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Abstract

Traditionally, the termination of parasite epidemics has been attributed to ecological

causes: namely, the depletion of susceptible hosts as a result of mortality or acquired

immunity. Here, we suggest that epidemics can also end because of rapid host evolution.

Focusing on a particular host–parasite system, Daphnia dentifera and its parasite

Metschnikowia bicuspidata, we show that Daphnia from lakes with recent epidemics were

more resistant to infection and had less variance in susceptibility than Daphnia from lakes

without recent epidemics. However, our studies revealed little evidence for genetic

variation in infectivity or virulence in Metschnikowia. Incorporating the observed genetic

variation in host susceptibility into an epidemiological model parameterized for this

system reveals that rapid evolution can explain the termination of epidemics on time

scales matching what occurs in lake populations. Thus, not only does our study provide

rare evidence for parasite-mediated selection in natural populations, it also suggests that

rapid evolution has important effects on short-term host–parasite dynamics.
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I N T R O D U C T I O N

In their seminal study, Kermack & McKendrick (1927)

addressed a fundamental question: why do epidemics end?

They used a model in which hosts do not reproduce to show

that epidemics end as a result of the exhaustion of the

susceptible population. Later, Anderson & May (1978)

extended this theory to explore the effect of host

reproduction on epidemics, showing that host reproduction

can cause the parasite to persist indefinitely, that is, become

endemic.

This led to a discrepancy between theory and data: hosts

frequently reproduce during epidemics, yet, in nature, many

diseases do not become endemic. A number of subsequent

studies have sought to explain the termination, or fadeout,

of epidemics. These studies have focused on ecological

processes: highly virulent pathogens causing large declines in

host density or the ability of hosts to recover from infection

and acquire immunity (Anderson & May 1986; Grenfell &

Harwood 1997; Koelle & Pascual 2004; Grassly et al. 2005).

Here, we suggest that epidemic fadeout can also occur as a

result of evolutionary processes. Rapid evolution of increased

resistance of the host population would deplete available

resources for the parasite, as susceptible genotypes would be

replaced by resistant ones. Thus, epidemics still end as a result

of the depletion of the susceptible population, but in this case

that depletion occurs as a result of evolutionary processes.

In this study, we use a particular host–parasite system to

ask whether evolution can affect epidemic dynamics. We

first look for the potential for evolution in both the host,

Daphnia dentifera Forbes, and its virulent parasite, Metschnik-

owia bicuspidata (Metschnikoff) Kamienski. We then incor-

porate these empirical results into a novel mathematical

model and use it to ask whether evolution plays a role in

terminating epidemics in nature. In the D. dentifera–

Metschnikowia system, parasites display epidemic outbreaks

followed by periods in which infections are extremely rare

or absent (Cáceres et al. 2006; Duffy 2006). Traditional

epidemiological models have been unable to explain this

pattern, and instead predict that the parasite should become
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endemic (Duffy et al. 2005; Duffy 2006). Our parameterized

evolutionary epidemiological model resolves this discrep-

ancy between field patterns and previous model predictions

by showing that rapid evolution of the D. dentifera

population can terminate epidemics on the time scales

observed in nature.

E X P E R I M E N T A L M E T H O D S

We first look for the potential for evolution in both the host

and the parasite. We look for genetic variation in both the

host and the parasite and for interactions between host and

parasite genotypes in the Genotype interaction experiment below.

We then look for evidence of rapid evolution of Daphnia

populations in response to Metschnikowia epidemics in the

Comparative study of Daphnia populations. We also tested for the

ability of Metschnikowia to evolve in response to Daphnia in

the Metschnikowia evolution experiment; methods and results for

this experiment are presented in Appendix S1. In the

section Epidemiological modelling, we incorporate the results of

our experiments into an epidemiological model to address

whether evolution in this system may impact ecological

dynamics.

