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abstract: The removal of individuals from an infected population
(culling) is a common strategy used to eradicate wildlife diseases.
The manipulation of host density can impose strong selective pres-
sures on pathogen virulence by changing the ecological conditions,
thus affecting the effectiveness of eradication programs. We present
an analysis of the effect of virulence evolution on culling by extending
a susceptible-infected model to the case of competing strains with
superinfection. To assess both short- and long-term effects, we first
carried out the analysis on an ecological timescale, with a two-strain
competition model; then we explore the dynamics of a continuum
of pathogenic strains on evolutionary timescales using a quantitative
genetics approach (when infection and evolutionary processes occur
on comparable timescales) and a game-theoretic approach (when
evolutionary processes occur on a slower scale). We demonstrate that
the competition among pathogenic variants in the presence of su-
perinfection affects outcome of culling campaigns, since increased
host mortality may select for less virulent strains able to establish in
sparser populations. This can lead to the counterintuitive result that
disease abundance and prevalence may even increase with culling,
thus making the eradication of infections considerably less likely.
This is particularly relevant in the case of zoonoses where higher
prevalence and abundance of pathogens in wild reservoirs may in-
crease the risk of spillover in livestock and humans.

Keywords: wildlife disease, disease control, culling, superinfection,
virulence evolution, adaptive dynamics.

Introduction

Selection for change in virulence and resistance is a per-
vasive problem in the battle to eradicate infectious diseases.
The emergence of resistance has been frequently observed
following the application of pesticides and herbicides in
agriculture and following the administration of vaccine
and antibiotics in human and animal diseases (Björkman
et al. 1990; Smith et al. 2005). The genetic basis of path-
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ogen virulence and pathogenicity variations under selective
forces have been also documented both in human and
animal diseases (Frank 1996; Dieckmann et al. 2002). In
general virulence can be considered as the detrimental side
effect of host exploitation by a pathogen, that is, the harm
caused by a pathogen in exploiting its host resource. While
a number of pathogens directly affect host reproductive
ability, up to the extreme case of parasitic castrators (Laf-
ferty and Kuris 2009), one of the most frequent and no-
ticeable effects of infectious diseases is the reduction of
host life expectancy as a consequence of the poor health
of the diseased host. Accordingly, we define virulence as
the increase in host mortality rate caused by a pathogen
with respect to the natural host mortality rate as in Nowak
and May (1994). The best-known example of virulence
evolution is probably the introduction of the myxoma vi-
rus to control populations of the European rabbit (Oryct-
olagus cuniculus) in Australia in 1950 (Fenner and Ratcliff
1965). At the onset of the epidemic, diseased hosts ex-
perienced 99.8% mortality, but field observations and se-
rological tests indicated that strains with intermediate vir-
ulence took over the highly virulent ones almost
immediately and remained dominant in the following
years (Fenner and Ratcliff 1965).

Infection control through vaccination and drugs may
affect not only the emergence of resistance but also the
evolution of virulence in a variety of ways (McLean 1995;
Gandon et al. 2001b ; Iannelli et al. 2005; Porco et al.
2005).

In the case of wildlife diseases, the paucity of vaccines
and drugs that can be effectively used to control pathogens
often leaves no option other than culling, that is, the re-
moval of individuals from an infected population. The
rationale of culling is that the rate at which susceptible
individuals become infected decreases with decreasing host
density. In a seminal paper, Anderson et al. (1981) showed
that there exists a threshold density of the host under
which the frequency of contacts between infected and sus-
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ceptible hosts is so low that the pathogen cannot establish
in the population. Despite empirical studies showing that
transmission increases with host density for several dis-
eases (e.g., Ramsey et al. 2002; Brown and Brown 2004),
others infections display transmission independent to host
abundance (e.g., de Jong et al. 1995; Begon et al. 1999).
In the latter cases, a population threshold for disease erad-
ication may not exist. In that case, culling can be ineffective
(Lloyd-Smith et al. 2005). However, due to its conceptual
and practical simplicity, culling has been perhaps the most
popular strategy implemented for the eradication of wild-
life diseases such as rabies and bovine tuberculosis (Wood-
roffe et al. 2004; Donnelly et al. 2006). Yet there is an
increasing amount of evidence that culling may be inef-
fective in eradicating pathogens from wild populations
(e.g., Laddomada 2000), as its disruptive effects on host
population structure can outweigh its positive effects on
host density by increasing transmission and, ultimately,
disease persistence in the population (Guberti et al. 1998).

The possibility that culling might be unsuccessful because
it affects, through changes in population density, the com-
petitive outcome of different pathogenic strains exploiting
the same host has been conjectured by Guberti (1991) in
reference to classical swine fever (CSF), a highly infectious
disease of wild boar and domestic pigs in which the presence
of strains with different virulence has been well documented
(Vilcek and Belak 1998). In the early 1990s, during a CSF
outbreak in wild boar in Tuscany (Italy), empirical obser-
vations showed that the reduction of population density
through culling had probably favored the selection of strains
that were less virulent but able to invade and establish in
a more sparse population (Guberti 1991; Tolari 1994). Yet,
besides these anecdotal observations on CSF and the over-
whelming evidence that a majority of infective agents ex-
hibit a highly heterogeneous genetic makeup (Galvani
2003), the effect of between-strain competition on culling
effectiveness has never been analyzed in a quantitative
framework.

