virulence in popula-

tions with different densities.

We did mesocosm experiments in a natural Daphnia

magna metapopulation located in the Tvärminne archi-

pelago in southwest Finland (Hanski and Ranta 1983;

Pajunen 1986), where the microsporidian parasite Octo-

sporea bayeri is common (Ebert et al. 2001). The

D. magna–O. bayeri system has features that allow a

quantitative assessment of Lively’s virulence model

(2006). First, the host D. magna reproduces asexually

during the planktonic growth phase, so that parasite–host

genotype interactions can be controlled. O. bayeri is known

to reduce the asexual birthrate of its host. Second, in the

exclusion of horizontal transmission, host and parasite fit-

ness are tightly linked due to the perfect vertical

transmission of O. bayeri (Vizoso et al. 2005). Competitive

ability is therefore a suitable virulence measurement and a

good approximation of relative fecundity as used by Lively

(2006). Third, in the early growth phase of the host, hori-

zontal transmission of the parasite can be excluded.

Horizontal transmission requires the accumulation of

spores in the aging host followed by host death, which is

unlikely in the first weeks of exponential host population

growth. Finally, the system allowed us to test for virulence

under natural conditions on a population level. In the

Daphnia metapopulation, host population density varies

naturally both within and between populations over several

orders of magnitude.

To test for density-dependent expression of virulence at

different initial host densities, we conducted a competition

experiment using the Daphnia–Octosporea system. We

quantified the short-term effect of the parasite on the

competitive ability of the Daphnia host at four different

densities. We conducted an additional population experi-

ment to test Lively’s (2006) prediction of reduced carrying

capacity in infected hosts. We tested whether populations

with 100% infection rates differed from uninfected popu-

lations in carrying capacity over a whole season.

Materials and methods

The host–parasite system

We studied the planktonic crustacean Daphnia magna

Strauss, which inhabit freshwater rock pools along the

coast of the Baltic sea (Ranta 1979; Pajunen and Pajunen

2003). In the Tvärminne archipelago in southwest Finland,

D. magna is the most common Daphnia species, occurring

in about 17% of all rock pools (Pajunen and Pajunen 2003).

Daphnia reproduce by means of cyclical parthenogenesis.
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In May, they hatch from resting eggs and generally

reproduce asexually throughout most of the season. An

adult female asexually produces clutches of up to 100 eggs

every 3–4 days at 20�C. Reproduction starts at the age

of about 10 days; the lifespan of D. magna reaches up

to 60 days under laboratory conditions (Ebert 2005).

Depending on conditions (e.g. crowding) males are pro-

duced and sexual reproduction is induced. Resting eggs

(ephippia), the product of sexual reproduction, undergo

diapause during winter or drought periods (Ebert 2005). In

the metapopulation, there is a broad range of initial host

population densities. Initial population densities are deter-

mined by the number of Daphnia that hatch from the

resting stages of the seed bank in the sediment of a pool

after a drought period or winter. In an extreme case, initial

densities may be very low, as new pools are usually col-

onized by a single or a few foundresses via dispersing

stages (Haag et al. 2006).

The microsporidian parasite Octosporea bayeri Jı́rovec

is specific for its host D. magna. It is the most common

parasite in this metapopulation, occurring in 45% of all

D. magna populations (Ebert et al. 2001). In previous

studies, the parasite has been shown to be locally adapted

to its host (Altermatt et al. 2007). It has a direct life cycle

and is transmitted vertically to clonal offspring with 100%

fidelity (Vizoso et al. 2005) and horizontally via water-

borne spores, released into the water when dead hosts

decay (Vizoso et al. 2005). In May, prevalence in an

infected population is usually between 20 and 70% but may

reach 100% in summer (Lass and Ebert 2006).

Experiment 1: prevalence change at different densities

To estimate virulence at different densities, we set up an

experiment to measure the competitive ability of infected

Daphnia relative to uninfected Daphnia. Experimental

populations were established at four different population

densities with an initial prevalence of 50%. After 4 weeks

of asexual reproduction, we estimated the change in

prevalence. Because in our experiment the parasite trans-

mits vertically at 100% efficiency and without horizontal

transmission, the host’s competitive ability and parasite

fitness are tightly linked to each other. With perfect vertical

transmission, no horizontal transmission, and asexual host

reproduction the parasite behaves like a deleterious gene.

Host success can thus be used as a measure for parasite

success and change in prevalence to calculate the com-

petitive ability of infected hosts compared to uninfected

hosts. In populations with overlapping generations, such as

in D. magna populations, competitive ability is a better

measure for fitness than only growth rates (Hartl and Clark

1997). We therefore used competitive ability in all analyses

(see also Altermatt and Ebert 2007).