Study system

Daphnia dentifera is a common and important grazer in

planktonic food webs in temperate North American lakes

(Hebert 1995). This species is cyclically parthenogenetic,

reproducing asexually throughout spring and summer and

sexually from mid-October to November (Cáceres &

Tessier 2004). Metschnikowia bicuspidata is a virulent yeast

pathogen of Daphnia (Ebert et al. 2000). Epidemics of

Metschnikowia in D. dentifera populations in southwestern

Michigan are common (Cáceres et al. 2006). Infected

Daphnia experience reduced fecundity and shortened life-

span from parasite virulence and increased fish predation

(Ebert et al. 2000; Duffy et al. 2005; Duffy 2006). Infected

D. dentifera do not recover.

Daphnia collection

Daphnia dentifera were collected from six lakes in southwest

Michigan, USA: Baker, Bassett, Little Mill and Pine Lakes

(Barry County) and Sherman and Wintergreen Lakes

(Kalamazoo County). These lakes differ in their infection

history (Cáceres et al. 2006). In 2002, Baker Lake had a

Metschnikowia epidemic (peak infection prevalence ¼ 17% of

the population infected). In 2003, Baker and Bassett Lakes

both had Metschnikowia epidemics (peak infection preval-

ence ¼ 8% in Baker, 8% in Bassett). None of the other

lakes had Metschnikowia epidemics in 2002 or 2003 (Cáceres

et al. 2006).

Daphnia dentifera clones were established from Baker,

Bassett and Pine Lakes by collecting diapausing eggs in late

October 2003. These diapausing eggs were hatched in the

laboratory and used to establish isofemale lines (hereafter:

clones). Clones were established from Sherman and

Wintergreen Lakes in 2003 and Little Mill Lake in 2004

using randomly selected adult females. We have found that

the susceptibility of clones hatched from diapausing eggs

does not differ from that of clones collected from the water

column (Duffy 2006). Cultures were maintained according

to methods in Tessier & Consolatti (1991). Maternal effects

(e.g. on immunity; Little et al. 2003) were minimized by

maintaining D. dentifera clones under standard laboratory

conditions for at least three generations before use in

infection assays.

Metschnikowia collection

Metschnikowia was isolated from Baker (in 2002), Bassett

(in 2003) and Bristol (in 2003) Lakes in southwest Michigan

(Barry County), USA, by randomly collecting infected

D. dentifera with plankton nets from multiple locations in

each lake. Infected D. dentifera were picked from these tows,

ground to release spores, and the spores added to beakers

containing a standard clone of uninfected D. dentifera. After

c. 12 days, infected D. dentifera were collected from the

beakers and ground up. Infected D. dentifera were collected

after 12 days because at this point, infected hosts are usually

heavily infected, but have not yet died from infections. Each

Metschnikowia culture was then continued by exposing new

uninfected D. dentifera to these spores. Metschnikowia spores

from the different lake populations were never mixed. The

D. dentifera clone we used to culture Metschnikowia (hereafter

called �standard� clone) is highly susceptible to Metschnikowia

infection, which allows us to generate large numbers of

spores from each exposure, and should minimize selection

on Metschnikowia to increase infectivity. Metschnikowia spores

were stored at 4 �C for up to 3 weeks before exposing new

D. dentifera to them.

Infection assays: general protocol

In all three experiments described below, we conducted

assays to quantify the susceptibility of D. dentifera and/or

infectivity of Metschnikowia. For each D. dentifera clone–

Metschnikowia culture–spore concentration combination (see

below for specific details for each of the three experiments),

five uninfected Daphnia (6–9 days old) were distributed to

each of six beakers (30 animals/clone). Beakers were filled

with 100 mL of filtered lake water and high concentrations

(> 2.5 mg dry weight L)1) of Ankistrodesmus falcatus phyto-

plankton as food. Metschnikowia spores were added to the

beakers, and D. dentifera were exposed to the spores
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overnight. Daphnia dentifera were then transferred to beakers

containing fresh water and food, kept at 20 �C, fed daily,

and changed to fresh water halfway through the assay, at

which time juveniles were also removed. Eleven days after

exposure, the proportion of infected animals per beaker was

determined by examining individuals under a stereomicro-

scope at 25–50· magnification. By 11 days after exposure,

D. dentifera can be reliably scored as infected, but have not

yet died from infections. Any beakers in which more than

two D. dentifera died were excluded from analyses.