Here we assess whether and under what conditions the
evolution of virulence as a consequence of culling-induced
increase in host mortality may negatively affect the effec-
tiveness of eradication strategies. The possibility that host
mortality may affect the evolution of pathogen virulence
has been studied theoretically by Gandon et al. (2001a )
and van Baalen (2002) and empirically by Ebert and Man-
gin (1997) in reference to a gut parasite (Glugoides intes-
tinalis). In particular, Gandon and coauthors (2001a )
show that in the case of superinfection, less virulent strains
are selected for when the host population exhibits a higher
background mortality rate. Nevertheless, the implications
of these findings on disease abundance and prevalence,
and thus on the effectiveness of eradication strategies in

wildlife diseases, were not explored in their theoretical
framework.

In this article we investigate in a rigorous quantitative
framework the potential consequences of culling on the
selection of strains that are less virulent but able to es-
tablish in a low-density population and demonstrate that
an intermediate level of culling may actually increase
rather than decrease the abundance and prevalence of in-
fected individuals. Finally, we show that this effect may
have dramatic implications on the strategies for disease
control and eradication.

The analysis is carried out with a variety of approaches
at different timescales in order to highlight short- and
long-term effects of strain competition on disease control.
We analyzed the these effects on a short-term ecological
scale, by extending the classical compartmental suscepti-
ble-infected (SI) model to the case of two strains of the
same pathogen with different virulence and possibility of
superinfection. Then, we worked on long-term evolution-
ary timescales, through a game-theoretic approach (Metz
et al. 1996), to account for multiple pathogenic strains
with different virulence arising through mutation and sub-
ject to selection. Finally, we worked on an intermediate
timescale, through a quantitative genetics approach (Day
and Proulx 2004), in which the evolutionary processes
occur on a timescale similar to that of the epidemiological
dynamics of the disease. The use of different approaches
to study virulence evolution allows us to generalize our
findings to infections with different epidemiological and
evolutionary histories. On one hand, the game-theoretic
approach is more parsimonious than the quantitative ge-
netics approach as it requires the estimation of fewer pa-
rameters and can make predictions on traits evolution on
the basis of a simple trade-off function between virulence
and infectivity, as shown by Dwyer et al. (1990) using
experimental data on myxoma virus. On the other hand,
the game-theoretic approach assumes that a successful in-
vasion of favorable mutations is rare with respect to the
selection process, while the quantitative genetics approach
does not require such a strict assumption and allows to
describe mutations occurring at the same timescale as ep-
idemiological processes. Moreover, the quantitative ge-
netics approach allowed us to easily investigate the effects
of time-dependent control strategies, as in the case of sea-
sonal culling campaigns.

To complement the analytical approach to the investi-
gation of the effect of culling on virulence evolution, we
also run numerical simulations by parameterizing our
quantitative models for a directly transmitted disease with
reference to the CSF in wild boar. We chose CSF as the
circulation of multiple strains has been documented for
this disease and the possibility that culling might select
less virulent strains was suggested on the basis of specu-
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lative considerations and empirical observations by Gub-
erti (1991) but never quantitatively investigated. Never-
theless, the model structure was kept as simple as possible
to maintain generality and to address the following two
key questions: can culling affect the selection of strain
virulence? and if so, which are the implications for disease
abundance and prevalence and, ultimately, for the effec-
tiveness of culling as the eradication strategy? A number
of alternative assumptions regarding model structure with
specific reference to transmission pathway and host de-
mography are also investigated to assess the generality of
our conclusions.

Methods

A General Ecological Competition Model

When two strains of the same infective agents cocirculate
in a population, the host-pathogen dynamics can be de-
scribed by a three-compartment model for susceptible in-
dividuals S and two infected classes I 1 and I 2, that is,
individuals infected by the two strains, respectively, as

Ṡ p G(N)S � (b SI � b SI � cS), (1a)1 1 2 2

İ p b SI � (a � m � c)I � jb I I , (1b)1 1 1 1 1 2 1 2

İ p b SI � (a � m � c)I � jb I I , (1c)2 2 2 2 2 2 1 2

where , with as theG(N) p r(1 � N/K) N p S � I � I1 2

total host population, represents the logistic growth rate
for a disease-free host population, with intrinsic growth
rate r and carrying capacity K; m represents the natural
mortality rate of a disease-free host. We assume that den-
sity dependence acts on reproduction only. The rate at
which hosts acquire infection is assumed to be propor-
tional to the number of encounters between susceptible
and infected individuals, b i SI i , where b i represents the
transmission rates ( ). The coefficients a i representi p 1, 2
the strain-specific, disease-induced mortality, and it is con-
sidered here as a quantitative metric of pathogen virulence.
We assumed strain 2 to be more virulent than strain 1
(i.e., ). Consequently, since the canonical assump-a 1 a2 1

tion in epidemiological modeling is that the transmission
rate is an increasing function of disease-induced mortality
(Lipsitch et al. 1995), we set . The rationale is thatb 1 b2 1

pathogens exhibiting higher virulence are those charac-
terized by faster replication rates within their host that are
thus able to produce more infective propagules (Nowak
and May 1994). The eradication effort is represented by
c. Culling rate is the same for susceptible and infected
individuals, as it is often impossible to characterize the
infectious status of a host in the field. Finally, if an in-
dividual infected with the low-virulence strain comes into

contact with an individual infected with the high-virulence
strain, it becomes infected with the more virulent strain
and moves to the corresponding class, a process termed
“superinfection” (Nowak and May 1994). The parameter
j describes the rate at which superinfection occurs relative
to infection of susceptible hosts. Assuming that hosts may
evolve mechanisms of cross-reactive immunity among dif-
ferent pathogen strains, the superinfection coefficient sat-
isfies the condition . The underlying biological0 ≤ j ≤ 1
assumption is that a more virulent pathogen reproduces
within the host more rapidly than does the less virulent
pathogen, as “virulence” (i.e., the negative effect of the
pathogen on host fitness) is merely a side effect of the rate
of host exploitation. Hence, when an individual already
harboring strain 1 is infected by strain 2, it is assumed
that the more virulent strain will outcompete the less vir-
ulent within the infected host (Nowak and May 1994).
The superinfection process in equations (1) describes the
limit case of within-host competition between strains: by
assuming that within-host dynamics are much faster than
between-host dynamics (i.e., that the more virulent strain
quickly overcomes the less virulent one), it follows that it
is not necessary to take into account individuals infected
by both strains at the same time (Adler and Mosquera
2002).

