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Abstract

Seasonal change in the intensity of fish predation affects succession in lake zooplankton communities. Predation

affects not only the zooplankton prey, but also their parasites. Because the ability of a parasite to spread depends
in part on the death rate of the hosts, seasonal reductions in the intensity of predation on zooplankton could lead
to parasite epidemics. We examined seasonal population dynamics, mortality rate, and incidence of parasitism in
lake populations of Daphnia to determine whether parasitism displayed seasonality and synchrony among lake
populations and whether any such patterns are consistent with seasonal changes in predation rates. Infections of a
bacterial parasite (Spirobacillus cienkowskii) in Daphnia dentifera populations were seasonal with epidemics in
many lakes occurring synchronously in autumn. In situ foraging behavior of the dominant fish planktivores, bluegill
sunfish, is highly selective on infected Daphnia. Mortality rates on the Daphnia drop just prior to the initiation of
epidemics. An epidemiological model shows that this magnitude of decrease in mortality rate, if driven largely by
areduction in predation, can account for the seasonal occurrence of epidemicsin our Daphnia populations. Together,

these results suggest that parasitism in Daphnia populations may be seasonally restricted by fish predation.

Historically, ecologists studying food webs regarded par-
asites as add-ons (Marcogliese and Cone 1997), while ecol-
ogists studying parasitism focused on the isolated interac-
tions of hosts and parasites. Yet the ability of a parasite to
spread and persist in a host population depends critically on
the other members of the community (e.g., competitors and
predators; Holt 2003; Packer et al. 2003). For example, pred-
ators, when consuming their prey, also consume their prey’s
parasites. An increase in predation mortality not only di-
rectly harms the parasite, it also decreases the length of time
an infected animal is in the population, making it less likely
infected animals will contact and infect others. Hence, pre-
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dation should decrease the likelihood of a parasite spreading
through or persisting in aprey population (Grenfell and Dob-
son 1995). In addition, many predators preferentially kill dis-
eased prey (Poulin 1994; Packer et al. 2003). When this
occurs, the predation rate on the parasite will exceed that on
the prey population at large, further restricting the conditions
that allow a parasite to persist in a host population (Packer
et a. 2003).

In the plankton of lakes and oceans, selective predation
on infected zooplankters is likely to be common. Fish are
highly selective predators, and zooplankton species that co-
exist with fish frequently rely on transparency to minimize
predation risk (Zaret 1980). Because most parasites increase
the opacity of the host, infected animals should be more
easily detected by fish (Bittner et al. 2002). By selectively
culling infected animals, fish might therefore reduce the
prevalence of infection in zooplankton populations. Willey
and colleagues (Willey et al. 1990, 1993) have suggested
that this increase in visibility is at least partially responsible
for decreases in the prevalence of epibionts on Daphnia in
the presence of planktivorous fish. However, the intensity of
selective predation by planktivores changes seasonally due
to changing temperature, behavior, and ontogeny. Tempera-
ture mediates bioenergetic demands of the predators (Hewett
and Johnson 1992), leading to the highest rates of fish for-
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aging in summer (Threlkeld 1979). In addition, the amount
of time spent by fish foraging in the littoral versus limnetic
regions shifts seasonally, with the most intense feeding in
the limnetic zone occurring in summer (Werner 1969; Hall
and Werner 1977; Threlkeld 1979). Finally, larval fish are
important planktivores, and their recruitment in spring and
summer can increase zooplankton mortality at these times
(Rettig 2003).

Thus, we expect seasonal variation in the intensity of se-
lective predation on zooplankton populations to be a factor
in determining the occurrence of parasite epidemics. During
periods of high predation in summer, fish should cull in-
fected animals from zooplankton populations, thereby inhib-
iting the spread of parasites at this time. In autumn, when
rates of planktivory should decrease, we expect that the in-
cidence of parasite infections in zooplankton will increase.

In this study, we examine multiple lake populations of
Daphnia dentifera facing predation by bluegill sunfish and
parasitism by a bacterial pathogen. We quantify the in situ
foraging selectivity of the fish predator for infected versus
uninfected D. dentifera and follow the seasonal population
dynamics of the D. dentifera and the prevalence of infection.
These empirical findings are incorporated into a general
host—parasite model, which we use to predict levels of fish
predation that allow parasite invasion into these D. dentifera
populations. By looking for correspondence between model
predictions and field observations, we seek to determine
whether selective fish predation may play a role in season-
aly restricting parasitism in D. dentifera populations.

