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abstract: Parasites have been shown to reduce host density and
to induce host population extinction in some cases but not in others.
Epidemiological models suggest that variable effects of parasites on
individual hosts can explain this variability on the population level.
Here, we aim to support this hypothesis with a specific epidemio-
logical model using a cross-parasite species approach. We compared
the effect of six parasites on host fecundity and survival to their
effects on density and risk of extinction of clonal host populations.
We contrast our empirical results of population density with pre-
dictions from a deterministic model and contrast our empirical re-
sults of host and parasite extinction rates with those predicted by a
stochastic model. Five horizontally transmitted microparasites (two
bacteria: white bacterial disease, Pasteuria ramosa; two microsporidia:
Glugoides intestinalis, Ordospora colligata; one fungus: Metschniko-
wiella biscuspidata); and six strains of a vertically transmitted mi-
crosporidium (Flabelliforma magnivora) of the planktonic crustacean
Daphnia magna were used. In life table experiments, we quantified
fecundity and survival in individual parasitized and healthy hosts
and compared these with the effect of the parasites on host popu-
lation density and on the likelihood of host population extinction
in microcosm populations. Parasite species varied strongly in their
effects on host fecundity, host survival, host density reduction, and
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the frequency with which they drove host populations to extinction.
The fewer offspring an infected host produced, the lower the density
of an infected host population. This effect on host density was rel-
atively stronger for the vertically transmitted parasite strains than
for the horizontally transmitted parasites. As predicted by the sto-
chastic simulations, strong effects of a parasite on individual host
survival and fecundity increased the risk of host population extinc-
tion. The same was true for parasite extinctions. Our results have
implications for the use of microparasites in biological control pro-
grams and for the role parasites play in driving small populations
to extinction.

Keywords: experimental epidemiology, microparasites, Daphnia
magna, host regulation, host extinction, individual and population
level effects.

Experimental and observational studies have shown that
parasites can reduce host density and even drive host pop-
ulations to extinction (Park 1948; Finlayson 1949; Keymer
1981; Dobson and Hudson 1986; Scott and Dobson 1989;
Minchella and Scott 1991; Hudson et al. 1992, 1998; Koh-
ler and Wiley 1992; Roelke-Parker et al. 1996). These stud-
ies provide strong evidence that parasites are able to reg-
ulate their host populations and that some parasites are
more likely to do so than others. What is now needed to
make empirical work in epidemiology more predictive are
experiments that demonstrate a correlation between the
effects of parasites on individual hosts and the ability of
a parasite to regulate host population density. Theory on
the effects of parasites on host population dynamics has
been extensively developed, with the aim of understanding
whether variability in the effects of parasites on host fe-
cundity and survival are reflected in host population dy-
namics (May and Anderson 1978, 1979, 1983; Anderson
and May 1979, 1981, 1986, 1991; reviewed by McCallum
1995; McCallum and Dobson 1995). A key question is
whether processes at one level (individual) translate into
effects at another level (population). For a number of host-
parasite systems, we have good empirical data on individ-
ual-level processes (e.g., pathogenicity) but little on pop-
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ulation-level processes. The aim of this study was to test
whether the extent to which a parasite reduces the fe-
cundity and survival of individual infected hosts can be
used to predict the ability of a parasite to regulate its host
population. We are particularly interested in micropar-
asites, that is, small, unicellular parasites that have direct
reproduction within their hosts (Anderson and May 1979).

Mathematical models predict different population dy-
namics for hosts infected with microparasites that reduce
host fecundity versus parasites that reduce host survival
(Anderson 1979, 1982). Host density is predicted to de-
crease monotonically with the negative effect that a par-
asite has on host fecundity (all other things being equal).
In contrast, if parasites reduce host survival, then mean
host population density is predicted to first decrease and
then increase with an increase in parasite-induced host
mortality. This is because (for a given transmission rate
parameter) parasites that kill their hosts very rapidly are
less likely to be transmitted to other hosts and therefore
will remain at low prevalence, while parasites with little
effect on host mortality will have little effect on host dem-
ographics. A further prediction made by these epidemi-
ological models concerns population fluctuations. Host
density fluctuations are predicted to increase with an in-
creasing negative effect of a microparasite on host survival
and fecundity. Therefore, when host populations are small,
density fluctuations are expected to increase the chance of
host extinction because host density is more likely to drop
to 0 during population bottlenecks (May 1974; McCallum
and Dobson 1995).

Epidemiological models, such as those cited above, are
often used to explain empirical results where parasites re-
duce the density or lead to the extinction of their host
populations. The same models predict little effect of benign
parasites on host population densities and so can apply
equally well to cases where parasites have little or no ap-
parent effect on host population dynamics. Therefore, be-
sides contrasting parasitized with nonparasitized popula-
tions, it is important to compare host populations infected
by parasites with different effects on host fecundity and
survival. We used five species of horizontally transmitted
microparasites that varied in their effects on their host,
the planktonic crustacean Daphnia magna, to test whether
the predicted relationship between individual effects and
population effects hold across parasites.

To provide a conceptual framework for our study, we
formulate a simple mathematical model of a horizontally
transmitted microparasite that affects the fecundity and
mortality of its host, which in turn is regulated both by
density-dependent birth and the parasite. The model is
based on earlier models (Anderson 1979, 1982) but is
specifically tailored to the microparasite-Daphnia system.
Because the model is deterministic, it does not allow us

to predict host and parasite extinctions. Therefore, we use
a stochastic version of the model to simulate extinction
probabilities.

We contrast the results of the five species of horizontally
transmitted microparasites with similar data from six
strains of one species of a vertically transmitted micro-
sporidium. This parasite is vertically transmitted with
nearly 100% efficiency and reduces host fecundity by
30%–60% (Mangin et al. 1995). Under natural conditions,
a harmful parasite with exclusively vertical transmission
cannot exist (Fine 1975; Bull et al. 1991; Herre 1993; Lip-
sitch et al. 1995; Mangin et al. 1995) because competition
with uninfected hosts will drive it to extinction. The ver-
tically transmitted parasite species used in our experiments
was maintained in our laboratory cultures, even in the
absence of horizontal transmission, by excluding com-
petition with uninfected hosts. In nature, a harmful and
vertically transmitted parasite can be maintained only with
an additional mechanism for horizontal transmission,
which is the likely explanation for the persistence of this
parasite (Mangin et al. 1995).