Evolutionary Dynamics: Game-Theoretical Approach

We investigate the evolutionary dynamics of a continuum
of strains differing in virulence by using adaptive dynamics
techniques as formalized by Metz et al. (1996). In adaptive
dynamics, a phenotypic trait (in our case, virulence a)
evolves under the effect of mutation and selection pro-
cesses. The stochastic nature of mutation and selection is
treated only implicitly in the model. By assuming that the
ecological timescale is faster than the rate at which new,
favorable mutations arise, new mutations appear when
model (1) is assumed to be at its ecological equilibrium
(i.e., when the pathogen population has trait , calledaR

the resident trait). Then, it is possible to compute the
relative fitness of any other feasible trait ’s (called mu-aM

tant traits) in a pathogen population with respect to that
of the resident strain. The sign of the mutant fitness func-
tion determines whether mutant traits can successfully in-
vade the population.

The transmission and superinfection coefficients are as-
sumed to be functions b(a) and j(a i , a j ) of strain vir-
ulence ( ). The transmission rate b(a) is an in-i, j p R, M
creasing and saturating function of disease-induced
mortality (Lipsitch et al. 1995). As for superinfection, it
is generally assumed that j(a , a ) p k(a � a ) pi j i j

, with k(Da) a nondecreasing function with valuesk(Da)
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between 0 and 1 (Mosquera and Adler 1998; Pugliese
2002). Following Pugliese (2002), we set

Ca
b(a) p , (2)

a � A

where C and A are shape parameters; and we set k(Da)
as a piecewise differential function as follows:

0 GDa ! 0
k(Da) p , (3){ { }min dDa, 1 GDa ≥ 0

where parameter d (≥0) is the intensity of superinfection
between close strains.

Quantitative Genetics Model

The game-theoretical approach described in the previous
paragraph assumes that the ecological timescale is faster
than the rate at which new, favorable mutations arise. If
this hypothesis is not verified, adaptive dynamics methods
are not adequate for the analysis and more complex tech-
niques are required (Day and Proulx 2004). For instance,
the evidence of frequent mutations has been showed for
viral diseases, such as influenza (Casagrandi et al. 2006;
Koelle et al. 2006; De Leo and Bolzoni 2012).

Following Day and Proulx (2004) we built a quantitative
genetics model able to describe both disease epidemiology
and virulence evolution of the pathogen when the evo-
lutionary process occurs on a timescale that is comparable
with the ecology of the disease. In particular, we add to a
classical SI model the equation describing the dynamics
of the mean level of virulence ( ) as in Day and Proulxā

(2004). As we are particularly interested in highlighting
the role of superinfection on disease control, we keep the
quantitative genetics model as simple as possible in order
to avoid introducing undesired confounding factors in the
analysis. As a consequence, we use a simplified version of
the model proposed by Day and Proulx (2004), assuming
that (i) the infection does not affect the activity level of
the hosts, that is, the contact rates; (ii) the displacement
of newly arising mutations is unbiased; that is, there is no
tendency for specific virulence levels to appear; (iii) the
effect of within-host mutations on virulence evolution is
negligible with respect to that of secondary infections,
since here we are interested in virulence evolution on a
ecological timescale; and (iv) newly arisen mutant strains
with higher virulence always outcompete lower virulent
strains and take over the host. Then, the quantitative ge-
netics model can be written as follows:

˙ ¯S p G(N)S � (b(a)SI � cS), (4a)T

˙ ¯ ¯I p b(a)SI � (a � m � c)I , (4b)T T T

¯�b(a)˙ ¯ā p q S � 1 � 2g b(a)qI , (4c)1 T( )�a

where q represents the genetic variance in strain type
among infected hosts, represents the ef-¯q(�b(a)/�aS � 1)
fect of selection on virulence as a result of between-host
competition (which corresponds to the classic trade-off
model introduced by Anderson and May 1982), and

represents the effect of secondary infections on¯2g b(a)qI1 T

virulence evolution as a result of within-host competition.
In model (4), quantities depending on virulence are

evaluated at . The disease transmission is an¯ ¯a p a b(a)
increasing and saturating function of virulence as in equa-
tion (2); and g 1 represents the extent to which virulence
is associated with this within-host competitive ability (i.e.,
g 1 1 0 means that higher virulence confers larger com-
petitive ability as in the case of superinfection).

Through this quantitative genetics framework we can
also investigate the effects of time-dependent control strat-
egies. A frequent practice in wildlife management lies in
harvesting campaigns during a specified season, usually
short compared to the rest of the year (Xu et al. 2005).
This seasonality in harvesting can be introduced in model
(4) through the following periodic square function:

0 if cos (2pt) ! cos (pt/12)
c(t) p , (5){c̄ otherwise

where t represents the length of the harvesting season
(expressed in months) and represents the culling effortc̄
performed during harvesting season.