Methods

Sudy system—We studied D. dentifera Forbes popula-
tions in five lakes (Baker, Bassett, Cloverdale, and Pine
Lakes, Barry County, and Three Lakes Two, Kalamazoo
County) in southwestern Michigan. This Daphnia speciesis
a common grazer in the planktonic food web of lakes
throughout much of temperate North America (Hebert 1995;
Duffy et al. 2004) and is the dominant zooplankter during
summer in our study lakes. In these populations, D. dentifera
hatch out of resting eggs in spring and are common through-
out summer and autumn (Threlkeld 1979; Caceres and Tes-
sier 2004). Resting egg production occurs in mid-October
through November, and there is little overwintering in the
water column (Céaceres and Tessier 2004).

Since Daphnia are transparent, it is easy to detect the pres-
ence of internal parasites without dissection (Green 1974).
We previously had observed that several microparasites be-
come prevalent in D. dentifera populations during late sum-
mer and autumn. Here, we focus on a bacterial pathogen,
Spirobacillus cienkowskii Metchnikoff. This microparasiteis
present in most local lakes, and we can easily detect infected
animals since they are red. S. cienkowskii cells range in size
from 0.5 to 2.5 um. When placed in laboratory cultures with
S. cienkowskii—infected Daphnia, uninfected D. dentifera be-
come infected within several days. Once Daphnia show
signs of infection (i.e., hemolymph becomes cloudy and red
with bacterial cells), they generally die within ~2 days at
25°C and ~4 days at 15°C (M. A. Duffy unpubl. data). Fur-

ther, this pathogen greatly reduces reproduction of infected
D. dentifera, since infected animals are only very rarely ob-
served with eggs (M. A. Duffy unpubl. data).

Bluegill sunfish (Lepomis macrochirus Rafinesque) are
the most common planktivorous fish in our study lakes (Wer-
ner et a. 1977; Tessier and Woodruff 2002). As discussed
above, the intensity of foraging by bluegill on Daphnia de-
clines from summer to autumn because the fish, especially
juveniles, spend more time in the littoral zone towards the
end of the summer (Werner 1969; Hall and Werner 1977).
In addition, bioenergetic demands and activity of fish decline
with the drop in water temperature in the autumn (Collins
and Hinch 1993; McDermot and Rose 2000).

In summer, D. dentifera minimize the risk of visua pre-
dation by migrating to deeper waters during the day, residing
below the thermocline and at low (<10%) light levels (Lei-
bold and Tessier 1997; M. A. Duffy and G. A. Gerrish un-
publ. data). However, D. dentifera migrate to the warm sur-
face waters at night in order to accelerate development time,
especialy of eggs (Leibold and Tessier 1997; Lampert et a.
2003). Consequently, most foraging by fish on D. dentifera
occurs at dawn and at dusk as D. dentifera migrate between
habitats.

Field data—We measured parasite prevalence and popu-
lation dynamics in these five lake populations between July
and November 2003. In previous years, infected animals
were found throughout the period when D. dentifera is in
the water column (i.e., late spring through autumn). How-
ever, infected animals remain rare until late August (M. A.
Duffy and A. J. Tessier pers. obs.). We began sampling in
July to collect preepidemic population dynamic data. The
frequency of sampling varied based on the presence of in-
fections and water temperature, with the average interval
between samples being 6 days (generation time ranged from
~1 week in July to ~3 weeks in November). On each sam-
pling date, we used a 153-um mesh Wisconsin bucket net
to collect four samples of the zooplankton. Each of these
four samples constituted a pooling of whole water column,
vertical net tows taken from four different sites within the
deep basin of each lake. Three of the samples were preserved
in 60%—90% ethanol and later counted for D. dentifera den-
sity. The remaining sample was analyzed immediately to de-
termine infection prevalence (No. of infected D. dentifera/
total No. of D. dentifera) and average fecundity (No. of eggs
per individual). We determined the prevalence of infection
by S cienkowskii by examining a random subsample of at
least 400 live D. dentifera under a stereomicroscope at 25—
50X magnification.