The Host-Parasite System and a Mathematical Model

The Daphia magna–microparasite system is particularly
suitable for experimental epidemiology because it can be
well described with simple mathematical models. The rel-
evant points of the biology of the system follow. First,
population growth of D. magna in laboratory populations
with a constant food supply and no parasites is reasonably
well described by a logistic-growth model. In the absence
of parasites, Daphnia populations reach an equilibrium
population level, representing the carrying capacity (e.g.,
Perrin et al. 1992). Second, the Daphnia parasites used
here fit well the definition used for epidemiological models
of microparasites as small, unicellular parasites that have
direct reproduction within their hosts and are directly
transmitted (Anderson and May 1979). Third, all micro-
parasites used in our study produced persistent infections
without host recovery; therefore, only two classes of hosts
need to be considered in the model—infected and unin-
fected hosts. Fourth, under laboratory conditions (207C),
D. magna produce their first eggs after 7–15 d (depending
on food level), followed by a clutch of parthenogenetic
eggs every 3–4 d until death, resulting in an approximately
constant fecundity across the adult life of D. magna. The
first clutch is usually smaller than subsequent clutches.
Generations overlap. Intraspecific competition for food
decreases fecundity, and severe food shortages may result
in skipped clutches or delayed maturity. Fifth, controlled
laboratory conditions allow other extrinsic sources of mor-
tality (besides infection by parasites) to be excluded. Sixth,
differential equation models of the type discussed here use
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Figure 1: Equilibrium density (Neq) of host populations for our microcosm experiments as predicted by the mathematical model. Parameter values:
/d (life span in the absence of parasite 150 d), /d (maximum birth rate in density-free conditions), to 0.2/d (1/time tod p 0.01 a p 0.4 a p 0

death), and /d and 0.1/d.b p 0.025

birth and death rates that are unconstrained by density
dependence, that is, rates that reflect host growth in the
absence of intraspecific competition. Such rates can be
easily obtained for infected and uninfected D. magna, by
using life table experiments with individually cultured host
females. Seventh, simple epidemiological models usually
assume homogeneously mixed populations without spatial
and genetic structure. Monoclonal Daphnia populations
in the laboratory fulfill these criteria. The latter point is a
particularly advantageous aspect of this experimental sys-
tem because the absence of genetic host diversity allows
us to exclude the confounding effect of host evolution. In
monoclonal Daphnia populations, no genetic diversity can
arise, except by mutations. Eighth, clonally reproducing
hosts allow us to avoid complications because of mate
choice and mate finding. The clones from England used
in our experiment produced few to no males during the
experiments. The clones from Russia occasionally pro-
duced males but never in large numbers.

A Mathematical Model

We consider a model of microparasite transmission for a
horizontally transmitted parasite that reduces fecundity
and survival of its host, which in turn is regulated both
by density-dependent birth and by the parasite-induced
mortality. Although our model is tailored to the Daphnia-
microparasite system, it is representative of a general class
of epidemiological microparasite models. The model is
nearly identical to that of McCallum (1994), which is based
on models by Anderson (1979) and Anderson and May
(1979). We have modified McCallum’s model by assuming
density-dependent birth (rather than death) and by ig-

noring the possibility of host recovery. The model equa-
tions are

dx/dt p a(x 1 fy)[1 2 c(x 1 y)] 2 dy 2 bxy,

dy/dt p bxy 2 (d 1 a)y,

where x and y are the densities of uninfected and infected
hosts (per 100 mL medium), respectively; a is the maxi-
mum per capita birth rate of uninfected hosts; f is the
relative fecundity of an infected host; c measures the per
capita density-dependent reduction in birth rate; d is the
parasite-independent host background mortality; b is the
infection rate constant; and a is the parasite-induced ex-
cess death rate.

This model predicts the existence of a stable equilibrium
of infected and uninfected hosts, and the population is
predicted to approach this equilibrium either monotoni-
cally or by damped oscillations. It further predicts that
equilibrium host density will decrease monotonically as a
function of parasite-induced reductions in fecundity (fig.
1). This monotonic decline is a general feature of our and
similar models (e.g., Anderson 1979; Anderson and May
1979; McCallum 1994). In contrast to the effect of the
parasite on host fecundity, the relationship between equi-
librium host density and parasite effect on mortality in
our model, as in McCallum’s (1994) model, can be mon-
otonically increasing, monotonically decreasing, or reach
a minimum for intermediate mortality effects (see also
McCallum and Dobson 1995 for a graphical presentation
of a similar model). However, for most parameter values
that are reasonable for the Daphnia-microparasite system
( /d [life span in the absence of parasite 150 d],d ! 0.02

/d [maximum birth rate in the absence of com-a p 0.4
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Table 1: Transitions used in the stochastic model

Transition Change Instantaneous rate

Birth of an uninfected host x r x 1 10 0 a(X 1 f Y )[1 2 c(X 1 Y )]
Death of an uninfected host aged i d x r x 2 1i i d xi i

Death of an infected host infected i d ago y r y 2 1i i u yi i

Infection of a host aged i ,x r x 2 1 y r y 1 1i i 0 0 bYxi

petition], –0.2/d [disease induced excess mortalitya p 0
rate], to 0.1/d/host), the equilibrium populationb p 0.01
size is almost always a decreasing function of the parasite-
induced mortality. The only exceptions are for low levels
of f and b and for high levels of a (fig. 1).

Stochastic Simulation of Host and Parasite Extinction

To model the effect of parasite-induced mortality and re-
duced fecundity on host population viability, we per-
formed simulations of a stochastic model corresponding
to the deterministic model described above. To do so, we
simulated a continuous-time Markov process in which
four events were possible: birth of an uninfected host,
death of an uninfected host, death of an infected host, and
infection of a previously uninfected host. Instantaneous
rate parameters for these events were given by the cor-
responding terms in the deterministic model. Initially, we
performed simulations for which the state space was de-
fined by a pair of integers (x, y) representing numbers of
uninfected and infected hosts, respectively. These proved
unsatisfactory, however, because such a simple model in
which the per capita mortality rate is constant imposes
exponentially distributed life spans on the hosts (condi-
tional on no change in their infection status). As will be-
come evident in the “Results” section, the life spans of
infected hosts are not exponentially distributed, and this
resulted in poor results from the simulations (data not
shown). A better fit to the sigmoid survivorship data was
obtained by using Weibull distributions (Klein and
Moeschberger 1997).

We therefore increased the complexity of the simula-
tions to include an age-time since-infection structure. In
these simulations, we kept track of the number of un-
infected hosts of each age (d since birth) and the number
of infected hosts based on their time since infection.
Thus, the state space was composed of pairs of vec-
tors (X,Y ), where andT TX p (x , x , x , … x ) Y p0 1 2 m

, where xi is the (integer) number of un-(y , y , y , … y )0 1 2 m

infected Daphnia born i d ago and yi is the (integer)
number of infected Daphnia that were infected i d ago.
The total number of uninfected and infected hosts are
given, respectively, by X and Y. The transitions in this
structured model occur as shown in table 1. Here, ui is
the death rate per day of a host infected i d ago, and di

is the death rate per day of an uninfected host aged i d.
Survivorship for the hypothetical parasites in these sim-
ulations was modeled by Weibull distributions with 5-,
10-, 20-, 40-, and 80-d median survival times and a slope
such that 95% of the parasitized hosts were dead 10 d
after the median survival time. A Weibull hazard function
is given by , and parameters for a mediana21h(t) p lat
survival time of T d and 95% mortality by d areT 1 10
given by a p ln [(ln 0.05)/(ln 0.5)]/ ln [(T 1 10)/T)], l p

(Klein and Moeschberger 1997). We assumeda2 ln 0.5/T
that mortality in infected hosts depended only on their
time since infection, not on their age. Other parameters
were as described above for the deterministic simulations.

We performed stochastic simulations with parameter
values chosen to span the range of plausible parasite-
induced mortality and fecundity reductions for the par-
asites of Daphnia. This was done to investigate systemat-
ically the effects of these forms of parasite-induced
reductions of host fitness on the extinction probabilities
of host and parasite populations. Simulations were per-
formed in FORTRAN (program available on request) with
fecundity reductions ranging from 0 ( f p 1) to complete
( f p 0) and median time to host death of 5, 10, 20, 40,
and 80 d. The simulations for the estimated parameters
of the parasites were begun on day 0 with five infected
and five uninfected hosts to mimic the experiments. Each
simulated day, the vectors were updated to increase the
age-time since infection of each individual by one.