Results

Ecological Dynamics: Competition Model Results

At the disease-free equilibrium, the host population den-
sity is a function of the culling effort c : K p K(r �C

. When the host population is exposed to only onec)/r
strain, the threshold condition for pathogen invasion in
the presence of culling is

b Ki CR (i) p 1 1, (6)C
a � m � ci

where is the control reproduction number for strainR (i)C

i (i.e., the average number of secondary infections pro-
duced by a single infected individual in a susceptible pop-
ulation experiencing culling effort c, Anderson and May
1979). The control reproduction number is closelyR (i)C

related to the disease basic reproduction number ,R (i)0
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since . Using the well-known resultR (i) p R (iFc p 0)0 C

that at equilibrium (Lloyd-Smith et al. 2005),R S/K p 1C C

threshold condition (6) can also be expressed as the num-
ber of susceptibles T S necessary for the infective individ-
uals to increase:

a � m � ciT (i) p . (7)S
bi

This means that host density at the disease-free equi-
librium needs to exceed a threshold level , for theT (i)S

pathogen to establish in the population (Kermack and
McKendrick 1927). In fact, if density is below , theT (i)S

host population is too sparse and there are too few contacts
during the lifetime of an infectious individual to sustain
the infection in the population. Hence, the aim of culling
is to reduce host population density below the threshold
for disease invasion. If , susceptible and infectedR (i) 1 1C

hosts eventually converge toward a stable endemic equi-
librium:

a � m � ciS p T (i) p , (8a)S
bi

G(T (i)) � cSI p , (8b)i
b � gi

where .g p r/K
In order to discuss strain coexistence and competitive

exclusion conditions in model (1), we analyze the invasion
conditions for strains I 1 and I 2. Following from equations
(1) and (8), the less virulent strain I 1 can invade an es-
tablished I 2 strain if and only if

İ F p b T (2) � (a � m � c) � jb I 1 0, (9a)1 I 1 S 1 2 22

while the more virulent strain I 2 can invade an established
one I 1 if and only if

İ F p b T (1) � (a � m � c) � jb I 1 0. (9b)2 I 2 S 2 2 11

From conditions (9), it can be proven that in the absence
of superinfection ( ), the strain with the lower T Sj p 0
(i) value—that is, the higher control reproduction number
R C(i)—outcompetes the other strain. In the case of su-
perinfection ( ), the outcome of the between-strainj 1 0
competition depends upon a more complex combination
of epidemiological and demographic parameters. Let

DT p T (2) � T (1) (10)S S S

be the difference between threshold densities for eradi-
cation of the two strains; then, from equations (9) and
(10), it follows that a less virulent strain can invade a
resident and more virulent strain if

b DT1 S¯j ! j p , (11a)1
b I2 2

while the more virulent strain invades the less virulent one
if

DTS¯j 1 j p . (11b)2 I1

Therefore, two strains with different virulence may coexist
in the population when both inequalities (11) are verified,
that is, when . This can occur only if is¯ ¯j ! j ! j DT2 1 S

positive; consequently, from equations (6) and (7), it fol-
lows that is a necessary condition for bothR (1) 1 R (2)C C

less virulent strain invasion and strain coexistence. Con-
versely, since implies thatR (2) 1 R (1) R (2) 1 R (1)0 0 C C

when , inequality (11a) indicates that a more vir-a 1 a2 1

ulent strain with higher basic reproduction number always
outcompetes a less virulent one for any culling effort
enforceable.

A positive means that a more virulent strain is easierDTS

to eradicate than a less virulent one when only one strain
is circulating. In fact, the culling effort to drive the pop-
ulation below the threshold is obviously higher forT (i)S

the less virulent than for the more virulent strain. More-
over, in the case of severe acute diseases (i.e., with a ki

)—such as CSF, rabies, avian influenza—both and¯r dj /dc1

are positive when (see proposition 1¯dj /dc R (1) 1 R (2)2 0 0

in app. A, available online, for the proof). It follows that,
in the case of coexisting strains, increasing culling rate
may affect strain competition in favor of the less virulent
strain which is also more difficult to eradicate.

Implications for Disease Control and Eradication

These findings have dramatic implications for the effects
of culling on strain competition: if superinfection occurs,
a more virulent strain that is normally capable of out-
competing a less virulent strain in a high-density natural
population might fail to do so when culling is performed.
Moreover, the shift in competition outcome between mul-
tiple strains of different virulence may produce a surprising
result in the relationship between disease abundance and
culling that can not occur in a single-strain model. In the
basic single-strain model, the abundance of infectious in-
dividuals (as well as disease prevalence) is always a de-
creasing function of the culling effort (Anderson et al.
1981; Coyne et al. 1989):

dIi 1 r
p � 1 � ! 0. (12)( )( )dc b � g b Ki i

We show that relationship (12) may not hold true when
both strains coexist in the population and disease abun-
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Figure 1: Total prevalence at model (1) equilibrium (black curve);
and low-virulence (light gray curve) and high-virulence (dark gray
curve) strains prevalence at model (1) coexistence equilibrium as a
function of the fraction of animals removed annually. Labels f i cor-
respond to bifurcations among model (1) equilibria. Parameter values
as in table 1.