We compared the seasona change in Daphnia death rate
from midsummer to immediately prior to the start of epi-
demics. To calculate death rate, we needed to determine pop-
ulation birth rate and the instantaneous population growth
rate. We determined birth rate in each population by the egg
ratio method (Paloheimo 1974). We recorded the number
and developmental stage of eggs carried by 50—100 adult D.
dentifera and the percentage of adult females in the sample.
This information, along with the temperature-dependant egg
development time, was used to calculate the per capita birth
rate (Rigler and Downing 1984). Since these lakes are strat-
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ified, the temperature experienced by the D. dentifera de-
pends on the depth at which they live. We collected samples
with a 20-liter Schindler trap at 1-2-m intervals during the
day and at night to determine the diel vertical movement of
the D. dentifera within each lake. In Bassett, Cloverdale, and
Pine Lakes, these samples were collected at the beginning
of the epidemic in August, and again in September in Pine
Lake. A diel Schindler series was done in Baker Lake in
July and in Three Lakes Two in September. In previous
years, we have found that the diel vertical distributions of
D. dentifera are relatively constant throughout this time pe-
riod (M. A. Duffy unpubl. data). The vertical distributions
were used to calculate a time-weighted temperature, and egg
development times were determined according to Bottrell et
al. (1976).

Calculation of death rate requires instantaneous popula-
tion growth rate (r), which for the time interval t = i to t
= j was calculated as

InN; — In N,
I @

where In N, and In N; are the natural log of the densities on
sequential sampling days i and j. The instantaneous per ca-
pita death rate (d;) of the population was calculated by sub-
tracting the population growth rate (r;;) from the per capita
birth rate (b)). Birth rates and natural log of densities were
smoothed using proc loess in SAS prior to calculations (SAS
Version 8, SAS Ingtitute 1999).

Epidemics were arbitrarily defined as beginning when the
prevalence of infection in the population surpassed 1%. This
threshold was chosen since once the prevalence of infection
surpassed 1%, the epidemic quickly rose to its peak value.
Therefore, this provides us with a good metric for when the
parasite has established itself in a population. We chose to
use a relatively low threshold to minimize the effect of the
parasite itself on the population death rate, allowing us to
better compare death rates at the beginning of an epidemic
with those before. Therefore, we averaged death rates on the
day the epidemic surpassed 1% and the previous and sub-
sequent sampling dates to characterize a mean death rate for
the beginning of the epidemic. A preepidemic death rate was
determined by averaging death rates from three sequential
sampling dates 1 month before the start of the epidemic. We
were unable to characterize the preepidemic death rate in
Bassett Lake, since it occurred before we began sampling.
Baker Lake did not have an S. cienkowskii epidemic, but is
still of interest for comparative purposes. If death rate chang-
es in lakes that have epidemics, but not in Baker Lake, that
would provide additional support for our hypothesis. We
used the average date when the other lakes were beginning
their epidemics as the date for the start of the **epidemic”
for Baker Lake. For the three lakes that had epidemics and
for which we could characterize the preepidemic and start
of epidemic death rates, we used a paired t-test to compare
the death rates from the two periods. To explore whether
changes in other population parameters are correlated with
the onset of infections, we also used paired t-tests to com-
pare the egg ratio of adult females (No. eggs/adult female),
population birth rate, and D. dentifera density in these three
lakes from the two periods.

ij

We quantified the selectivity of bluegill sunfish foraging
on infected Daphnia by comparing the percentage of infect-
ed adult D. dentifera in bluegill stomachs with the compo-
sition of the adult D. dentifera population in the bluegill’s
foraging environment. Since bluegill feed only in the epilim-
nion of these lakes (McDermot and Rose 2000), we com-
pared the proportion of infected D. dentifera in the fish guts
with the proportion in the epilimnion. In this case, we know
that the vertical distribution of infected D. dentifera does not
differ from that of uninfected D. dentifera based on diel
Schindler trap studies taken in our study lakes (S. R. Hall
and M. A. Duffy unpubl. data). Hence, the estimated selec-
tivity from the epilimnion is equivalent to the selectivity of
bluegill on infected D. dentifera in the population as a
whole.

Fish were collected at dawn by angling in Baker, Bassett,
Cloverdale, and Pine Lakes in 2002 and 2003. The gut con-
tents of 3-10 bluegill were analyzed per lake, with an av-
erage of over 300 infected D. dentifera per gut. The pro-
portion of infected D. dentifera in the environment was
determined by collecting replicate net tows in the epilimnion
immediately preceding angling and examining all D. denti-
fera in each sample using a stereomicroscope.