Sampling and setup

In early May 2007, we collected more than 300 adult, egg-

bearing D. magna females from one natural rock pool

population. This pool is known to have had a D. magna

population for 18 years and to have harbored O. bayeri for

at least 10 years. Each female was genetically unique,

having hatched from a sexually produced resting egg. We

kept the adult females in the laboratory under good con-

ditions in artificial medium (Klüttgen et al. 1994; modified

after Ebert et al. 1998) and with a constant supply of

chemostat-grown green algae Scenedesmus sp. Females

released offspring within 1–3 days. We determined the

infection status of each isofemale line by inspecting wet-

mount preparations of the mothers for spores of O. bayeri

under a microscope (phase-contrast, 4009 magnification).

Because O. bayeri transmission is 100% during asexual

reproduction, the newborn could thus be classified as

infected or uninfected and used in the field experiment at

the age of 3–4 days. We used synchronously hatched

juveniles to form the experimental populations. All indi-

viduals experienced less than a week in the laboratory.

Between May 16 and 21, we placed 48 experimental

populations in plastic buckets filled with 6 l filtered (20 lm

mesh size) natural pool water next to natural rock pools.

The populations were set up with 50% naturally infected

juveniles and 50% uninfected juveniles. They started at

four different densities of 16, 32, 64 and 256 individuals

per bucket; these contained 2.5, 5, 10 and 40 Daphnia l-1

respectively. Our original plan to include a treatment with

128 individuals per bucket had to be discarded due to a

shortage of juveniles. This set of four was replicated 12

times with different females as sources for offspring. In this

way all replicates had a new set of genotypes, but the same

initial genotypic diversity of 16 clones. In all replicates, the

same number of offspring per clone (1, 2, 4 and 16 juve-

niles of eight infected and eight uninfected mothers) were

used for each density treatment.

Onset of asexual reproduction

All populations were monitored for the appearance of the

first eggs in the brood chambers; a few females with

asexual eggs were detected 8 days after the start. Females

with eggs or clutches in their brood pouch were counted in

all replicates 11 days after the start of the experiment. No

offspring had been released by then. The timespan from

when eggs were laid in the brood chamber to the release of

a clutch was longer than 5 days, as water temperature was

only around 15�C. We counted the number of females with

eggs in the brood pouch non-invasively, which is easily

possible by eye. Additionally, we recorded population sizes

of the lower densities by counting all individuals in the
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buckets. We estimated population sizes in the higher den-

sities by taking the mean of three volumetric samples.

Individuals per volumetric sample were counted at site and

placed back into the buckets. Using this information we

estimated the proportion of females carrying clutches.

Prevalence estimation

4 weeks after the start of the experiment, random samples

from each bucket were brought into the laboratory. At this

time, the founder females were still present together with

the offspring of their first two to four clutches. Offspring of

the first clutch were about to reproduce. Thus, the animals

spent about 1.5 generations in the experimental conditions.

From each replicate population approximately 50 individ-

uals were kept for at least 10 days under laboratory

conditions (with constant food supply and in low densities)

to ensure that parasites developed sufficiently to allow for

spore detection. All host individuals were inspected for

infection under a microscope (phase-contrast, 4009 mag-

nification). Host sex was recorded as well.

Competitive ability

We calculated competitive ability (c) of infected hosts

relative to uninfected hosts in the populations as a function

of change in frequency during clonal growth (Hartl and

Clark 1997): t � ln cð Þ ¼ lnðIt=UtÞ þ ln I0=U0ð Þ, where

It and I0, Ut and U0 represent the frequencies of infected

and uninfected female clones at times t and 0, respectively.

Since the initial frequencies were 50%, ln(I0/U0) equals 0

in our case. For simplicity, t was set to 1 in the analysis.

Statistics

Prevalence of O. bayeri in the experimental populations

was tested for an effect of initial host population density.

Initial population density was log10 transformed to obtain a

stepwise duplication of the density treatments. We ana-

lyzed the binomial infection data using a generalized linear

model (GLM) with a logit link function (logistic regres-

sion) and specified it for a quasi-binomial error distribution

because of over-dispersion. All analyses were performed in

R (R Development Core Team 2006) using the libraries

MASS and Hmisc.

Experiment 2: density dynamics in infected

and uninfected populations

In this experiment we followed population dynamics in

replicates with prevalences of either 0% or 100% at both

low and high initial density over 103 days. The time-span

of 103 days is comparable to about 80% of the Daphnia

growth season in our study region and reflects about five

asexual generations of the host. We measured peak and

final host population densities to compare infected with

uninfected populations under conditions of initially low

and high host density.