The probability of extinction of a host population is a
combined function of low relative fecundity, f, and parasite
induced host death (fig. 2). With very low values of f, host
populations go extinct in nearly all cases. However, with
increasing f, the host extinction risk drops drastically, ex-
cept when infected hosts have a short life expectancy be-
cause of infection (fig. 2). Host extinction risks increase
when b increases. The results for parasite extinction look
very similar to those of host extinction. This is partially
because the parasite goes extinct whenever the host goes
extinct, but for low values of f and median host survival
time, the parasite goes extinct in many cases where the
host population survives (fig. 2).

We did not perform simulations for the nearly 100%
vertically transmitted parasite strains (Flabelliforma mag-
nivora). Parasite extinction in these cases is expected to
be very low and may occur only in the rare cases of non-
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Figure 2: Proportion of host (upper graphs) and parasite (including host) extinctions (bottom graphs) in relation to relative fecundity, f, and the
median time to host death, generated by stochastic simulation. For each combination of f, median survival time, and b, we performed 100 runs
for 300 d with a population size of 50. The graphs show the proportion of runs in which extinctions occurred. In the upper left graph, we indicated
the approximate position of the parasite-specific values for relative fecundity and time to host death. Note that the axis for median time to death
is not evenly spaced. Note further, for better presentation of the graphs, the most benign parasites are located in the far corner of the graphs in
figure 1 but in the very front of the graphs in figure 2.

perfect transmission, followed by competitive exclusion of
the infected hosts by the healthy hosts. Host extinctions
are also unlikely, as the parasites essentially behave like
deleterious fixed genes in an asexual population. In the
absence of competition and as long as the parasite does
not reduce the host’s R0 below 1, the host populations
should not go extinct.

Material and Methods

We used Daphnia magna Straus (Crustacea: Cladocera) as
the host in all experiments. Daphnia can be cloned easily
and maintained asexually for many generations. Asexual
generation time is 10–15 d, although life span can be much
longer. Daphnia clones used in this study were either bred
from resting eggs (the Russian clone infected with the
Flabelliforma parasite) or were isolated from Daphnia pop-

ulations in Oxfordshire, United Kingdom (see Ebert
1994a, 1995). All experiments were done with host clones
and parasite strain combinations derived from the same
natural populations. We used six species of microparasites
in our experiments (see table 1): one isolate each of two
bacteria (Pasteuria ramosa and white bacterial disease
[WBD]), one ascomycete fungus (Metschnikowiella bis-
cuspidata), two microsporidia (Glugoides intestinalis and
Ordospora colligata), and six isolates of a third species of
microsporidium (Flabelliforma magnivora).

Isolation and Maintenance of Parasites

Parasites were isolated as described in Ebert (1994a). In
short, infected females were collected from natural pop-
ulations and kept singly under good food conditions in
100 mL of medium (about 106 cell algae/d, 16L : 8D cycle,
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207C). If the procedure was successful, the offspring of
these females became infected through waterborne spores
released from the dead or live mother. In cases where the
parasite destroyed the ovaries of a female before she could
reproduce, we placed uninfected newborn from a labo-
ratory clone from the same D. magna population in the
medium in order to continue to propagate the disease in
that host genotype. Table 1 describes the parasites used in
this study.

We isolated a vertically transmitted parasite from two
sources. The Russian D. magna clone, which was infected
with F. magnivora (Larsson et al. 1998), was hatched from
a resting egg (pephippium) from a pond 50 km north of
Moscow. In an earlier publication, this parasite was re-
ferred to as Tuzetia sp. (Mangin et al. 1995). All offspring
of this isofemale line were infected with the parasite. Five
females infected with the same parasite were isolated from
a pond south of Oxford, United Kingdom.

Since F. magnivora cannot be transmitted horizontally
in the laboratory and vertical transmission is usually per-
fect (100% to offspring), it was difficult to obtain a control
of uninfected hosts from the same clone for each parasite-
host combination. We succeeded in getting an uninfected
host clone from the Russian clone (see Mangin et al. 1995)
and from one of the five infected English D. magna clones.
We used the single uninfected English clone as a control
for all five infected isofemale lines in the population ex-
periments (in the absence of true uninfected controls from
the remaining four isofemale lines). However, during the
following year, we managed to obtain the proper control
clones for three of the remaining four other strains. These
were used in the life table experiments. One of these con-
trols served as a control for the fifth strain. Since genetic
differences among the control clones in life-history traits
were small (data not shown here) compared to the strong
effects caused by the infections, we believe that this pro-
cedure does not bias our data.

Parasites were maintained in stock cultures of the host
clone from which they were isolated. In some cases, we
added uninfected hosts from the same host clone to these
stock cultures to prevent host extinction. Daphnia magna
reproduced only asexually in all experimental and control
cultures.

Experiments

We used artificial Daphnia culture medium (Klüttgen et
al. 1994) for all experiments and used a suspension of
Chlamydomonas reinhardii (strain S1D2) as the sole food.
The life table experiments were done in incubators with
16L : 8D period and 207C. The population experiments
were done at the same photoperiod but at room temper-
ature (187–227C).

Life Table Experiments. Life table experiments were de-
signed to test for the impact of parasites on individual
hosts. To do this, we used a split-brood design for the
horizontally transmitted parasites. We kept host females
under standard conditions (see above) with 105 cells algae/
d/mL in 100-mL beakers. From a female’s second or later
clutch, we randomly chose two newborns and placed each
in a separate 100-mL jar. One newborn served as a control
while the other was infected by using a suspension of
parasite spores. Spore suspensions were produced by col-
lecting dead infected hosts from infected mass cultures
and keeping them at 47C until further use. When we had
about 50 cadavers (25 for WBD), we concentrated them
in 5 mL of water and homogenized their tissue. Homo-
genates were then diluted to 50 mL (25-mL WBD), and
at day 2, 3, and 4 after birth, 0.5-mL spore suspension
was added to the beakers with the experimental hosts. The
same procedure was repeated with uninfected Daphnia
cadavers and administered to the controls. Host sample
size (number of pairs) was 40 for G. intestinalis, P. ramosa,
and M. biscuspidata and 20 for WBD (we were unable to
obtain enough WBD spores for 40 replicates). Experiments
were terminated no sooner than 10 d after the last infected
host had died.

The life table data for O. colligata were taken from Man-
gin et al. (1995). In this publication, O. colligata was called
Pleistophora intestinalis (see Larsson et al. 1997). This ex-
periment ended at 46 d, when only two out of 10 infected
females had died (Mangin et al. 1995). Therefore, the mean
age at death for hosts infected with O. colligata is in reality
146 d (table 2).