Selectivity was calculated using Chesson’s al pha (Chesson
1983):

@ = @)

where ¢, is the selectivity of bluegill on infected D. denti-
fera, g, and gs are, respectively, the proportions of infected
and uninfected (and presumably susceptible) adult D. den-
tifera in the fish gut, and ¢ and ey are the proportions of
infected and uninfected adult D. dentifera in the environ-
ment, respectively. An apha of 0.5 indicates neutral selec-
tivity, and values greater than 0.5 indicate preferential feed-
ing on a prey type. Since there are only two prey types, as,
the selectivity on uninfected D. dentifera, is (1 — «)).

Modeling—We devel oped a compartment model, based on
a susceptible-infected () model (Heesterbeek and Roberts
1995), to explore the range of death rates over which S
cienkowskii can invade populations of D. dentifera. The dy-
namics of our model can be described using the following
two equations:

ﬂ=,88|—(n+v)l—m,l 4
dt

(see Table 1 for a summary of symbols used in the model).
In this model, growth of the D. dentifera population is neg-
atively density dependent, and infected D. dentifera (1) do
not contribute to reproduction, as infected animals are only
very rarely observed with eggs (M. A. Duffy unpubl. data).
Infected D. dentifera transmit S. cienkowskii to susceptible
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Table 1. Model parameters and variables.
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Par./var. Units Definition Value/range
Q — Chesson’s alpha; selectivity on infected D. dentifera 0.5-1*
b d? Maximum birth rate 0.4t
B (No./L) * dt Transmission rate 0.05, 0.1t
| No. L-* Density of infecteds —
K No. L Carrying capacity 10, 208
m, d- Death rate due to fish predation, infecteds —
mg d- Death rate due to fish predation, susceptibles 0-0.4|
n dt Nonselective predation death rate 0.059
S No. Lt Density of susceptibles —
t d Time unit —
v d-t Death rate due to parasite (virulence) 0.05, 0.15#

* This covers the range from unselective on infecteds (o, = 0.5) to the theoretical maximum (o, = 1.0).
T Maximum birth rate for D. dentifera at summer temperatures was based on |aboratory life table studies using food collected from local 1akes (Tessier and

Woodruff 2002).
1 Based on Ebert et a. (2000).

§ This range is based on the densities at which Daphnia equilibrate in lake enclosure experiments in which predators are excluded (Tessier et al. 2000, 2001,

A. J. Tessier unpubl. data).

|| This covers the range of death rates observed in these populations over the study period (M. A. Duffy unpubl. data).
91 Death rate from sources other than parasite virulence and selective fish predation; our conclusions do not vary qualitatively with changes in this parameter
(explored over the range n = 0.01-0.15 d-*) and, therefore, only results for n = 0.05 d-* are shown. These values are typical for these lake populations,

based on sediment trap measurements (M. A. Duffy, unpubl. data).

# Based on life table studies of infected animals collected from local lakes (M. A. Duffy, A. J. Tessier, and S. R. Hall, unpubl. data).

hosts at rate B according to a density-dependent, pseudo—
mass action (de Jong et al. 1995) interaction (89). Death
of D. dentifera is split into severa terms. mg and m,, which
are the per capita death rates due to fish predation on sus-
ceptible and infected D. dentifera, respectively; v, which is
virulence, i.e., the per capita death rate on infected D. den-
tifera resulting directly from the infection; and n, which is
the per capita death rate from other sources.

To incorporate selective predation into the model, we con-
verted the fish selectivity measured in the lakes (using Ch-
esson’s alpha) into one that is dependent on the per capita
rates of mortality from fish predation. We assume the ratio
of the proportion of a prey type in the fish gut to its pro-
portion in the environment (i.e., the numerator of Eq. 2) is
proportional to the per capita predation mortality rate (m)
for that prey type. Therefore,

mI

“ e m, ©)
Since «, and ag sum to one when there are only two prey
types, we can rearrange Eq. 5 by solving for m,,

m = ( % )ms ©)

Thus, for cases where the predator is not selective on in-
fected prey (o, = 0.5), m, equals mg and fish feed on both
susceptibles and infecteds at the same rate.