We analysed the results of infection assays with mixed

model ANOVAs, using Proc Mixed in SAS 9.1 and restricted

maximum likelihood estimation (Littell et al. 1996). We

tested for significance of random effects by using differ-

ences in the )2 restricted log-likelihood, which are

chi-squared distributed with 1 d.f., between models with

and without the particular random effect included. Full

ANOVA tables are in Appendix S1 and S2.

Genotype interaction experiment

To determine whether there are host–parasite genotype

interactions, one D. dentifera clone from each of five lakes

(Baker, Bassett, Little Mill, Pine and Wintergreen Lakes) was

exposed to each of the three Metschnikowia cultures

(i.e. Baker, Bassett and Bristol) at two spore concentrations

each (100 and 500 spores mL)1) in an infection assay. This

assay also allowed us to test simultaneously for differences

in susceptibility of D. dentifera clones and infectivity of

Metschnikowia cultures. Overall, for this experiment, there

were 15 experimental combinations (i.e. five host lakes ·
three Metschnikowia cultures), each of which was assayed at

two spore doses. For each of these 30 host clone–parasite

culture–spore concentration combinations, there were six

replicate beakers (each containing five Daphnia), for a total

of 180 beakers.

We treated the arcsine square root transformed propor-

tion of infected D. dentifera per beaker as the dependent

variable in an ANOVA model, wherein spore concentration is

a fixed effect, and Daphnia clone, Metschnikowia culture, and

all interactions are random effects. Host–parasite genotype

interactions would be indicated by a significant Daphnia

clone · Metschnikowia culture interaction.

Comparative study of Daphnia populations

We were interested in testing whether populations of

D. dentifera from lakes that had recent Metschnikowia

epidemics had lower means and among-clone variances

for susceptibility, which would indicate directional selection

for increased resistance (Endler 1986). We collected

D. dentifera clones from four lakes: Baker, Bassett, Pine

and Sherman Lakes. Baker Lake had epidemics in 2002 and

2003; Bassett Lake had an epidemic in 2003 (Cáceres et al.

2006). Pine and Sherman Lakes did not have Metschnikowia

epidemics in either year; of the 21 994 D. dentifera scored for

infections in these two lakes in 2002 and 2003, only two

were infected. Clones from these four lakes were exposed to

the Baker Metschnikowia culture. Because the genotype

interaction experiment showed no evidence for host–

parasite genotype interactions and Metschnikowia cultures

did not differ significantly in their ability to infect D. dentifera

(see Results: Genotype interaction experiment, Appendix S1), the

susceptibility of D. dentifera to one culture of Metschnikowia is

indicative of its susceptibility to other cultures.

Infection assays were carried out over three temporal

blocks. In each of the first two blocks, two to three clones

from each D. dentifera population were assayed for infectivity

at three spore concentrations: 10, 100 and 500 spores mL)1.

However, we also wished to see whether differences in

infectivity were maintained at spore concentrations that

were higher, yet still yielded ecologically relevant levels of

infection. Therefore, in block 3, we used three clones from

Baker and Sherman Lakes and exposed them to 100, 500

and 1000 spores mL)1. Overall, our experiment included

four clones from Pine Lake, five clones from Bassett Lake,

and eight clones from each of Baker and Sherman Lakes. As

a temporal control, we also assayed the infectivity of our

standard D. dentifera clone in all three blocks.

For the statistical analysis, we used only the 100 and

500 mL of spore concentration results because these were

the only spore concentrations run in all three blocks. Thus,

the analysis included the four lake populations, with four to

eight Daphnia clones per lake population, assayed at two

spore concentrations. There were six replicate beakers for

each Daphnia clone–spore concentration combination,

yielding a total of 300 beakers. To standardize across

blocks, we calculated the proportion of infected animals of

the standard clone for each spore concentration in each

block and subtracted this from the proportion infected in

each beaker in that block and spore concentration. Because

there was no significant effect of block (v2 ¼ 0, P ¼ 1), we

did not include a block effect in our final model. Spore

concentration, lake population and their interaction were

treated as fixed effects. Daphnia clone (nested within lake)

and the interaction between spore concentration and clone

were treated as random effects. To test for a significant

effect of infection history, we ran a planned contrast

between lakes with recent epidemics (i.e. Baker and Bassett)

and those without recent epidemics (i.e. Pine and Sherman).