The effect of the vertically transmitted microsporidium
was tested with a slightly different procedure because a
split-brood design was impossible with a vertically trans-
mitted parasite (Mangin et al. 1995). Infected and unin-
fected hosts from the same clone were kept singly for two
generations in 100-mL glass jars under standard condi-
tions. To start the experiment, we used pairs of newborns
born on the same day. Each newborn came from a different
mother, one from the infected host clone and the other
from the uninfected host clone. We started with 10 host
pairs per parasite strain. Because of technical problems
during the experiments with the five English F. magnivora,
we lost some replicates, which resulted in an unbalanced
design. All vertically transmitted parasites were tested in
the same experiment, and the experiment was terminated
5 d, after the last infected host had died.

All beakers were checked once a day for host survival
and reproduction. Newborns were counted and removed.
Culture medium was changed at day 5 after the first spores
were administered and then after every molt of adult hosts
(about every 3–4 d). For each host, we recorded survival
and the number of offspring produced. All animals (in-
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Table 2: Parasites of Daphnia magna used in the experiments

Parasite Route of transmission
Infected tissue

(reference)
Sampling location,

date of isolation
Mean/maximum

prevalencea

White bacterial disease
(a coccoid bacterium)

Direct, horizontal; af-
ter the death of the
host; waterborne

Infects fat body
(Green 1974)

Pond south of Ox-
ford, U.K. (pond 1
in Ebert 1994a,
1994b), November
1993

7.34%/32%

Pasteuria ramosa
(bacterium)

Direct, horizontal; af-
ter the death of
host; water- and
sediment-borne

Infects hemolymph
(Metchnikoff 1888;
Ebert et al. 1996)

Pond south of Ox-
ford, U.K. (pond 1
in Ebert 1994a,
1994b), November
1993

21.04%/38%

Metschnikowiella biscuspidata
(ascomycete fungi)

Direct, horizontal; af-
ter the death of the
host; water- and
sediment-borne

Infects hemolymph
(Metchnikoff 1884;
Green 1974)

Pond south of Ox-
ford, U.K. (pond 1
in Ebert 1994a,
1994b), November
1993

1.83%/12%

Glugoides intestinalis
(formerly Pleistophora
intestinalis)
(Microsporidia)

Direct, horizontal;
from the living and
dead host;
waterborne

Infects epithelium of
the gut, causes diar-
rhea-like effect
(Ebert 1994a,
1994b; Larsson et al
1996)

Pond south of Ox-
ford, U.K. (pond 1
in Ebert 1994a,
1994b), November
1993

Up to 100%b

Ordospora colligata
(formerly P. intestinalis)
(Microsporidia)

Direct, horizontal;
from the living and
dead host;
waterborne

Infects epithelium of
the gut, causes diar-
rhea-like effect
(Larsson et al.
1997)

Pond 50 km north of
Moscow, Russia
(Mangin et al.
1995), May 1993

?b

Flabelliforma magnivora
(Microsporidia)

Vertical through the
egg; most likely
horizontal transmis-
sion through a sec-
ond host

Infects ovaries and fat
body (Mangin et al.
1995; J. I. R. Lars-
son et al.,
submitted)

Pond 50 km north of
Moscow, Russia
(Mangin et al.
1995), May 1993;
Pond 20 km north-
east of Oxford,
U.K., November
1993

?/50%

a Data (except those for Flabelliforma magnivora) are from Stirnadel and Ebert 1997. Data are for adult female Daphnia magna from three ponds in England

that were sampled regularily over a 12-mo period. The estimate for F. magnivora is from a single sample ( adult females) that was collected whenn p 22

these strains were collected.
b The precise estimates for Glugoides intestinalis and Orodospora colligata are unknown because these two parasites are not easily distinguishable in the field.

Unpublished data (D. Ebert) indicate that prevalences are up to 100% (see Stirnadel 1994; Stirnadel and Ebert 1997).

cluding the controls) were tested for infections at the end
of the experiment.

Population Experiments. These experiments were designed
to quantify the effect of each parasite species or strain on
small host populations. To do this, we started with infected
or uninfected (control) populations of 10 hosts (ages 1–8
d) in glass jars filled with 300 mL of medium. We added
food three times a week (producing a concentration of

cells algae/mL, independent of host density) and62 # 10
changed the medium once a week, during which hosts
were counted. We did not transfer cadavers of dead hosts

and other detritus to the new jars because transmission
from a “spore bank” could influence the host-parasite dy-
namics (Ebert et al. 1997). The sole source of new infection
was through reproduction of parasites within the cultures.
The experiments were run for 16 wk (experiment 3 only
15 wk), which represents about eight to 10 asexual host
generations (see Perrin et al. 1992; Bengtsson 1995 for
similar designs).

Since it was not possible to run all population experi-
ments simultaneously, we ran the experiments in four
groups (experiments 1–4). In experiment 1, we acciden-
tally lost three (out of five) host population replicates in-
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fected with P. ramosa. We therefore included P. ramosa in
experiment 2 as well.

Data Analysis. The design of the life table experiments
allowed paired t-tests to be used for testing the effects of
parasites on host fecundity and host age at death. For each
pair of infected and uninfected D. magna, we calculated
the relative fecundity as the cumulative (total) number of
offspring produced by the infected host divided by the
number of offspring produced by the control host, assum-
ing the control host had died on the same day the infected
host died. Thus, we did not calculate the relative lifetime
reproductive effect. Instead, we calculated the relative fe-
cundity over the same time period for the infected and
uninfected females, which was until the parasite killed the
infected host. The cumulative number of offspring was
calculated disregarding the number of clutches a host pro-
duced (10 eggs from one clutch is equal to one egg from
each of 10 clutches). This estimate of host relative fe-
cundity is independent of a parasite’s effect on host sur-
vival and corresponds to the variable f in our model. It
can range from 0 (instantaneous host castration) to 1 (no
fecundity reduction).

In the population experiments, we recorded Daphnia
density, Daphnia extinctions, and parasite presence. The
time series from the infection treatments fell into three
categories: first, host and parasite coexisted throughout
the experiment; second, the parasite went extinct; and
third the Daphnia and the parasites went extinct. There-
fore, we did not treat all replicates as equal statistically.
For example, if one of five replicate populations from an
infection treatment lost the parasite, the subsequent rise
in host population density in that replicate would raise
the mean for all five replicates in a misleading way. We
dealt with this statistical problem as follows: we excluded
the first two time points from the time series because all
experiments started with the same density. When parasite
extinction occurred, we excluded the entire replicate be-
cause, in most of these cases, we could not determine when
the parasite had gone extinct. Only for WBD were we able
to track the continued presence of the infection because
this bacterium makes its host bright white shortly after
infection. Thus, for WBD we excluded the data only after
the disease was seen for the last time in the culture. In
cases where the hosts went extinct, we excluded the last
two censuses before the last host had died. In those cases
where neither host nor parasite went extinct, we had 14
(13 in experiment 3) data points per replicate. For the five
parasite-free replicates, we calculated the mean density for
each census day of the time series. These means were then
used to calculate the relative density of each parasitized
treatment (density of parasitized population/mean density
of controls). For each of the replicates of the parasitized

populations, we calculated the mean and the variance of
these relative densities and the mean of the means and
variances across all replicates to obtain an overall measure
of relative host population density and of its variance.
Variances were only calculated for populations in which
neither host nor parasite had gone extinct so that only
variances derived from an equal number of data points
were being compared. For this reason, we did not calculate
the variances of relative density for the P. ramosa and the
WBD treatment.