Table 1: Parameter values as in Bolzoni and De Leo (2007)’s model for classical swine fever in
wild boar

Parameter Symbol Value Units

Intrinsic growth rate r .9 Year�1

Natural mortality rate m .2 Year�1

Carrying capacity K 600 No. individuals/220 km2

Low virulent strain disease-induced mortality a 1 7 Year�1

High virulent strain disease-induced
mortality a 2 18 Year�1

Low virulent strain transmission rate b 1 .04
No. strain 1 infected year�1

High virulent strain transmission rate b 2 .094
No. strain 2 infected year�1

Superinfection coefficient j 1 ...

dance and prevalence might increase, instead of decreasing,
for low/intermediate values of culling effort. Let andÎT

be the total number of infected individuals and theP̂T

total disease prevalence at the coexistence equilibrium, re-
spectively. Then, by differentiating and with respectˆ ˆI PT T

to c, we derive the following condition for the dependence
of total infection and prevalence on culling effort:

ˆdI (b � b )T 2 1p 1 0, (13a)
dc jgb2

ˆˆ ˆ ˆdP SdI /dc � I /gT Tp 1 0, (13b)
2ˆdc N

with for hypothesis and and as the numberˆ ˆb 1 b S N2 1

of susceptibles and the total host population at model (1)
coexistence equilibrium, respectively (see Propositions 2
and 3 in app. A for the proofs). Relationships (13) show
that, if two strains with different virulence coexist—that
is, if conditions (11a) and (11b) hold true—increasing the
level of culling effort produces the counterintuitive result
that control increases disease abundance and prevalence
in the population instead of decreasing them.

Numerical Simulations

Model (1) is parameterized with reference to CSF in a wild
boar population located in northeastern Sardinia (Italy)
according to data from Guberti et al. (1998). Wild boar
(Sus scrofa) are in fact considered the main reservoir for
CSF worldwide, responsible for transmission of the disease
to domestic animals. As a consequence, a great deal of
effort has been focused throughout the European Union
on eradicating of the disease from its wild host (Aubert
et al. 1994; Bolzoni and De Leo 2007). The use of extensive
vaccination in wildlife was impractical on a broad scale
for technical and economic reasons. As a consequence,
CSF control historically was attempted through culling.

Model parameters are reported in table 1. Transmission
coefficients were set so as to obtain basic reproduction
numbers consistent with field data (Guberti et al. 1998),
namely, and . Unfortunately, di-R (1) p 3.3 R (2) p 3.10 0

rect or indirect estimates of superinfection transmission
are not available for CSF, even though strains of different
virulence were identified at the European level by van
Gennip et al. (2004). As frequently adopted in models for
virulence evolution (see Mosquera and Adler 1998; Boldin
and Diekmann 2008), we assume superinfection to in-
crease for larger phenotypic variations. In the absence of
any empirical evidence, we set since the two strainsj p 1
show large differences in disease-induced mortality (see
table 1).

Prevalence of diseased individuals in each infectious
class is computed at the equilibrium for increasing value
of culling effort by using mathematical (Matlab,
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MathWorks) and bifurcation software (LOCBIF; Khibnik
et al. 1993). Total prevalence is reported in figure 1PT

(black curve) as a function of the fraction of population
harvested in a year, that is, . AccordingF p 1 � exp (�c)C

to equations (11), in the absence of culling ( ) thec p 0
more virulent strain 2 outcompetes the less virulent strain
and prevalence at equilibrium is about 3%. For increasing
culling effort, the total prevalence decreases moderately
until . For , the less virulent strain is notF p f F 1 fC 1 C 1

outcompeted and the two strains coexist. Moreover, its
prevalence increases with culling effort (light gray curve),
while that of the more virulent one declines steeply up to
the threshold value (dark gray curve), above whichF p fC 2

it is outcompeted by the less virulent strain, which be-
comes the resident type. For even larger values of the
culling rate, the prevalence of the less virulent strain de-
creases (as expected) until the disease becomes eradicated
for . Surprisingly, when , disease total prev-F p f F p fC 3 C 2

alence is almost twice as large as in the absence of culling.
In appendix B, available online, we show that the main

result of our model—that disease prevalence and abun-
dance may increase with culling instead of decreasing—
holds true under alternative assumptions on transmission
pathway (the addition of vertical transmission) and reg-
ulation mechanism of host demography (density-depen-
dent mortality instead of density-dependent fertility of dis-
ease-free host).

Evolutionary Dynamics: Game-Theoretic Model Results

Since superinfection function (3) is not differentiable in
, invasion conditions for higher-virulence strainsa p ai j

are different from conditions for lower-virulence ones (as
highlighted by Pugliese 2002). Using adaptive dynamics
notation, the invasion conditions (9) can be rewritten as

s (a ) p b(a )T (a ) � (a � m � c)a 1 1 S 2 12

� j(a , a )b(a )I(a ), (14a)2 1 2 2

s (a ) p b(a )T (a ) � (a � m � c)a 2 2 S 1 21

� j(a , a )b(a )I(a ), (14b)2 1 2 1

where is the fitness function of a less [more]s (a )[s (a )]a 1 a 22 1

virulent strain a1 [a2] in a population close to X(a ) p2

; then, if{T (a ), 0, I(a )}[X(a ) p {T (a ), I(a ), 0}]S 2 2 1 S 1 1

, the mutant trait will invade thes (a ) 1 0[s (a ) 1 0]a 1 a 22 1

population. From equations (14), we can compute the
evolutionary singular states (i.e., the possible evolu-*a

tionary endpoint), as a solution of where the*D(a ) p 0
marginal fitness is computed as follows:

( )�s aa 21

D(a) p lim �a ra F2 �a2 a pa1

( )�s aa 12

p lim (15)�a ra F1 �a1 a pa2

�b(a)
p T (a) � 1 � db(a)I(a).S

�a

Bremermann and Thieme (1989) show that if d p 0
(absence of superinfection, i.e., complete cross-protection
among strains) the only evolutionary singular state in ex-
pression (15) is , where cor-* * 1/2 *a p a p [A(m � c)] a0 0

responds to the virulence value maximizing the control
reproduction number (eq. [6]). Pugliese (2002)R (a)C

proves that, if , there exists at least one singular stated 1 0
satisfying the relationship . This implies* * * *a a p a ≥ ad 0

that superinfection drives virulence evolution toward
higher values than complete cross-protection. Pugliese
(2002) also proves that in the case of complete cross-*a0

protection ( ) is globally evolutionarily and conver-d p 0
gent-stable, meaning that virulence evolution will move
toward this endpoint; similarly, we proved also that the
singular state (when ) is locally evolutionarily and*a d 1 0d

convergent-stable (see proposition 4 in app. A for the
proof).