We also tested for heterogeneity of variances of D. dentifera

clones between these two groups of lakes. This was

performed using data from 100 and 500 spores mL)1 spore

concentrations, following methods in Littell et al. (1996);

significance values were calculated using Z-scores. The data

for the two groups (i.e. recent vs. no recent epidemics) were
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first tested for deviations from normality using a Kolmog-

orov–Smirnov one-sample test, which is recommended for

small sample sizes (Sokal & Rohlf 2001), in SYSTAT 11;

neither data set differed significantly from normality (K–S

maximum differences ¼ 0.134 and 0.135, P ¼ 0.73 and

P ¼ 0.74).

Clonal variance (VC) was estimated for each lake

individually using Proc Mixed; here, data from only one

lake was used, and clone was the only term in the model.

These VC estimates were used in the evolutionary epidemi-

ological model (see Epidemiological modelling section below).

E X P E R I M E N T A L R E S U L T S

Genotype interaction experiment

There was no significant host–parasite genotype interaction

(Fig. 1; Daphnia clone · Metschnikowia population interac-

tion v2 ¼ 0, P ¼ 1.0; see Appendix S2, Table S2-1 for full

ANOVA table). Further, there was no significant difference

among Metschnikowia populations in their infectivity (v2 ¼ 0,

P ¼ 1.0). However, the susceptibility of D. dentifera from

different lakes differed significantly (v2 ¼ 77.6, P < 0.001).

Comparative study of Daphnia populations

Daphnia dentifera clones from the same lake population

differed significantly in their susceptibility to infection

(v2 ¼ 22.5, P < 0.001; see Appendix S2, Table S2-2 for full

ANOVA table). In addition, D. dentifera lake populations

differed significantly in their mean susceptibility to infection

(F ¼ 7.8, P ¼ 0.001; Fig. 2). Of greater interest, D. dentifera

from lakes with recent Metschnikowia epidemics (i.e. from

Baker and Bassett) were significantly less susceptible to

infection than clones from Pine and Sherman (contrast: t ¼
3.65, P ¼ 0.004). Further, there was significantly less

variance in the susceptibilities of D. dentifera from lakes

with recent epidemics (v2 ¼ 5.2, P ¼ 0.022). Clones from

lakes without recent epidemics contained significant clonal

variation in susceptibility to infection (pooled variance

estimate ¼ 0.013, SE ¼ 0.008; Z ¼ 1.61, P ¼ 0.054) but

clones from lakes with recent epidemics had no measurable

variation in that trait (pooled variance estimate ¼ 0; Z ¼ 0,

P ¼ 1). Single-population clonal variance (VC) estimates for

Baker, Bassett, Pine and Sherman Lakes were 0.00063,

0.0032, 0.0051 and 0.017 respectively; thus, a range in VC

from 0.0005 to 0.02 was used in the modelling (below).

E P I D E M I O L O G I C A L M O D E L L I N G

Methods

Significant heterogeneity in the susceptibility of D. dentifera

clones to infection was found in all three of the above

experiments (see Results above and Appendix S1 and S2). We

were interested in exploring how this variance can affect

disease dynamics in this system. To do so, we used a

quantitative genetics (QG) approach to analyse a standard

Figure 1 Susceptibility of Daphnia dentifera clones to infection by

Metschnikowia populations at two spore concentrations. This

experiment included one D. dentifera clone from each of five

source populations: Baker, Bassett, Little Mill, Pine and Winter-

green Lakes. Metschnikowia populations were collected from three

populations: Baker (circles), Bassett (triangles) and Bristol (squares)

Lakes. Each point indicates the mean susceptibility of a given clone

to a given parasite population, ±1 SE. There was no significant

host–parasite genotype interaction (Daphnia clone · Metschnikowia

population interaction, v2 ¼ 0, P ¼ 1.0) and no significant

difference among Metschnikowia populations in their infectivity

(v2 ¼ 0, P ¼ 1.0). However, there were significant differences in

the susceptibility of D. dentifera from different lakes (v2 ¼ 77.6,

P < 0.001).
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epidemiological model. This QG approach has two key

advantages over game–theoretic approaches: first, it allows us

to incorporate the substantial genetic variation that exists in

this system, and second, it allows us to study the short-term

evolutionary dynamics of this system (Day & Proulx 2004).