We use our model to derive conditions under which the
parasite is expected to invade the D. dentifera population
(see Web Appendix 1 for details; http://www.aslo.org/lo/toc/
vol_50/issue-2/0412al.pdf). Vaues for model parameters
were based on the D. dentifera population dynamics we
measured in these study lakes or on prior laboratory and lake
experiments (see Table 1 for details). For key parameters, a
realistic range of values was explored. Specifically, Daphnia

carrying capacity is known to vary with lake productivity,
so we used a range representative of the productivity of our
study lakes, as determined by enclosure experiments that
excluded predators (Tessier et al. 2000, 2001; A. J. Tessier
unpubl. data). Similarly, transmission rates are difficult to
measure in nature and poorly known for any Daphnia path-
ogen. Therefore, we considered a range based on published
studies on several Daphnia microparasites (Ebert et al. 2000)
and supported by our laboratory observations of infection
probability. Variation in some parameters (maximum birth
rate, b, and background mortality, n) over ranges common
in lake populations had no qualitative effect on our conclu-
sions, so we present only a single, representative value. We
measured the virulence of this and other pathogens common
in these lakes in laboratory experiments, conducted over a
range of temperatures (15-25°C). We determined virulence,
measured as the mortality rate of infected animals, using
both infected animals collected from the field and animals
infected in the lab. We used values that bracket the variation
in virulence: 0.05 d-* at 15°C to 0.15 d-* at 25°C (M. A.
Duffy, S. R. Hall, and A. J. Tessier unpubl. data).

Our primary use of this model is to explore whether dif-
ferences in the rate of selective predation on D. dentifera
populations between lakes and seasons can explain differ-
ences in prevalence of parasitism. The ability of the parasite
to invade the D. dentifera population depends on the total
mortality rate from selective predation. In our model this
term is determined by the rate of fish predation on suscep-
tibles (ms) and the selectivity of fish on infecteds (¢,). We
vary mg over the range in popul ation death rates we observed
in the lakes during the study (0-0.4 d-%). We consider pred-
ator selectivity on infecteds to range from nonselective (o,
= 0.5) to the theoretical maximum (o, = 1.0). Model pre-
dictions are compared with observed differences in mortality
rates and parasite prevalence, both of which vary between
seasons and lakes.
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Fig. 1. Seasonal change in infection prevalence (solid lines) and
surface water temperature (dashed line). Locally weighted (LOESS)
smoothing lines are shown.

Results

We observed D. dentifera infected with S. cienkowskii in
al lakes, with incidence of infection very low prior to Au-
gust. The prevalence of infection increased sharply in Sep-
tember, concurrent with a decrease in surface water temper-
ature (Fig. 1). Three of the five study populations (Bassett
Lake, Pine Lake, and Three Lakes Two) had large S. cien-
kowskii epidemics. The epidemics (defined as the point when
the prevalence of infection exceeded 1%) in Pine Lake and
Three Lakes Two began at approximately the same time,
while the epidemic in Bassett started slightly earlier. In Clov-
erdale Lake the infection peaked at only 1% infected D.
dentifera. Broadly speaking, the epidemics in these four, iso-
lated lake populations were synchronous, all peaking at the
same time (Fig. 1). The prevalence of infection in Baker
Lake never exceeded 0.3%; therefore, we did not consider
this population to have experienced an epidemic.

Bluegill foraging in each lake were highly selective on D.
dentifera infected with S. cienkowskii (Fig. 2). The mean
Chesson’'s apha for infected D. dentifera was 0.76 (95%
confidence interval: 0.67-0.85).

For these values of fish selectivity (o, = 0.7-0.8) our
model predicts a range of realistic mortality rates that alow
parasite invasion. Invasion of the parasite requires

<b(BK—n—v)—nBK

ol
o+ (1 o al)b

(see Web Appendix 1 for detals). The isoclines on Fig. 3
depict those values where on average each infected individ-
ual infects one additional individual. In the area below the
isocline each new infection results in more than one addi-
tional infection, and the parasite can spread through the pop-

()
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Fig. 2. Fish selectivity on S cienkowskii—infected and unin-
fected D. dentifera. Symbols indicate mean Chesson’s apha for
each lake day. The line at « = 0.50 indicates neutral selectivity.
Fish were collected from Cloverdale Lake at the start of the epi-
demic that occurred in the fall of 2002, from Baker Lake during
the short period of time when S. cienkowskii infections were present
on one date in 2002 and one in July 2003, and from Bassett and
Pine lakes at the start of their epidemics in 2003.

ulation. At high carrying capacity, the isoclines fall between
mortality rates of approximately 0.15 and 0.20 d-* (Fig. 3).
At low carrying capacity, they are between approximately
0.05 and 0.15 d* (Fig. 3). Overal mortality rates in these
lake populations ranged from approximately 0.10 to 0.25
(Fig. 3). Therefore, if mortality rates in these populations are
primarily driven by selective fish predation, our model pre-
dicts that even small decreases in the rates of selective pre-
dation on these D. dentifera populations may alow parasite
epidemics.