Setup and density estimation

We obtained infected and uninfected offspring as in

experiment 1. Juveniles were hatched in the laboratory, and

at 3–4 days old were placed in the outdoor experiment.

Populations with prevalences of 0% and 100% in high

(10 Daphnia l-1) and in low densities (2.5 Daphnia l-1)

were set up in plastic buckets filled with 6 l of filtered

(20 lm mesh size) natural pool water. Eight infected iso-

female lines (female clone lineages) were used in the low

and the high initial density treatment, and other eight

uninfected isofemale lines were used for the uninfected

high and low density treatments. Each combination was

repeated 6 times using different isofemale lines (infected

populations, 6 9 2 densities; uninfected populations,

6 9 2 densities). Populations were placed next to natural

rock pools on 14 May. During the growth phase of the

populations (day 0 until day 34) we took non-invasive

density samples (at least three independent volumetric

samples of 250 ml) every 3 days, counted individuals

directly at site and placed them back into the buckets.

Afterwards, density samples (three independent volumetric

samples of 100 ml) were taken approximately every

10 days. After 103 days, on 26 August, all populations

were sampled destructively and the total number of

Daphnia was counted.

Statistics

The maximal population densities reached in each bucket

were analyzed using a two-way factorial ANOVA, with

infection and initial population density as fixed factors. The

same was done for the densities on the last sampling day.

Two control populations in the highest density experiment

had to be excluded because of accidental parasite infection.

Results

Experiment 1: prevalence change at different densities

Eleven days after the onset of the experiment (age of

Daphnia = 15 days), the estimated mean population sizes

per 6-l bucket were 15.3 (±0.3 SE), 30.2 (±0.5 SE), 69.0

(±4.8 SE) and 189.3 (±7.6 SE) individuals, in the lowest

to the highest density treatment respectively. Without

mortality we would expect to find 16, 32, 64 and 256
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individuals, the same numbers as initially placed into the

buckets. In the highest density treatment, the observed

population sizes were lower than expected (t-test, t =

-8.8, P \ 0.001), indicating density-dependent mortality

among the founder juveniles.

A density effect was also visible in the form of delayed

asexual reproduction. With increasing initial density, a

smaller proportion of females was able to start asexual

reproduction before the age of 15 days [linear regression

on proportions (arc-sine square-root transformed); initial

density (log10 transformed): t = -5.3, P \ 0.001; Fig. 1].

Prevalence

Initial parasite prevalence was 50%. Mean prevalence of

O. bayeri across all density treatments was significantly

lower than the initial 50% after 4 weeks of competition

(global mean of prevalence in females = 38% ± 2%,

proportion test; v2 = 65.11, df = 1, P \ 0.001; n = 48),

indicating that infected female Daphnia have a reduced

fecundity or survival. This reduction was independent of

the initial population density [GLM with quasi-binomial

distribution and a logit link function; initial density (log10

transformed): t = -1.24, P = 0.22; n = 48; Fig. 2a]. The

results did not change when initial densities were not log

transformed. The reduced prevalence translates (via trans-

formation) into a reduction in competitive ability of 26%

relative to uninfected females across all experimental

populations. Further analysis revealed that this effect was

somewhat dependent on the sex of the offspring. D. magna

infected with O. bayeri are known to produce more male

offspring than uninfected mothers (Roth et al. 2008). In

addition, no significant density dependence was revealed

when we included males in the prevalence and com-

petitive-ability estimates [GLM with quasi-binomial

distribution and a logit link function; initial density (log10

transformed): t = -1.49, P = 0.14; n = 48; Fig. 2c, d].

Prevalence over all treatments was still significantly lower

than 50% (global mean of prevalence = 45% ± 2%, pro-

portion test; v2 = 22.69, df = 1, P \ 0.001; n = 48;

Fig. 2c).

Experiment 2: population dynamics in infected

and uninfected populations

We monitored population dynamics in populations with

prevalences of either 0% or 100% and initial densities of

2.5 or 10 Daphnia l-1. All populations went through a

phase of exponential growth, reached a peak and then

smoothly resumed their carrying capacity (Fig. 3). Peak

population densities were reached by 28 and 34 days after

the onset of the experiment. They did not differ between

infected and uninfected populations and did not signifi-

cantly depend on initial population density (two-way

ANOVA on peak densities; infection, F = 0.60, P = 0.45;

initial density, F = 3.09, P = 0.10; n = 22; Fig. 3). At the

end of the experiment, infected populations had on average

of 50% less animals than uninfected populations (two-way

ANOVA on final densities; infection, F = 30.24, P \ 0.001;

initial density, F = 3.83, P = 0.07; infection 9 initial

density, F = 3.10, P = 0.10; n = 22; Fig. 3). Populations

with low initial density reached only a marginally higher

final density than populations with high initial density.