We began with an existing model of D. dentifera–parasite

interactions (Duffy et al. 2005; Hall et al. 2005a):

dS

dt
¼ bðS þ fI Þð1� cðS þ I ÞÞ � nS � mS � bSI ; ð1aÞ

dI

dt
¼ bSI � nI � vI � hmI : ð1bÞ

(see Table 1 for a summary of model parameters). These

equations describe the change in uninfected (and assumed

susceptible, S ) and infected (I ) D. dentifera through time. In

this model, growth of the host population is negatively

density dependent at strength c, and infected animals have

reduced fecundity (Ebert et al. 2000; Duffy 2006). Deaths

occur from three sources: non-selective background mor-

tality (n), fish predation (m), and for infected hosts, virulence

(v). Fish selectively feed on infected hosts; predation rate on

infected hosts is increased by h. The parameters b, f, c, h, n, m

and v have all been measured directly or estimated for lake

D. dentifera populations (Duffy et al. 2005; Duffy 2006).

Transmission occurs according to a density dependent,

pseudo-mass action interaction (bSI; de Jong et al. 1995;

Regoes et al. 2003).

We were interested in studying the evolution of b, which

represents transmission rate (or from the host’s perspective,

susceptibility). As stated above, we used a QG approach to

analyse our basic epidemiological model (eqn 1). The

change in the mean value, b*, which has a distribution of

individual values b, is:

Db� ¼ ðVA=VTÞ
R
ðb� b�ÞW ðb; b�Þpðb; b�Þdb

W � ; ð2Þ

where VA is additive genetic variance for susceptibility, VT

is the total phenotypic variance, W is individual fitness, W*

is the mean population fitness and p is the probability dis-

tribution of trait values b in a population with a mean trait

value of b* (Lande 1976; Abrams 2001). Assuming that

susceptibility has a symmetric unimodal distribution which

is narrow relative to the variance of the fitness function

allows for the following approximation to eqn 2 (Abrams

2001):

Db� ¼ VA

W �

� �
@W

@b

� �����
b¼b�

: ð3Þ

Assuming that the fitness (W) is maximized by maximizing

growth of the susceptible (i.e. uninfected) population, this

becomes:

Db� ¼ �VAI : ð4Þ
Because we are dealing with clonal organisms, we substitute

clonal variance (VC) for additive variance (VA), yielding:

db
dt
¼ �VCI : ð5Þ

Thus, we end up with the following evolutionary epidemi-

ological model:

dS

dt
¼ bðS þ fI Þð1� cðS þ I ÞÞ � nS � mS � bSI ; ð6aÞ

dI

dt
¼ bSI � nI � vI � hmI ; ð6bÞ

Figure 2 Susceptibility of Daphnia dentifera clones from four lake

populations to infection by Metschnikowia at four spore concentra-

tions. Four to eight clones from each lake population were used in

this experiment. Baker Lake, circles; Bassett, triangles; Pine,

squares; Sherman, inverted triangles; lakes with recent Metschnikowia

epidemics (Baker and Bassett) have filled symbols, whereas those

without recent Metschnikowia epidemics (Pine and Sherman) have

open symbols. One overall proportion infected was calculated per

clone; each point indicates the average of these proportions within

a lake, ±1 SE. Data for individual clones are shown with smaller

symbols to the right of the clone mean values. Symbols for

susceptibilities of individual clones at 100 and 500 spores mL)1 are

jittered slightly along the x-axis so that all symbols are visible.