This calculation of infected host population density rel-
ative to uninfected host population density has limitations
in those cases where the parasite drove the host to ex-
tinction. This is particularly true for the WBD treatments,
where either host or parasite had gone extinct in all rep-
licates in !10 wk. It was also the case for P. ramosa and
M. biscuspidata. Other variations on how to calculate rel-
ative density yielded little difference from the results we
report, so we believe that our estimates are reasonable.
However, the relative density estimates for P. ramosa, M.
biscuspidata, and WBD are probably overestimates because
the last two density counts of those host populations that
went extinct (perhaps with higher probability resulting
from low densities) did not contribute to the calculations
of relative density.

The relative densities were arcsine transformed and
tested for deviation from 1 using a t-test. All analysis was
done with the SAS statistics package (SAS Institute 1990).

Results

Controls in Both Experiments

All controls were verified to be uninfected at the end of
the experiments by dissecting individuals and looking for
signs of infection. Survival of control hosts was in all cases
considerably better than survival of infected hosts (see
below). Replicates of the control populations showed very
similar patterns of change in population density. A typical
pattern was a peak in Daphnia densities by 2–4 wk fol-
lowed by fluctuations around a mean density of ∼25–50
animals. One unexplained extinction (out of a total of 20)
was observed among the control replicates (experiment 3).
Postmortem examination confirmed that this population
was not parasitized.

White Bacterial Disease

WBD was the most virulent parasite used in this study. In
the life table experiments, 18 of 20 animals became in-
fected; of these, 15 died before maturity, and three pro-
duced one or two small clutches before dying (fig. 3; table
3; results of statistical tests for fecundity and survival of
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Figure 3: Survival curves of female Daphnia magna infected with four
horizontally transmitted parasites (open symbols) and uninfected controls
(filled symbols). Symbols: diamonds, white bacterial disease (WBD); tri-
angles, Metschnikowiella biscuspidata; squares, Glugoides intestinalis; circles,
Pasteuria ramosa. Since all controls for WBD and M. biscuspidata survived
the death of all infected hosts, we do not show their survival curves.

infected and uninfected hosts are given in the tables). The
two hosts that did not become infected survived until the
end of the experiment and produced a total of 8 clutches
and approximately as many eggs as the controls (t p

, , ).0.63 df p 20 P p .32
In the population experiments with WBD, we recorded

two cases of host extinction and the parasite went extinct
in the other three cases (fig. 4). Overall reduction of host
density was low (table 4) and difficult to evaluate because
of the frequent parasite and host extinctions. The three
replicate populations in which WBD went extinct grew
slowly at first but caught up with the population density
of the controls between weeks 6 and 9 (fig. 4). The insta-
bility of this host-parasite combination reflects well on our
laboratory experience. White bacterial disease is difficult
to maintain in our stock cultures.

Pasteuria ramosa

In the life table experiments, 36 of 40 hosts became in-
fected. Mean age at death was 46 d and significantly shorter
than survival of controls (fig. 3; table 3). Twenty-three of
the 36 infected hosts never produced any eggs (table 3).
Infected hosts that produced eggs never produced more
than three clutches, while all controls produced 111
clutches before the end of the experiment. The four hosts

that did not become infected survived until the end of the
experiment and produced about the same number of eggs
as did the control hosts ( , , ).t p 1.54 df p 42 P p .13

In the population experiments, Pasteuria ramosa drove
all seven replicates of the host populations to extinction
(fig. 4; table 4). The effect of this parasite on host ex-
tinctions was statistically significant compared to controls
in both experiments (experiment 1: , ; ex-P p .048 n p 7
periment 2: , ; Fisher exact test). Extinc-P p .004 n p 10
tion was typically preceded by a relatively long decline in
density, much longer than the relatively rapid declines of
populations driven to extinction by WBD and Metschni-
kowiella biscuspidata (see below). The long decline is a
result of the relatively long life span of P. ramosa infected
hosts.

Metschnikowiella biscuspidata

As with the two previous parasites, infectivity was high
(85%) in the life table experiments. Nineteen of the 34
infected hosts never produced eggs. The others produced
very few eggs, mostly in a single clutch (table 3). The
fecundity of the six hosts that did not become infected
was 20.5% higher ( , , ) than thatt p 2.56 df p 41 P p .014
of the control animals, perhaps because of fecundity com-
pensation by the hosts (sensu Minchella 1985). Infected
hosts survived on average only 17.5 d (fig. 3; table 3).

In the population experiments, hosts went extinct in
four of five replicates. Metschnikowiella biscuspidata went
extinct in the fifth replicate (fig. 4; table 4). Compared to
controls, infected host populations were significantly more
likely to go extinct ( , ; Fisher exact test).P p .048 n p 10

Glugoides intestinalis

This parasite is relatively benign (table 3), reducing host
fecundity by ∼15%, confirming the results of earlier studies
(Ebert 1994b, 1995). Lethality of Glugoides intestinalis was
comparable to P. ramosa (fig. 3), though fecundity reduc-
tion was much higher for P. ramosa (table 3). No host or
parasite extinctions were observed in the population ex-
periments (fig. 4; table 4). Glugoides intestinalis reduced
host population density by 22% (table 4).

Ordospora colligata

Ordospora colligata and G. intestinalis are similar in pa-
thology. Without ultrastructural analysis, they are mor-
phologically nearly indistinguishable. Fecundity reduction
by O. colligata was ∼20% (table 3). The mean age at host
death was more than the 46-d length of the experiment
(Mangin et al. 1995). Ordospora colligata did not reduce
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Table 3: Summary of results of life table experiments with five horizontally transmitted parasites

Parasite

Infectivity
(infected/

sample size)

Relative
fecundity
(5SD)a

Proportion
of hosts
with no
offspring

Mean age
at death

(d 5 SD)a/
mortality rate
(1/d 5 SD)

Time until
last

infected
host died/
proportion

of dead
control at
this dayb

Duration
of

experiment
(d)b

White bacterial disease 90% 18/20 .398 5 .142*** 83.3% 15/18 7.94 5 3.80***/.143 5 .041 Day 18/0% 35
Pasteura ramosa 90% 36/40 .037 5 .057*** 63.9% 23/36 45.97 5 6.98***/.022 5 .004 Day 56/2.5% 72
Metschnikowiella

biscuspidata 85% 34/40 .131 5 .224*** 55.9% 19/34 17.53 5 3.49***/.062 5 .034 Day 24/0% 35
Glugoides intestinalis 100% 40/40 .866 5 .158*** 0% 0/40 49.47 5 11.42***/.021 5 .007 Day 70/25% 83
Ordospora colligatac 100% 10/10 .796* 0% 0/10 146 (50)/(.02)d … 46

a t-test; testing whether parasitized hosts had lower fecundity (third column) or earlier age at death (fifth column) than the uninfected controls.
b Experiments were terminated about 10–20 d after the last infected host had died (except for Ordospora colligata; see footnote c).
c Data from Mangin et al. (1995). In this article, the parasite was called Pleistophora intestinalis.
d The values used for the simulations are in parenthesis.
* , .t 1 2.1 P ! .05
*** , .t 1 3.8 P ! .001

host population density or result in host or parasite ex-
tinctions in the experimental populations.