There was a decrease in population death rate at the start
of the epidemics in Three Lakes Two, Cloverdale, and Pine
Lakes compared with rates earlier in summer (Fig. 3; paired
t, = 5.438, p = 0.03). There was a trend toward decreased
adult female egg ratio in these lakes over this same time
period, but it was not significant (paired t, = 2.066, p =
0.18); population birth rate showed the same trend, but was
also not significant (paired t, = 1.452, p = 0.28). D. den-
tifera density increased in one of these lakes (Three Lakes
Two) during this time span but decreased in the other two.
Therefore, change in D. dentifera density in these lakes over
this time period was not significant (paired t, = 0.012, p =
0.99).

The observed decline in population death rate occursin a
range where our model predicts that, for reasonable combi-
nations of carrying capacity, transmission rate, and parasite
virulence, a decrease in fish predation can allow parasite
spread. We do not have preepidemic death rates for Bassett
Lake, but death rates measured immediately prior to the ma-
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Fig. 3. Parasite invasion thresholds over a range of selectivity
and predation mortality. Invasion thresholds are shown for two car-
rying capacities (A and B, K = 20 L% Cand D, K = 10 L),
two virulences (A and C, v = 0.05d"% B and D, v = 0.15 d %),
and two transmission rates (3). For a given parameter set, the par-
asite can invade at combinations below the lines. The symbols (as
in Fig. 1) show overall death rate for individual populations before
(open symbols) and at the start of (filled) an epidemic. This death
rate (d-) is plotted at the average fish selectivity (0.76) with values
offset along the x-axis for visibility. Note that points refer to mea-
sured death rates, while the x-axis refers to modeled death rates due
to fish predation. Baker Lake did not have an epidemic, and the
points depicted show the mean death rate for the same dates as in
Pine Lake and Three Lakes Two (the upper symbol isthe later date).
There is no preepidemic death rate data for Bassett Lake; therefore,
only one value is plotted for this lake.

jor increase in parasite prevalence aso fall in the region of
parameter space allowing parasite invasion. Interestingly, the
Baker Lake population maintained a high death rate through-
out this same period and did not have an epidemic.

Discussion

Our results illustrate that parasitism increases synchro-
nously in multiple lake Daphnia popul ations concurrent with
decreasing temperature in autumn. While not shown here,
we have noted that other species of Daphnia and their par-
asites also display increased incidence of infection at this
time of the year. This suggests that zooplankton—parasite dy-
namics are strongly influenced by externa factors (Ranta et
a. 1995), i.e., seasona change in temperature and photo-
period. By combining studies of population dynamics, fish
selectivity, and parameterization of a general epidemiologi-
cal model, we illustrate the plausibility that these epidemics
occur in response to a seasonal decrease in selective fish
predation. Specifically, we hypothesize that parasite epidem-

ics are prevented during midsummer by high mortality from
fish predation. However, the intensity of fish foraging is re-
duced in autumn due to both decreased bioenergetic de-
mands (Collins and Hinch 1993; McDermot and Rose 2000)
and movement of fish to their winter habitats (Werner 19609;
Hall and Werner 1977). In support of this hypothesis, we
observed that D. dentifera populations that experienced par-
asite epidemics displayed significantly lowered mortality
rates immediately prior to the start of the epidemic. In ad-
dition, the one lake (Baker Lake) that maintained a high
mortality rate throughout the study period did not have an
epidemic.

The observed patterns of infection were not correlated
with several other factors measured during this study. Since
new infections depend on both the transmission rate and the
number of individuals (Egs. 3, 4), changes in population
density might influence epidemics. However, we saw no
clear relationship between changes in population density and
the onset of epidemics. population density increased in two
lakes and decreased in a third during the period immediately
preceding the epidemic. There was a trend toward decreased
egg ratio (and, therefore, decreased birth rates), which might
indicate lowered food quality and therefore food stress on
the host. However, increased food stress would actually
make it more difficult for a parasite to invade a population,
since parasite growth is much higher in well-fed hosts (Pulk-
kinen and Ebert 2004). Thus, of the population parameters
measured in this study, population death rate is the best cor-
relate of infection.