Statistical analysis only included 100 and 500 spores mL)1

treatments, as these were the only concentrations at which all

clones were assayed. There were significant differences in

susceptibility both within-lake population (v2 ¼ 22.5, P < 0.001)

and between-lake population (F ¼ 7.8, P ¼ 0.001). Daphnia

dentifera from lakes with recent epidemics were significantly less

susceptible (t ¼ 3.65, P ¼ 0.004), and showed significantly less

variation in susceptibility (v2 ¼ 5.2, P ¼ 0.022).
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db
dt
¼ �VCI : ð6cÞ

This model is similar to an earlier, independently derived

model of heterogeneous disease transmission (Dwyer et al.

1997).

Thus, we now have a model in which the mean

susceptibility of the population is allowed to evolve through

time. This model only allows for directional selection for

decreased susceptibility of the host population, as we found

in the data presented above. It does not incorporate

tradeoffs between susceptibility and other traits; this, too, is

supported by laboratory data, both from this system

(L. Sivars-Becker and M.A. Duffy, unpublished data) and

for another Daphnia–microparasite interaction (Little et al.

2002). While a correlation between susceptibility and

predation risk, mediated by habitat use, was shown in

laboratory conditions for Daphnia magna (Decaestecker et al.

2002), we have not found this in our lake populations of

D. dentifera (Hall et al. 2005b). However, tradeoffs are

notoriously difficult to find (Minchella 2005), and we

recognize that incorporating costs and allowing for other

types of selection (e.g. disruptive or stabilizing) is of interest;

as a result, models incorporating multiple types of selection

and incorporating costs are currently being developed

(M.A. Duffy and C.A. Klausmeier, unpublished data).

We use this evolutionary epidemiological model to ask

whether accounting for evolution can explain previous

discrepancies between model predictions and field data.

While previous modelling efforts have predicted that the

parasite should become endemic (Duffy et al. 2005; Duffy

2006), in lake populations epidemics only last 28–97 days

(Cáceres et al. 2006). We incorporate our estimates of clonal

variance into the evolutionary epidemiological model and

use it to ask whether this leads to the termination of

epidemics on the time scales observed in the field (i.e. within

100 days). We were also interested in looking at the effects

of diversity (i.e. clonal variance) on the size and length of

epidemics, and on the effects of epidemics on host density.

The variances used in the model (VC ¼ 0.0005, 0.005, 0.01

and 0.02) cover the range measured in the Comparative study

of Daphnia populations, above. In addition, we include VC ¼ 0

for comparison, as this case corresponds to previous, non-

evolutionary models. Initial density of susceptible hosts was

set to 1 L)1, and initial density of infected hosts was

assumed to be low (0.001 L)1); results are not qualitatively

affected by changing these initial densities. Initial transmis-

sion rate was set to 0.06 n L)1 day)1, which corresponds to

the value estimated for the 2003 Baker Lake Metschnikowia

epidemic (Duffy 2006).

M O D E L L I N G R E S U L T S

Our evolutionary epidemiological model predicts rapid

evolution of increased resistance of the host population,

which should lead to the termination of epidemics

(Fig. 3a,b). Importantly, the model predicts that epidemics

should end within 20–80 days, which matches our data from

lake populations (where epidemics last c. 25–100 days;

Cáceres et al. 2006). When the potential for evolution of the

population is not included (i.e. when VC ¼ 0), the model

predicts that the parasite should become endemic (Fig. 3b);

Table 1 Model parameters and variables
Parameters/

variables Units Definition Value

b day)1 Maximum birth rate 0.4*

c n L)1 Density-dependent reduction in host fecundity 0.05*

f – Fecundity modifier for infected Daphnia dentifera 0.75�
I n L)1 Density of infected D. dentifera –

VC – Clonal variance in transmission rate 0–0.02�
m day)1 Fish predation mortality on susceptible

D. dentifera

0.03�

n day)1 Non-selective mortality 0.05�
S n L)1 Density of uninfected D. dentifera –

t day Time unit –

v day)1 Death rate due to parasite (virulence) 0.05�
b n L)1 day)1 Transmission rate –

b0 n L)1 day)1 Initial transmission rate 0.06�
h – Selectivity of fish predators on infected

D. dentifera

9�

*Tessier & Woodruff (2002).