Flabelliforma magnivora

In all six strains of this microsporidium, host clutch size
gradually decreased relative to the controls, and egg laying
ceased a few days before host death. Relative fecundity
across the six lines ranged from 0.87 to 0.32 (table 5).
Relative fecundity and the total number of offspring pro-
duced differed significantly among the five strains isolated
from the same natural population (table 6). Mean age to
host death did not differ significantly among the isolates
(table 6).

Flabelliforma magnivora drove its host populations ex-
tinct in two replicates of the population experiment
(strains 2 and 9, fig. 5; table 5). The microsporidium went
extinct in two replicates of strain 4, indicating imperfect
vertical transmission followed by the uninfected hosts rap-
idly outcompeting the infected hosts (fig. 5). Host ex-
tinction occurred in one of the five replicates of the Rus-
sian strain (fig. 5; table 5). In an earlier 12-wk experiment
with host populations infected with this strain, no ex-
tinction occurred (Mangin et al. 1995).

Comparison between Parasites and Strains

In the following analysis, we treat all parasite species and
the six strains of F. magnivora as independent data points.
Therefore, these results suffer from a nonindependence of
the data points. We address this problem in the discussion.

Relative fecundity and age at death of infected hosts

appear to be only weakly correlated if at all (fig. 6). This
is also true when vertically and horizontally transmitted
parasites are considered separately.

Relative Fecundity. At the same relative fecundity levels,
the vertically transmitted parasites reduced host density
considerably more than did the horizontally transmitted
parasites (fig. 7). Within each group, a positive trend is
seen: the fewer offspring an infected host produces, the
lower the density of an infected population. Using an
ANCOVA, we found significant effects for mode of trans-
mission (factor, , ) and relative fe-F p 46.22 P ! .0001
cundity (covariable, , ; , er-2F p 21.15 P p .002 r p 0.88
ror mean ).squares p 0.0057

The occurrence of host extinctions in the population
experiments was strongly correlated with relative host fe-
cundity (Spearman’s rank correlation: ,r p 20.85 P p

, ; fig. 8). At the same relative fecundity levels,.001 n p 11
the vertically transmitted parasites caused host extinction
less often than did the horizontally transmitted parasites
(ANCOVA: , error mean ;2r p 0.85 squares p 0.0232
mode of transmission [factor]: , ; rel-F p 6.46 P p .034
ative fecundity [covariable]: , ).F p 30.4 P p .0006

Host Survival. Overall, a negative correlation was found
between relative host density and age at death (Spearman’s
rank correlation: , , ; fig. 7).r p 20.65 n p 10 P p .04
However, this correlation appears to be a consequence of
the disjunct distribution of the two parasite groups (fig.
7). An ANCOVA with age at death as the covariable and
mode of transmission as a factor did not reveal significant
effects (mode of transmission [factor]: ,F p 3.53 P p
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Figure 4: Population dynamics of uninfected Daphnia populations (thick line, means of five replicate ) and individual infectedpopulations 5 SE
Daphnia populations (thin lines) from experiments 1, 2, and 3. Only horizontally transmitted parasites. The parasites were (from top to bottom):
white bacterial disease, Pasteuria ramosa, Glugoides intestinalis, Metschnikowiella biscuspidata, P. ramosa, and Ordospora colligata. Infected populations
are shown individually because they fall into three groups: host and parasite persisted throughout the study period (thin solid lines), host and parasite
went extinct (dotted line), and the parasite went extinct, but host survived (stippled line). Host extinctions are indicated with black arrowheads.
Within experiments, the same control populations were used.

; age at death [covariable]: , , error.10 F p 0.04 P p .85
mean ). No significant correlationsquares p 0.0128
was found between host extinction and age at death
( , , ; fig. 6). This does not changer p 20.46 n p 10 P 1 .1
when a partial correlation was calculated with relative fe-
cundity kept constant ( , , ).r p 20.15 n p 10 P 1 .5

Variance in Relative Density. Variances in relative density
were more than seven times higher in the horizontally
( : ) than in the vertically (X 5 SE 0.25 5 0.15 0.033 5

) transmitted parasites (t-test [log-transformed0.0079
data]: , , ). Within the three hor-t p 3.466 df p 7 P p .01
izontally transmitted parasites for which it was possible to
calculate the variance of relative density, the variance for
M. biscuspidata was about three times higher than those
for O. colligata and G. intestinalis (table 3). This goes hand
in hand with the much higher host extinction rates in the
M. biscuspidata treatments as compared to host extinction
in the two microsporidian treatments.

Comparison between Models and Empirical Data. Figure 7
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Table 4: Summary of the results of population experiments with five horizontally transmitted parasites

Parasite Experimenta

Host
extinctions/
replicatesb

Parasite extinctions
among surviving
host populations

Relative
host density

(5SE)c

Variance
in relative

host
densityd

White bacterial disease 1 2/5, NS 3/3 .79 5 .10* …
Pasteura ramosa 1 2/2* … .49 5 .03*** …

2 5/5** … .71 5 .15** …
Metschnikowiella

biscuspidata 2 4/5* 1/1 .64 5 .07*** .307
Glugoides intestinalis 2 0/5, NS 0/5 .78 5 .004*** .085
Ordospora colligata 3 0/5, NS 0/5 1.01 5 .05, NS .097

Note: significant.NS p not
a Experiments with the same number were done together with the same host clone and the same controls.
b Fisher exact test that in parasitized populations host extinctions are more common.
c t-test for differences from 1.
d Variances were only calculated for replicates without host or parasite extinction.
* .P ! .05
** .P ! .01
*** .P ! .001

shows the predicted equilibrium host densities (horizon-
tally transmitted parasites only) in relation to the relative
fecundity and time to death, which were used as param-
eters in the deterministic model (model results are su-
perimposed on the experimental data). The best fit is ob-
tained for O. colligata, which, in agreement with the
predictions of the model, did not cause a reduction in host
density. In contrast G. intestinalis, which is as equally be-
nign as O. colligata, reduced density by about 20%, but
the model predicts a reduction of !2% for the simulated
range of transmission rates. In agreement with the model,
the three other horizontally transmitted parasites showed
clear density reductions. The simulated equilibrium den-
sities for a transmission rate of are closest to theb p 0.01
observed data, but this might be misleading. Our estimates
of relative density for these three parasites are likely to be
overestimates (see “Material and Methods”). Because of
the large number of extinctions in these three parasite
treatments, our estimates of relative densities are also not
as reliable as those obtained for the other parasites.

The results of the stochastic model indicate that host
extinctions should be most frequent either when relative
fecundity is very close to 0 or when relative fecundity and
median time to host death are both low. This is in agree-
ment with our results (cf. fig. 2 and table 4). As predicted
for the two benign parasites, for O. colligata and G. in-
testinalis, no host extinctions were recorded. For the cas-
trating parasite P. ramosa, which allows its host to survive
for a long time (table 3), high extinction rates are predicted
(fig. 2) and found (fig. 7; table 4). For WBD and M.
biscuspidata, intermediate host extinction rates are pre-
dicted, with WBD-infected hosts having the lower ob-
served and predicted extinction risks (fig. 2). Thus, for the

given transmission rate, the rank orders in frequencies of
predicted and observed host extinction show a good
correspondence.