We acknowledge that we do not have direct measures of
the intensity of mortality from fish and that a strong test of
this hypothesis will require manipulation of fish predation.
The plausibility of our hypothesis rests on known fish ecol-
ogy (Hall and Werner 1977; Werner et al. 1977; McDermot
and Rose 2000) and a striking correspondence of model pre-
dictions, observed changes in Daphnia mortality rate, and
infection incidence. Additional factors undoubtedly influ-
ence parasite epidemics in zooplankton, but any alternative
explanation for the pattern of the observed epidemics must
account for the clear seasonality.

Of course, a direct effect of temperature is an obvious
aternative mechanism for the seasonal synchrony in epidem-
ics. Temperature may directly impact the parasite’s growth
or modify its rate of transmission. However, declining tem-
perature reduces the growth rate of bacteria, which is not a
reasonable explanation for the initiation of epidemics in au-
tumn. Temperature would be a sufficient explanation if the
thermal tolerance for this parasite is such that it is unable to
grow at the higher temperatures in summer. Summer epilim-
nion temperatures in our lakes are typically around 25°C,
and the epidemics largely occurred as temperatures dropped
to ~20°C. However, in laboratory studies, S. cienkowskii is
able to infect D. dentifera at 25°C (M. A. Duffy unpubl.
data). Further, infections were observed in these lakes at
very low levels throughout the summer. Hence, thermal tol-
erance per seis unlikely to be driving the synchronous onset
of epidemics.

Temperature may also influence parasite virulence, which
is why we considered a range of values in our modeling,
reflecting laboratory data on death rate of infected animals
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at temperatures from 15 to 25°C. The virulence effect of this
temperature range on parasite thresholds for spread was sub-
tle compared to changes in mortality. Finally, temperature
might influence parasite transmission, but declining temper-
ature should inhibit rather than facilitate parasite spread. The
rate at which Daphnia filter particles decreases at low tem-
peratures (Mourelatos and Lacroix 1990). While the mode
of infection for this parasite is unknown, many common par-
asites infect Daphnia through the gut wall after being in-
gested (Capaul and Ebert 2003). Therefore, seasonal lake
cooling will cause a decrease in Daphnia ingestion rates that
could decrease transmission rate. Hence, while low temper-
atures may explain the synchronous termination of the epi-
demics through a decrease in transmission success and
growth rate of the parasite, it does not appear to explain
epidemic initiation in autumn.

The selectivity of fish foraging has the potential to strong-
ly influence zooplankton—parasite dynamics. Bluegill sunfish
(L. macrochirus) were consistently selective among lakes on
D. dentifera infected with S. cienkowskii, with the selectivity
values in most lakes around 0.75. This means that, for equal
densities of uninfected and infected D. dentifera, fish con-
sume three infected D. dentifera for every uninfected animal.
Since our measure of selectivity is based on multiple fish in
multiple lakes, dates, and years, this result is broadly rele-
vant for this Daphnia—parasite system.

Selective foraging by fish on infected zooplankton, such
as we report for bluegill, is likely to be a general situation
for plankton communities. Essentially all zooplankton spe-
cies that coexist with fish rely on transparency to reduce
predation risk (Zaret 1980), and most parasites will increase
the opacity of their zooplankton hosts. Thus, we expect in-
fection prevalence to be low at times when fish predation is
highest (i.e., in summer) and to increase at times of lower
fish predation (e.g., in spring and autumn). An earlier study
(Willey et al. 1993) found that the prevalence of pigmented
epibionts on zooplankton in a pond was significantly reduced
after the addition of planktivorous fish. Additional support
for our hypothesis that parasite epidemics should be season-
aly restricted by fish predation comes from a study on Lake
Constance, in which infections of Daphnia by a protozoan
parasite were only detected in autumn and winter (Bittner et
a. 2002). Therefore, our hypothesis that selective predation
by fish predators can prevent parasite epidemics is likely to
be broadly applicable to other aquatic systems.

Although S cienkowskii turns the Daphnia red, it is un-
clear what role the coloration per se plays in the interaction
with fish predators. Red wavelengths attenuate quickly in
low-light aguatic environments. Hence from the bluegill’s
perspective, the dominant feature of S. cienkowskii—infected
Daphnia is likely their opacity, not their color. We have ob-
served that the selectivity of bluegill for Daphnia infected
with other (nonred) parasites is as high or higher than for
those infected with S. cienkowskii (M. A. Duffy unpubl.
data).