In the absence of superinfection ( ), Gandon et al.d p 0
(2001a ) show that is a monotonically increasing*a (c)0

function of c. Then, in the case of complete cross-protec-
tion, an increase in the culling effort always leads to the
selection of more virulent strains in the population. On
the other hand, in the presence of superinfection ( ),d 1 0
the relationship between singular state virulence and*a (c)d

culling effort is defined as

* *da (c) �/�cD(a )d dp � . (16)* *dc �/�a D(a )d d

Since D(a) changes sign from positive to negative for
, then . Thus, from equation (16),* * *a p a �/�a D(a ) ! 0d d d

we infer that if and only if .* *da (c)/dc ! 0 �/�cD(a ) ! 0d d

As a consequence, if marginal fitness decreases*D(a )d

with c, the culling effort provides a selective pressure for
virulence to decrease in contrast to the complete cross-
protection case. Differentiating with respect to c*D(a )d

and rearranging leads to an expression for the depen-
dence of optimal virulence on culling effort (see*a (c)d

proposition 5 in app. A for the proof):

* *˜da (c) b(a ) � gd ¯! 0 ⇔ d 1 d p , (17)* *˜ ˜( )dc b(a ) a � m � r
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Figure 2: Model (1) “invasibility plot” for increasing value of culling
effort. a: c p 0.4; b: c p 0.5; c: c p 0.6; functions b p b(a) and
j p j(aR, aM) defined in equations (2) and (3), respectively (with
C p 0.64; A p 105; d p 1). aM can invade aR when pair (aR, aM)
are in the gray regions; points labeled as represent the singular states.
See the main text for further details. Other parameter values as in
figure 1.

where is the singular state at the* * *ã p a F p a Fd R p1 0 R p1C C

eradication threshold, , which is independentR p 1Cg

from d. Condition (17) shows that sufficiently high su-
perinfection levels ( ) dramatically affect strain selec-¯d 1 d

tion in a host population experiencing culling control,
forcing infection toward milder virulence for higher cull-
ing effort.

The evolutionary dynamics of virulence for increasing
level of culling effort are illustrated by means of a pairwise
invasibility plots (Dieckmann et al. 2002) in figure 2, where
the model was again parameterized with specific reference
to CSF in wild boar (table 1). Gray (white) regions in
figure 2 represent the pair of resident (aR) and mutant
(aM) traits where the mutant invasion fitness s (a ) 1a MR

; open points labeled as represent the sin-*0[s (a ) ! 0] aa M dR

gular states. As in the case discussed in the previous sec-
tion, optimal virulence decreases with increasing culling
effort even under the framework of adaptive dynamics.

Finally, in figure 3 we show optimal virulence (gray
curve) and relative disease prevalence (i.e., the fraction of
infected individuals: ; solid black curve) at the sin-*P(a )d

gular state for model (1), as a function of the fraction*ad

of animal removed annually . AccordingF p 1 � exp[�c]C

to condition (17), the virulence at the singular state *ad

decreases with culling effort when . A significant re-¯d 1 d

duction of optimal virulence is a desirable outcome for*ad

diseases in endangered species. On the other hand, inter-
mediate levels of culling effort cause a counterintuitive
increase in disease prevalence, instead of decreasing it. In
particular, numerical simulations show that if an eradi-
cation plan is tuned with respect to the most prevalent
strain in the absence of culling (i.e., that with virulence

), the target culling strategy for disease eradication*a Fd cp0

would be set so as to remove about 36% of the host pop-
ulation (fig. 3, dashed black curve ). Yet, as shown*P(a F )d cp0

in figure 3, once enforced, that level of culling eventually
leads to a prevalence higher than under the “do nothing”
alternative. Then, if the wild host is a reservoir for a path-
ogen of veterinary or sanitary concern, higher prevalence
might increase the risk of disease spillover from its natural
host to new populations and/or species.

We generalize results in figure 3, differentiating *P(a )d

with respect to c and rearranging in order to find an ex-
pression for the dependence of prevalence on culling ef-
fort, as

* * * ** (dI(a )/dc)S(a ) � (dS(a )/dc)I(a )d d d ddP(a )d p . (18)
* * 2dc (S(a ) � I(a ))d d

As and when* * *dI(a )/dc ! 0 dS(a )/dc 1 0 da (c)/dc ≥ 0d d d

(see eq. [8]), we find that relationship (and*da (c)/dc ! 0d

consequently the presence of superinfection) is a necessary
condition for a positive numerator in equation (18), that

is, for disease prevalence to increase with culling effort.
As a consequence, the counterintuitive increase of prev-
alence seen in figure 3 is not feasible under the assumption
of complete cross-protection ( ).d p 0
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Figure 3: Optimal virulence ( , gray curve) and disease prevalence*ad

, solid black curve) at the singular states for model (1)* *P (a ) a (c)d d

as a function of the fraction animal removed annually, F 1 �c

. Dashed black curve shows disease prevalence as*exp [�c] (Pa F )d cp0

a function of the fraction of animals removed without taking into
account virulence evolution. Parameter values as in figure 2.
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Figure 4: Mean prevalence of total infected at 1-year cyclic*P(a )d
attractor for model (4) as a function of the index of dispersion in
strain type in the absence of control ( ) in the case of seasonal*q/a Fd cp0

culling control, defined as in equation (5), for different values of
provided culling effort ( ) and for a 2-month-long harvesting seasonc̄
( ). Dotted is for p 0, dashed for p 0.2, dot-dashed for p¯ ¯ ¯t p 2 c c c
0.4, solid for p 0.8; g 1 p 0.5; other parameters as in figure 2.c̄
Box: prevalence at 1-year cyclic attractor in model (4) as a function
of time for .*q/a F p 0.25d cp0