The stochastic model allowed us also to estimate parasite
extinction rates. The only horizontal parasites that went
extinct in some replicates (leaving the host population
alive) were WBD and M. biscuspidata. Comparing figure
2A and figure 2B with each other shows that this is con-
sistent with the results from the model. Further, in agree-
ment with the model, no parasite extinctions are predicted
and observed for the two benign microsporidian parasites.
No conclusions can be drawn for extinctions of P. ramosa,
as in all replicates the hosts went extinct.

As seen in figure 2, both host and parasite extinction
rates depend on the transmission rate, b. A givesb p 0.1
the best correspondence between predicted and observed
extinction rates. While for benign parasites, such as O.
colligata and G. intestinalis, no host or parasite extinctions
are predicted within the huge range from –0.3b p 0.001
(simulations not shown), for higher relative fecundities
and median times to death, we find that decreasing b leads
to higher parasite extinction rates, while increasing b leads
to higher host extinction rates. Within the reasonable range
of b (0.01–0.1), the correspondence between the observed
and predicted rank orders of extinction rates of the three
more virulent horizontally transmitted parasites stays ap-
proximately the same (simulations not shown).

Discussion

The six parasite species used in this study differed strongly
in their effects on host fecundity, host survival, host pop-
ulation density, and on the probability of driving their
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Table 6: ANOVAs for testing differences between the five strains
of Flabelliforma magnivora in the life table experiment and in
the population experiment

Trait Mean square df F r2

Life table experiments:
Relative fecundity .248 4/22 11.49*** .68
Lifetime

reproduction 2,660.7 4/22 16.42*** .75
Age at death 212.5 4/22 .99 NS .14

Population experiments:
Relative host density .0678 4/16 24.16*** .86

Note: significant.NS p not
*** .P ! .001

Table 5: Summary of Flabelliforma magnivora experiments

Strain

Life table experiments Population experiments

Relative
fecundity
(5SD)a

Mean age
at death

(d 5 SD)/
mortality rate

(1/d 5 SD)

Host
extinctions/

replicates

Parasite
extinction

among
surviving

host
populations

Relative
host

density
(5SE)a

Variance
of relative
densityb

2 .43 5 .09*** 57.75 5 11.1/.018 5 .004 1/5 0/4 .35 5 .02*** .022
4 .40 5 .06*** 49.00 5 1.4/.020 5 .001 0/5 2/5 .43 5 .04*** .025
5 .74 5 .19** 67.0 5 15.77/.016 5 .005 0/5 0/5 .59 5 .02*** .034
8 .87 5 .01*** 48.00 5 2.83/.021 5 .001 0/5 0/5 .64 5 .02*** .032
9 .32 5 .17*** 57.33 5 18.04/.022 5 .017 1/5 0/4 .41 5 .03*** .018
Russia 1995 .55 5 .11*** 73.00 5 7.87/.014 5 .001 1/5 0/5 .51 5 .04*** .061

Note: Population data for strains 2, 4, 5, 8, and 9 were obtained in experiment 4. The Russian strain was tested in experiment 3.
a t-tests for differences between infected and controls.
b Variances were only calculated for replicates without host or parasite extinction.
** , .t 1 2.9 P ! .01
*** , .t 1 3.8 P ! .001

hosts or themselves to extinction. Parasite effects on in-
dividual hosts ranged from low to high lethality and from
little impact on host fecundity to total sterilization. On
the population level, one parasite had no effect on host
density or population persistence, while others reduced
host density strongly or even drove their hosts to extinc-
tion. This diversity in the outcomes of host-parasite in-
teractions on a population level is predicted by epidemi-
ological models and is in the center of our aims to
understand the population dynamics of hosts and their
parasites (Anderson and May 1978, 1979; May and An-
derson 1978, 1979; Anderson 1979, 1982).

Parasite-Induced Reduction in Host Density

Our data reveal a tendency that the density of the host
populations decline as host fecundity reduction increased
(fig. 7). Even without knowledge of the transmission rates
for our horizontally transmitted parasites, this trend is
consistent with our deterministic epidemiological model
(figs. 1, 7) as well as other similar models (Anderson
1979, 1982; Anderson and May 1981; McCallum 1994).
For benign parasites, independent of their transmission
rate, our model predicts no reduction in host population
density. This prediction held true for one of the benign
parasites in our study (Ordospora colligata), while the
results for the other benign parasite, the microsporidum
Glugoides intestinalis, went counter to the model’s pre-
dictions and reduced host population density by ∼20%.
We have no explanation for this. Possibly the parasite
was more harmful to hosts competing in the population
experiments compared to its effect on isolated hosts in
life table experiments.

We found no relationship between the mean time to
host death and relative host density in our population
experiments. Horizontally transmitted parasites are pre-
dicted to suppress host density to the greatest degree when
parasite pathogenicity levels are intermediate (Anderson
1979, 1982). Our model makes the same prediction; how-
ever, the simulations show that without increasing the
mortality rate of infected hosts (a), this effect is hardly
visible under a realistic range of parameters for relative
fecundity, f, and mortality rate, a, and parasite transmis-
sion rate, b (fig. 1). The relationship between a and host
equilibrium density depends strongly on f and b. To em-
pirically test how the average life span of infected hosts
affects host population density would require a suite of
parasite species or strains that exhibited a large range of
effects on host mortality and a small or no range of effects
on host fecundity. In contrast, the parasites in our exper-
iment represented the opposite of this ideal; they had a
large range of effects on the fecundities of infected hosts
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Figure 5: Population dynamics of uninfected Daphnia populations (thick line, means of five ) and individual Flabelliforma magnivora-replicates 5 SE
infected Daphnia populations (thin lines) from experiments 3 and 4. Infected populations are shown individually because they fall into three groups:
host and parasite persisted throughout the study period (thin solid lines), host and parasite went extinct (dotted line), and parasite went extinct, but
host survived (stippled line). Host extinctions are indicated with black arrowheads. Within experiments, the same control populations were used.

(from 0.037 to 0.86, a 23.2-fold difference between the
most and least harmful to host fecundity), and a small
range of effects on host mortality. Using the inverse of age
at host death as an estimate of parasite-induced mortality
rate, parasite-induced host mortality ranged from only
0.02–0.126, a 6.3-fold difference among the horizontally

transmitted parasites. We are not aware of any Daphnia
parasite that would kill infected hosts even earlier than
WBD and thus would allow us to extend the range of a.

The vertically transmitted parasites reduced host density
significantly more than did the horizontally transmitted
parasites. Because they were prevalent in all hosts at all
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Figure 6: Relationship between relative fecundity and age of host at
death for all parasite species and isolates used, except Ordospora colligata,
for which no data for age at host death were available. The letters indicate
the parasites: G, Glugoides intestinalis; M, Metschnikowiella biscuspidata;
P, Pasteuria ramosa; W, white bacterial disease; F, Flabelliforma magni-
vora. The numbers indicate the five English strains of F. magnivora (cf.
table 5). Thin-printed symbols indicate horizontal transmission, and bold
symbols indicate vertical transmission.