In theory, predators could selectively avoid infected prey
(i.e,, @« < 0.5), which should facilitate parasite spread even
under moderately high predation (see Web Appendix 1).
However, avoidance of diseased prey is not typical of pred-
ators and is especialy hard to imagine for fish foraging in

the plankton. Infected animals might become spatially seg-
regated from predators, and this heterogeneity aso could
mediate parasite spread by providing a refuge from preda-
tion. Spatial segregation is not, however, the same as selec-
tive foraging behavior. Although we observed no vertical
segregation of infected and uninfected hosts in our lakes (S.
R. Hall and M. A. Duffy unpubl. data), it is plausible that
morbidity of hosts infected by other parasites could restrict
those hosts to deeper waters that are inaccessible to fish
predators. Alternatively, genetic variation in vertical habitat
use and susceptibility could also spatialy segregate infected
hosts from predators (Decaestecker et al. 2002). In both of
these scenarios, infected animals may experience lower per
capita predation rates on average than uninfected animals.
However, spatial structure of the host population would af-
fect more than just predation, likely impacting other model
parameters such as transmission, birth rates, and death rates.
Therefore, it is difficult to say whether such segregation
would facilitate parasite invasion without analysis of a more
appropriate spatially structured model.

The communities in which this host and parasite occur are
more complex than we have portrayed in the model. While
S. cienkowskii is primarily found in D. dentifera, it aso in-
fects other daphniids whose abundance varies among lakes
and seasonaly within lakes. In addition, these lakes aso
contain other predators such as the invertebrates Chaoborus
and Leptodora. While these are tactile predators and unlikely
to prey selectively upon infected Daphnia, they can impose
a substantial mortality on the D. dentifera population (Gon-
zélez and Tessier 1997). In cases where invertebrate mortal-
ity is high, it would make it more difficult for the parasite
to persist in the system (Anderson and May 1981). One of
our lakes, Baker Lake, did not show a decrease in Daphnia
mortality that we expected from seasonal changes in fish
predation. This lake is similar to other lakes in seasonal pat-
tern in temperature (M. A. Duffy unpubl. data) and in its
fish community (M. A. Duffy and A. J. Tessier pers. obs.).
However, this lake is the most productive of our study |akes,
with high dissolved organic carbon (A. J. Tessier unpubl.
data) and numerous invertebrate predators; therefore, inver-
tebrate predation may be more important than fish predation
in this lake (Wissel et al. 2003). Further work is required to
determine whether the absence of an epidemic in Baker Lake
is related to fish predation being a smaller proportion of the
overal mortality.

Our model allowed us to quantitatively evaluate the plau-
sibility of our hypothesis that selective fish predation sea-
sonally restricts parasitism in Daphnia populations. As pre-
dicted by other models (Packer et al. 2003), selective
predation greatly decreases the ability of a parasite to invade
a host population. More interestingly, for this Daphnia—par-
asite system, our model predicts that if the mortality ratesin
the field are largely driven by fish predation even small de-
creases in this predation can allow parasite epidemics. How-
ever, the ability of a parasite to invade a population depends
on numerous factors. While we have attempted to include
major biotic drivers of host—parasite interactions, the model
is general and fairly simplistic with respect to other possible
influences. For example, it does not predict synchronous ter-
mination of the epidemics, possibly because, as already dis-
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cussed, we have not included the effect of declining tem-
perature on bacteria growth and transmission. Additionally,
we have ignored heterogeneity among D. dentifera clonesin
resistance and seasonal change in clonal composition of
these populations. Hence, while our results provide the first
evidence for seasonal synchrony of zooplankton—parasite ep-
idemics and support the plausibility of their top-down con-
trol, testing this and alternative hypotheses will require ma-
nipulative experiments.

The idea that it is important to consider the community
context in which host—parasite interactions occur is not new.
Early theoretical work demonstrated that the outcomes of
host—parasite interactions can change when studies of para-
sitism include competitors and predators (e.g., Anderson and
May 1981; Price et al. 1986). Growing evidence indicates
that parasite spread and persistence in a host population de-
pends on the food web in which the host and parasite occur
(Holt 2003; Packer et al. 2003; Ostfeld and Holt 2004).
However, with few exceptions (e.g., Ives and Murray 1997,
Hudson et a. 1998), empirical studies on the community
ecology of parasitism have lagged behind theory. We suggest
that it is not only important to consider other community
members, but also to realize that community interactions are
dynamic. Taking advantage of temporal changes will im-
prove our understanding of the unique ways in which the
joint interactions of predators, pathogens, and prey—host
populations shape ecological and evolutionary dynamics.
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