Discussion

Lively (2006) suggests that virulence, measured as com-

petitive ability in a population context, is strongly

dependent on density. He postulates that as population

density increases, the birth rate of infected hosts decreases

more quickly than the birth rate of uninfected hosts. As a

consequence, infected hosts reach their carrying capacity at

a time when uninfected hosts are still in their growth phase.

We used the Daphnia–Octosporea system to test for a

relationship between virulence, estimated as parasite-

reduced competitive ability, and host population density.

Contrary to the prediction, we found that the endoparasite

O. bayeri influenced its host competitive ability indepen-

dently of initial host population density (Fig. 2).

In our metapopulation system, host densities between

rock pool populations vary strongly in spring, and the

system seems very suitable to test for density-related

effects. Contrary to our expectations, we found no density-

dependent virulence within the first month of exponential
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host growth (Fig. 2). Our experiment started with densities

ranging over a 16-fold difference from the lowest to the

highest density. One may argue that we have not covered

the whole range of possible initial densities, and, as a

consequence, our treatment may have not produced enough

variance with regard to parasitism and asexual reproduc-

tion to see the predicted effect. However, we think that this

is unlikely. Our lowest density of 2.5 animals l-1 water is

rather low; lower densities occur in nature only after

founder events (D. Ebert, unpublished observation). The

rapid density increase over more than 2 orders of magni-

tude (Fig. 3) clearly indicates that we started far below the

carrying capacity. Furthermore, across the density range

used, we saw clear signs of density-dependent life history

shifts (Fig. 1). Using a larger density range would stretch

the range into extreme conditions, which may not be typ-

ical in nature. We therefore believe that our treatments

were appropriate to test Lively’s hypothesis in this system.

A careful analysis revealed three factors that may

explain the apparent discrepancy between the model’s

predictions and our experimental results.

First, host resources, which are used by the parasite,

may become limited when the host is under stressful

conditions, such as high density and food shortage. Thus,

parasite exploitation may decrease with deteriorating host

quality, as was suggested by other studies on invertebrates

(Ebert et al. 2000; Jokela et al. 2005; Seppälä et al. 2008).

Seppälä et al. (2008) showed that deteriorating conditions

for a snail host limit the amount of resources available for

the parasite. Ebert et al. (2004) showed that the within-host

growth rate of the parasite Pasteuria ramosa in D. magna

was lower under low food conditions than under high food

conditions. If our high initial density treatment was

stressful for both the host and the parasite, virulence may

not increase with increasing initial host population density,

but the effects on host and parasite may balance each other

out, or the parasite may be even less virulent when the host

is doing very poorly. Thus, without taking the host density

effect on the parasite into account one may potentially

reach wrong conclusions.

Second, Lively (2006) models an asexual host popula-

tion with non-overlapping generations and without

recovery. In the model, lifetime fecundity is used as a fit-

ness measure and the parasite reduces host fecundity.

Daphnia have overlapping generations, with the female

producing several consecutive clutches during her lifetime.
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Fig. 2 a Prevalence of Octosporea bayeri in Daphnia magna
populations with differing initial densities. Populations were set up

with 50% infected females, and prevalence was estimated in females

after 4 weeks. Initial population densities are depicted on a log10

scale; filled circles indicate the means (±SEM), and the dotted line
refers to a prevalence of 50%. b Relative competitive ability of

infected female Daphnia after 4 weeks of clonal growth. Uninfected

females are set to a competitive ability of 1. Depicted are the

calculated competitive abilities for each density treatment and the

overall mean (±SEM). Relative competitive ability equals the ratio of

growth rates in infected and uninfected hosts; a value of 1 indicates no

difference in competitive ability. Across all densities, the competitive

ability of infected females is reduced by 26%. c As a, but including

all (female and male) Daphnia. d As b, but competitive ability

calculated including females and males. Note that competitive ability

of infected individuals is only 5% reduced overall
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Until now, all known parasitic diseases of Daphnia are