Figure 7: Relationship between the parasite’s effect on the reduction in
host density depending on relative fecundity and age at host death. The
letters indicate the parasites: G, Glugoides intestinalis; M, Metschnikowiella
biscuspidata; O, Ordospora colligata; P, Pasteuria ramosa; W, white bac-
terial disease; F, Flabelliforma magnivora. The dots indicate the six strains
of F. magnivora (cf. table 5). The crosses show the relative density obtained
from the model simulations for the horizontally transmitted parasites
based on the parasite-specific parameter values (table 3). For each par-
asite, we show simulations with transmission rates of , 0.03, andb p 0.01
0.1 (the highest transmission rates resulted in the lowest relative densi-
ties). The relative densities for the simulated data for O. colligata and G.
intestinalis are nearly 1.0 and overlap. Note that the lower graph does
not show O. colligata because host survival data were not available.

times (100% prevalence) in infected populations, they re-
duced the fecundity of every host in the population at all
stages; while the hosts in cultures with horizontally trans-
mitted parasites had some chance of reproducing normally
before becoming infected, and their offspring each gen-
eration had the same chance. Furthermore, vertically
transmitted parasites with 100% transmission may have a
stronger effect on reducing host population densities than
do horizontally transmitted parasites because vertical
transmission is not reduced by low host density.

Extinction of Hosts and Parasites

Hosts and parasites were prone to extinction in certain
experimental populations. Our stochastic model predicts
that for very low relative fecundities and for the combi-
nations of low relative fecundity and low host survival,
host extinction rates may he high (fig. 2). This is caused
by the combined effects of reduced host density and den-
sity oscillations. Our empirical data correspond with the
predictions from the stochastic simulations quite well.
While the two rather benign microsporidian parasites
never caused host extinctions, the three more virulent hor-
izontally transmitted parasites did so frequently. While,
within a realistic range, the predictions for G. intestinalis
and O. colligata do not depend on the transmission rate,
the predictions for the three more virulent parasites do

depend on transmission rates. For WBD, Pasteuria ramosa,
and Metschnikowiella biscuspidata, an intermediate trans-
mission rate of results in a good correspondenceb p 0.1
between predictions and data (cf. fig. 2 and table 4). How-
ever, extinction rates change with transmission rates and
therefore the fit is less good for lower or higher trans-
mission rates, although it does not change our conclusions.
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Figure 8: Relationship between the parasite’s effect on the probability
of host extinction depending on relative fecundity and age at host death.
The letters indicate the parasites: G, Glugoides intestinalis; M, Metschni-
kowiella biscuspidata; O, Ordospora colligata; P, Pasteuria ramosa; W, white
bacterial disease; F, Flabelliforma magnivora. The dots indicate the six
strains of F. magnivora (cf. table 5). Note that the lower graph does not
show O. colligata because host survival data were not available.

Given the same level of relative fecundity, the vertically
transmitted parasites tended to drive their hosts less often
to extinction than did the horizontally transmitted para-
sites (fig. 7). This may be explained by taking density
oscillations into account. Despite their lower relative den-
sities, the variance in density (a rough measure for the
strength of oscillations) was significantly lower for the ver-
tically transmitted parasite strains than the variance of the
horizontally transmitted parasites. In fact, a simple model
can show that for a realistic range of parameters oscilla-
tions are not expected for parasites that act like fixed del-

eterious genes, as is the case for our vertically transmitted
parasite strains (D. Ebert and M. Lipsitch, unpublished
data).

Extinction of Daphnia magna because of parasitism has
been suggested by Stirnadel (1994) in a natural population.
She observed local extinctions of D. magna in a pond in
South England after a period of strong parasitism with
very frequent multiple infections.

As indicated by our stochastic results, parasites that
drive their hosts extinct tend themselves to go extinct, even
in cases when their hosts do not. White bacterial disease
and M. biscuspidata either went extinct or drove their hosts
extinct (table 4). Pasteuria ramosa went in all cases with
its host extinct. Also consistent with the results from our
simulation is that the benign G. intestinalis and O. colligata
never went extinct. Virulent parasites were previously pre-
dicted and known to have high extinction rates, for ex-
ample, virulent parasites cannot persist in small island
populations (Anderson and May 1991).

Parasite Prevalence

Horizontally transmitted parasites that strongly reduce
host survival and host fecundity are predicted to have low
equilibrium prevalences of infection (Anderson and May
1991; McCallum 1994). Our experimental design did not
allow us to quantify parasite prevalence without disrupting
the experiment. However, prevalence estimates from field
studies (table 1; Brunner 1996; Stirnadel and Ebert 1997;
D. Ebert, unpublished data) show that the prevalences of
the horizontally transmitted parasites match roughly the
pattern predicted. The most prevalent parasites in nature
were the ones that we found to be least harmful to their
hosts. G. intestinalis and O. colligata had the lowest costs
for their hosts and are generally found in high prevalences
in the field (table 1; Brunner 1996; Stirnadel and Ebert
1997; D. Ebert, unpublished data). Pasteuria ramosa is
similar in lethality to G. intestinalis but reduces host fe-
cundity much more. Its prevalence in the field is much
lower than those of G. intestinalis. The even more virulent
WBD and M. biscuspidata are both found in low preva-
lences in nature.

Consideration of Clade-Specific Effects

As mentioned earlier, our comparison across parasites suf-
fers from a lack of independence of the parasite species
and isolates used. Some of the parasite species we used
were phylogenetically distant (bacteria, fungus, and mi-
crosporidians). However, eight of the 11 isolates/species
were microsporidians, with six of these being isolates of
the same species. Thus, clade-specific effects might con-
tribute to the results (Harvey and Pagel 1991), in particular
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to the comparisons between the effects of vertically versus
horizontally transmitted parasites. However, parasite-
induced reductions in host survival and host fecundity are
known to often show large amounts of genetic variance
within parasite species (Davenport 1954; Fenner and Rat-
cliffe 1965; Parker 1985; Ebert 1994b) and rapidly react to
selection (Fenner and Ratcliffe 1965; Bull et al. 1991; Ebert
and Mangin 1997). Common ancestry and phylogenetic
inertia are less important when the traits under investi-
gation can evolve rapidly, that is, instantaneously on a
paleontological timescale (Burt and Bell 1987). Neverthe-
less, to minimize confusion, we present our data in a man-
ner that makes it possible to distinguish to what extent
the analysis has been influenced by clade-specific effects.

Conclusion

Our study partially supports predictions about how effects
of parasites on individual hosts are translated to popula-
tion level effects. This is encouraging as the models on
which our study is based are a major pillar of epidemiology
in general. However, our study also highlights the diffi-
culties in obtaining a good qualitative fit of the empirical
data to the model. The transmission rates, which we were
not able to assess for our parasites, are a very important
part and necessary for a better understanding of the com-
plete picture. Future tests of epidemiological models
should take this into account.

Despite of the lack of transmission data, we were able
to show that parasites with strong negative effects on host
fecundity will reduce their host population densities and
are more likely to cause host extinctions than are parasites
with little effect on host fecundity. Extrapolating our re-
sults to more natural systems might be difficult, as natural
populations are probably infected by more than one par-
asite species and as genetic variation for parasite virulence
and host resistance is likely to be the rule rather than the
exception in natural systems. That it is nevertheless pos-
sible to use simple models to predict dynamics in natural
systems was shown by Hudson et al. (1998) for a helminth
parasite infecting free-living grouse populations. Thus,
even simple epidemiological models can be powerful tools
in understanding the seemingly complex population dy-
namics of hosts and their natural enemies. This has im-
plications for the use of parasites in biological control
programs and for the role parasites play in driving small
populations to extinction (Anderson 1982; McCallum and
Dobson 1995).
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