�Duffy (2006).

�This study.

Letter Rapid evolution and disease dynamics 49

� 2006 Blackwell Publishing Ltd/CNRS



this does not happen in lake populations. Thus, evolution

can explain the termination of epidemics on the time scales

seen in lake populations. This rapid evolution of the host

population reduces the effects of the parasite on host

population dynamics (Fig. 3c).

Our model results also show that diversity of the host

population has important effects on its ability to deal with a

parasite epidemic (Fig. 3). Not surprisingly, given the form

of eqn 6 and Fisher’s fundamental theorem of natural

selection, more diverse populations (i.e. ones with higher

clonal variance) evolve more rapidly. This leads to smaller

epidemics (both in terms of peak infection prevalence and

length of epidemics) and smaller changes in host density

during the epidemic in these more diverse populations.

D I S C U S S I O N

Daphnia dentifera clones and populations consistently dis-

played substantial genetic variation in their susceptibility to

infection by Metschnikowia; all three experiments revealed

highly significant variation for susceptibility. On the other

hand, our experiments consistently revealed little variation

in infectivity within or among Metschnikowia populations.

Daphnia dentifera from lakes with recent Metschnikowia

epidemics were significantly less susceptible and had lower

variance in susceptibility, suggesting directional selection

associated with Metschnikowia epidemics (Endler 1986). Our

epidemiological modelling shows that this ability of

D. dentifera populations to evolve rapidly can be important

to the ecological dynamics of this system, affecting both the

duration of epidemics and the impacts of epidemics on host

population density.

This study reveals that rapid evolution of resistance in the

host population can drive the termination of epidemics.

Because our evolutionary epidemiological model is general,

our finding that increased host resistance can lead to the

termination of epidemics is likely to be generally applicable.

Indeed, there is evidence that pathogen declines in other

systems may have resulted from increased host resistance

(Dwyer et al. 1990; Thrall & Jarosz 1994; Alexander et al.

1996; Kim & Harvell 2004).

While other studies have considered the effects of

heterogeneities in transmission on disease dynamics

(e.g. Boylan 1991; Dwyer et al. 1997; Koelle et al. 2005;

Lloyd-Smith et al. 2005), to our knowledge ours is the first

to study the role of heterogeneity in rapid host evolution

and epidemic fadeout. From the parasite’s perspective, the

mechanism behind these fadeouts is analogous to those that

occur due to low host densities (because of parasite-induced

mortality) or acquired immunity (Anderson & May 1986). In

all cases, the fadeout is due to the depletion of susceptible

individuals from the host population. However, from the

host’s perspective, the mechanisms differ greatly. Fadeouts

resulting from the evolution of resistance can occur even

when there is no recovery or immunity, and do not require

drastic reductions in host population density. Interestingly, a

recent theoretical study found that acquired immunity slows

evolution of resistance of a host population (Harding et al.

Figure 3 Model simulation results for (a) mean transmission rate

of the population; (b) per cent infection; and (c) Daphnia dentifera

population density. In all cases allowing for evolution (i.e. with

VC > 0; shown with dashed and dotted lines), there was rapid

evolution of decreased transmission rate and termination of

epidemics on the time scales observed in lake populations,

minimizing effects of the parasite on host population dynamics.

The case of VC ¼ 0 (shown with solid lines) is equivalent to

previous, non-evolutionary models (Duffy et al. 2005; Duffy 2006).

This case predicts that the parasite should become endemic,

something which is not seen in lake populations (Cáceres et al.

2006; Duffy 2006).
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2005), suggesting evolution-driven fadeouts may be less

likely, or occur more slowly, in systems with acquired

immunity.

It is important to note that our model only allows for the

evolution of increased resistance of the host population.

While this is supported by the empirical results of this study

(Fig. 2), this is likely an oversimplification. There can be

costs associated with resistance (Mitchell-Olds & Bradley

1996; Kraaijeveld et al. 2002; Minchella 2005), and these

costs may have important effects on disease dynamics. Such

costs might slow the rate of evolution of the host

population, lead to changes in the type of selection (e.g.

from directional to disruptive), and in some cases, prevent

the population from becoming resistant enough for fade-

outs to occur. However, preliminary results of a model

incorporating tradeoffs between resistance and fecundity

still predict that rapid evolution of the host population can

lead to the termination of epidemics (M. A. Duffy and

C.A. Klausmeier, unpublished data).