chronic (Ebert 2005), i.e. there is no recovery. Typical for

chronic diseases, the effect of the parasite on the host

increases the longer it is infected, which usually correlates

well with host age (Anderson and Gordon 1982; Hudson

and Dobson 1997). In our experimental populations,

females released their first clutch 12–16 days after the

onset of the experiment and the following three to four

clutches within the next two and a half weeks. The negative

effect of O. bayeri infections on host fecundity increases

with host age (Vizoso and Ebert 2005). O. bayeri grows

rapidly in infected hosts until it reaches an asymptote,

which is a likely indication of resource limitation (Vizoso

and Ebert 2004, 2005). The age-dependent decline of

fecundity in infected hosts has important consequences for

population dynamics. While early reproduction is impor-

tant during population growth, later clutches contribute

little to positive growth but play a role during period of

zero or negative growth (Cole 1954; Stearns 1976). In

accordance with this, we interpret the lag of a density effect

on virulence during early population growth as the result of

low fecundity reduction in early clutches (Figs. 2, 3). The

100% infected populations grew at the same rate and

reached the same peak densities as uninfected populations

within the same time period (Fig. 3). Positive exponential

host growth rates seem to be unaffected by the parasite.

Past the peak densities, population densities declined

(Fig. 3), and it is during this phase that late clutches

become important (Stearns 1976). Late clutches in

D. magna are those most strongly affected by parasitic

infections, including O. bayeri infections (Carius et al.

2001; Bittner et al. 2002; Vizoso and Ebert 2005). Thus, a

second possible reason we could not confirm Lively’s

(2006) prediction could be because Daphnia populations

have overlapping generations, and the parasite effect on

fecundity becomes only visible in late clutches. The latter

has also been observed for other parasites (Anderson and

Gordon 1982; Hudson et al. 1992; Jollens et al. 2005).

Third, we found that competitive ability was signifi-

cantly reduced during the exponential growth phase when

only female Daphnia were considered (competitive ability

of infected females: 0.74; Fig. 2b). This reduction was

smaller when male and female Daphnia were included in

the fitness estimation (competitive ability of infected

Daphnia: 0.95; Fig. 2d). We first excluded males because

they do not contribute to asexual population growth.

Including male offspring in the calculations, however, does

not violate the assumption of our competitive ability cal-

culation, as the experiment was too short to include third

generation offspring into the experiment (the occurrence of

male offspring did not slow down population growth rate at

this stage). Thus, with regard to the tested hypothesis, male

offspring are as valid as female offspring; both reflect their

mother’s fecundity, and production costs for sons and

daughters do not differ (D. Ebert, unpublished data).

In our second experiment, male offspring may have

played a role in reducing population growth rate. Labora-

tory experiments from the O. bayeri system suggest that the

production of male offspring is a direct consequence of

parasite infections (Roth et al. 2008). Thus, the occurrence

of male offspring may have influenced the host population

dynamics in the longer-running second experiment. How-

ever, this is not the only reason for reduced carrying

capacity in infected populations. Daughter production and

the survival of infected mothers also declines with age

(Vizoso and Ebert 2005; Roth et al. 2008). Sex-specific

effects of O. bayeri on D. magna go far beyond the

assumptions of Lively’s model (2006). It seems to interfere

with the model’s assumptions, but male production alone

cannot account for our failure to detect density dependence

of virulence.

Conclusion

The model of Lively (2006) is logical in its construction

and appealing in its simplicity. However, we could not

confirm its predictions about density-dependent virulence.

This failure may be in part system-specific (overlapping vs.

non-overlapping generations) or may be more generally
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Fig. 3 Average density dynamics in infected and uninfected exper-

imental populations. Infected and uninfected populations started at

different densities (2.5 Daphnia l-1 (low density) and 10 Daphnia l-1

(high density)]. On the last day of monitoring (day 103), populations

were fully counted (destructive sampling); the means are depicted

(±SEM). Peak densities did not differ between the treatments,

whereas final densities in infected populations were significantly

lower than in uninfected populations. Final densities did not

significantly depend on initial population densities. In total 22

populations were used
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part of host–parasite interactions (relative fecundity

depends on time since infection; parasite success depends

on host condition). In host populations with overlapping

generations below the carrying capacity, early reproduction

is favored; therefore, age structure may be an important

factor to include in further models of the density depen-

dence of virulence. A more complex model would lead to a

better understanding of the factors shaping the expression

of virulence and would allow us to predict under which

conditions and in which systems virulence should be den-

sity dependent.

Acknowledgements We thank Curt Lively and an anonymous

reviewer for their comments improving this manuscript. Thanks to

Florian Altermatt and Thomas Zumbrunn for ideas and help during

the whole project. We also thank David Duneau and Dita Vizoso for

helpful comments on the manuscript and Suzanne Zweizig for

improving the English. A. B. was supported by the Werenfels fonds

(FAG) and the Anna Caroline Stiftung. The study was supported by

the Swiss National Science Foundation. This work is part of project
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