Evolutionary Dynamics: Quantitative Genetics
Model Results

The quantitative genetics approach allows us to investigate
the evolutionary dynamics also in nonequilibrium con-
ditions and to incorporate in the analysis the genetic var-
iance in strain type within pathogen population. Unfor-
tunately, some of model (4) parameters, such as the genetic
variance in strain type among infected hosts (q) and the
extent to which virulence is associated with within-host
competitive ability (g 1), are difficult to estimate and are
not available in the case of CSF virus. However, it is simple
to notice that expression (15), which defines the evolu-
tionary singular state in the game-theoretic model, cor-
responds to a solution of equation (4c) when .2g p d1

Then, in order to compare quantitative genetics model
results with those of the game-theoretic model, we set in
our simulations (as in figs. 2 and 3). From2g p d p 11

the previous assumption it follows that, in the case of
constant culling, the equilibrium of quantitative genetics
model (4) as a function of the of the fraction of animal
removed annually displays the same pattern of mean level
of virulence and infection prevalence shown in figure 3
for the game-theoretic model (eqq. [1]–[3]). In particular,
the black solid [dashed] curve is equivalent to the prev-
alence at model (4) equilibrium when strain variance

, while the gray curve is equivalent to theq 1 0 [q p 0]
mean level of virulence predicted by model (4) when the
strain variance .q 1 0

Through quantitative genetics model (4) we also analyze
the effectiveness of seasonal culling (defined with a square
function as in eq. [5]) when the virulence evolution occurs
on a timescale that is comparable with the ecology of the
disease. The introduction in model (4) of a periodic square
function of culling as in equation (5) induces a long-term

periodic behavior in the system. Our simulations show
that, in the case of the parameter values as in table 1, for
a 2-month harvesting campaign with culling efforts ( )c̄
lower than eradication condition (6), the quantitative ge-
netics model (4) always displayed 1-year-period cycles
whose amplitude increases for increasing values of .c̄

Figure 4 shows the effect of 2-month-long periodic cull-
ing campaigns on the mean prevalence of infection as a
function of the amount of genetic variation in strain type
among hosts—described by the index of dispersion in
strain type in the absence of control ( )—for dif-*q/a Fd cp0

ferent values of culling effort ( ) at the 1-year-period cycle.c̄
In the absence of evolutionary dynamics (i.e., strain var-
iability ), increasing culling efforts may suc-*q/a F p 0d cp0

cessfully reduce the mean disease prevalence in host pop-
ulations respect to the natural conditions (dotted line).
On the contrary, when the infection displays a sufficiently
high index of dispersion in strain type, larger culling efforts
may produce an increase in the mean disease prevalence
compared to the do-nothing alternative.

Discussion

In this article we show that when multiple strains cocir-
culate in a self-regulating host population in the presence
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of superinfection mechanisms and density-dependent in-
fection transmission, culling may favor the selection of less
virulent strains capable of establishing in a more sparse
(i.e., low density) population both at the ecological and
evolutionary timescales. The main result of our analysis
is that, under this scenario, intermediate culling effort may
produce the counterintuitive and undesirable effect of in-
creasing, instead of decreasing, the total prevalence and
abundance of infected individuals in the population (see
eqq. [13]; figs. 1, 3). Moreover, we show that the selection
of strains able to invade and establish in a sparse popu-
lation causes a decrease in the threshold for disease erad-
ication and, consequently, an increase in the culling effort
required to extirpate the disease. As less virulent strains
are gradually selected for with decreasing host density,
there is the possibility that the culling effort required to
eradicate the least virulent strain is impossible to achieve
under time or budget constraints. While a significant de-
crease in pathogen virulence in the wild host is in general
a desirable effect, an increase in prevalence and abundance
may foster disease spillover into new populations or spe-
cies. This is particularly relevant in the case of zoonotic
diseases such as: avian influenza, rabies, bovine tubercu-
losis, and CSF. Moreover, the introduction of a less virulent
pathogen in a naive wild population can lead to reduced
fluctuations in the number of infected individuals (due to
lower mortality) aiding pathogen persistence (Grenfell
2001).

The estimation of the actual value of the superinfection
transmission presents formidable challenges in practice
and requires specific field work and laboratory analyses.
Despite this limitation, there is a substantial amount of
evidence to suggest that the co-occurrence of strains of
different virulence may actually be more frequent than
expected in wildlife diseases. In the specific case of CSF,
genetically and antigenically different coexisting strains
have been detected by Stadejeck et al. (1997) for wild boar
and domestic pig epidemics in eastern Europe in the 1990s.
Moreover, different immunological response have also
been observed by Kosmidou et al. (1998) in hosts exposed
to different strains, thus demonstrating that different
strains may be characterized by different virulence. The
dynamics found for ecological model (1), where strains
with different virulence may coexist in the presence of
superinfection (fig. 1), are thus in agreement with evidence
of strain cocirculations in CSF. Similar evidence has been
found for other wildlife diseases, such as dengue (Twiddy
et al. 2002) and avian influenza (Olsen et al. 2006).