If there are tradeoffs between resistance and another trait,

we would expect selection to favour increased susceptibility

once the parasite is locally rare, making it so that the parasite

could eventually reinvade the population (Kraaijeveld et al.

2002). Thus, there is the potential for long-term cycles in

infection prevalence within lake populations. This is also

similar to previous metapopulation theories of host–parasite

dynamics. In cases where the parasite fadeout is due to low

host density or immunity, the susceptible class eventually is

replenished by births and/or the loss of immunity (Ander-

son & May 1986; Grenfell & Harwood 1997). In the case

where the fadeout is caused by evolution of resistance, the

susceptible class may be replenished by evolution of

increased susceptibility as a result of tradeoffs between

resistance and other fitness traits.

Another factor that could lead to an increase in the

susceptibility of the population would be immigration of

clones, either from another population or from the

diapausing egg bank (Ellner et al. 1999). Studies on a

different Daphnia–parasite system suggest that more sus-

ceptible clones are more likely to produce diapausing eggs

(Mitchell et al. 2004; Duncan et al. 2006), so hatching of

these would increase the population’s susceptibility. In the

Daphnia–Metschnikowia system, diapausing eggs are only

produced in late autumn (i.e. after epidemics terminate;

Cáceres & Tessier 2004; Cáceres et al. 2006), and clones

hatched from those eggs do not differ in susceptibility from

their parents (Duffy 2006). However, diapausing eggs

produced in earlier years (i.e. prior to selection by the

parasite) would be expected to be more susceptible, and so

should increase the population’s susceptibility.

We found that increased diversity of the host population

increases the speed at which the population evolves

resistance, decreases the length of an epidemic and

decreases the effect of an epidemic on host density

(Fig. 3). Thus, diversity of the host population is an

important determinant of its ability to withstand parasite

epidemics; a number of other studies have found a positive

correlation between host diversity and resistance to disease

(e.g. Wolfe 1985; Meagher 1999; Thrall & Burdon 2000;

Zhu et al. 2000; Pearman & Garner 2005).

Surprisingly, we were neither able to detect genetic

variation among parasite cultures that were established from

different lakes and in different years, nor were we able to

select for increased infectivity of the parasite. Our finding of

low diversity in Metschnikowia differs from findings for other

Daphnia parasites (Ebert 2005), but is predicted for cases of

limited dispersal of parasites (Haag & Ebert 2004). A recent

review suggests that low genetic variance within populations

may be more common than is generally appreciated, and

summarizes possible reasons for such low variance (Blows

& Hoffmann 2005). Of these, several are possible

explanations in this system. First, there may be a constraint

preventing Metschnikowia from becoming more infective on

some Daphnia clones. Second, if infectivity of Metschnikowia

is controlled by only a few genes, there would be a small

mutation target, limiting the ability of mutations to affect

the trait. Finally, genetic correlations with other fitness traits

may also constrain adaptation. Further studies are required

to determine which, if any, of these is likely to be driving the

low diversity of Metschnikowia in these populations.

Overall, this study suggests that there has been directional

selection by a virulent pathogen, resulting in evolution of

the host populations. Further, we show that this evolution

can have important impacts on ecological host–parasite

dynamics, leading to the termination of epidemics and

decreasing the effects of epidemics on host density. Thus,

our study suggests that the answer to the important question

of why epidemics end may, in at least some cases, be

evolution.

A C K N O W L E D G E M E N T S

Pam Woodruff and Claes Becker provided much appreci-

ated help in the laboratory throughout this experiment. We

also thank Spencer Hall and Bob Duffy for help with the

field collections and laboratory maintenance of Daphnia and

Metschnikowia, and Joe Albert and Walter Brehm for lake

access. Jeff Conner and Alan Tessier provided feedback and

assistance throughout. Feedback from Chad Brassil, Carla
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