It is well known in the ecological literature that super-
infection mechanisms can favor strain coexistence (Hoch-
berg and Holt 1990; Castillo-Chavez and Velasco-Hernan-
dez 1998). In agreement with the ecological dynamics in
model (1), Iannelli et al. (2005) show that control of hu-

man diseases through vaccination may lead to strain co-
existence and to the establishment of less virulent strains
in the presence of superinfection. In addition, we show
that strain coexistence may bring the counterintuitive out-
come of increased disease burden in culled wildlife pop-
ulations. A similarly counterintuitive result has also been
found in wildlife disease models based on completely dif-
ferent ecological mechanisms, such as Choisy and Rohani’s
(2006) model, focused on the interaction between seasonal
culling and strong density-dependent seasonal recruit-
ment, and Bolzoni et al.’s (2007) model, focused on the
interaction between culling and age-specific transmission
rates. Therefore, culling coupled to different mechanisms
producing variability and/or heterogeneity in disease dy-
namics (such as seasonality, age structure, and strain di-
versity) may produce similarly counterintuitive effects and
thus increasing the probability of disease transmission.

The game-theoretic model shows that the presence of
superinfection is not a sufficient condition for strain co-
existence over evolutionary time. Indeed, we prove that
the singular state is convergent- and evolutionarily sta-*ad

ble; then, in the long run the population will gradually
evolve toward through a series of monomorphic and*ad

converging dimorphic states even if protected dimor-
phisms can arise in the neighborhood . Similarly, by*ad

using different continuous and piecewise differential func-
tions, Pugliese (2002) shows that, in a strict adaptive dy-
namics framework, stable dimorphisms appear generally
unlikely in the presence of superinfection and coexisting
strains may occur more frequently only when large mu-
tations are allowed. Thus, our conclusions appear to be
robust to changing the details of the superinfection func-
tion. However, by using nested models linking within- and
between-host processes, Boldin and Diekmann (2008)
show that evolutionarily stable dimorphisms are some-
times feasible in the neighborhoods of the singular state,
which means that multiple strains at different levels of
virulence may coexist at the evolutionary timescale. In
particular, they show that the presence of evolutionary
coexistence strongly depends upon the slope of the su-
perinfection function at the evolutionary branching point.

Evolution toward milder virulence while the host pop-
ulation mortality increases has been also observed for
other host-pathogen systems, the best-known case being
the experiments on microsporidian parasite Glugoides in-
testinalis infections in Daphnia magna performed by Ebert
and Mangin (1997). They suggest that higher mortality of
the host can reduce the role of within-host parasite com-
petition to such an extent that it counteracts the direct
effect favoring increased virulence.

The quantitative genetics model shows that previous
results hold also when the evolution occurs at the same
timescale as the disease dynamics and in the case of sea-
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sonal culling too. In fact, by analyzing the effects of culling
campaigns occurring every year in a specified season, we
find that the mean disease prevalence may increase with
culling effort in the presence of a sufficiently large genetic
variance in strain type among hosts. Moreover, as pointed
out by Choisy and Rohani (2006), in the case of seasonality
in host reproduction, the effects of seasonal control can
be fully or partially compensated by density-dependent
recruitment of susceptible newborns ultimately leading to
an increase in both prevalence and total number of in-
fected individuals. Thus, we may expect a multiplicative
negative effect on disease control due to virulence evo-
lution and density-dependent mechanisms in populations
with strong seasonal dynamics.

Needless to say, our modeling effort is not exempt from
limitations. Though frequently applied in the literature of
infectious diseases modeling (see Nowak and May 1994;
Pugliese 2002), the assumption implicit in the superin-
fection mechanism presented here—that is, that faster-
replicating strains always take over the slower-replicating
ones—oversimplifies the complexity of the within-host
competition. In fact, strains with a higher within-host rep-
lication rate will not always outcompete slower replicating
ones because of founder effects (Eshel 1977), initial in-
oculation levels (Dushoff 1996), and immune reaction that
can prevent superinfection by different strains (Alizon and
van Baleen 2008). In addition, the relationship between
within-host replication rate and disease-induced mortality
is still poorly understood: in the case of avian influenza,
for instance, birds infected with low pathogenic strains are
able to shed substantial amount of virus despite their low
pathogenicity (Spackman et al. 2010).

An additional caveat for the specific case of CSF and
for other infectious diseases is that transmission can be
more complex than in model (1) since cases of vertical
(transplacental) transmission from mother to piglet have
been reported. Yet Kaden et al. (2005) suggest that vertical
transmission may not play a crucial role in the spread of
CSF in wild boar, since transplacental virus transmission
is unlikely to occur in endemic areas as a consequence of
the immunity acquired by older mothers. As a conse-
quence we have kept model (1) as simple as possible so
as to investigate the very general case of a directly trans-
mitted disease. However, in order to assess the generality
of our conclusions, we extended ecological model (1) so
as to incorporate vertical transmission as well, and we
found results consistent with those highlighted in figure
1 (see app. B for model formalization and results). More-
over, to generalize our findings, we also extended the ver-
tical transmission model (1) to the case in which density-
dependent mechanisms act on host mortality, and again
we obtained the same qualitative results. We thus believe
that our conclusions are quite robust with respect to al-

ternative assumptions on transmission pathway and host
demography.

One of the limitations in applying game-theoretic and
quantitative genetics theories to field cases is the difficulty
of estimating the strength of some key mechanisms es-
sential to understand virulence evolution, such as strain
within-host competition ability. However, in this work we
provide robust theoretical results that could possibly guide
future field and laboratory work to assess whether the
change in the competitive outcome among strains of dif-
ferent virulence can be one of the reasons why culling
failed to eradicate infections in wildlife populations such
as rabies (Woodroffe et al. 2004), CSF (Laddomada 2000),
and bovine tuberculosis (Donnelly et al. 2006).

Other ecological and epidemiological mechanisms not
analyzed here, such as age/spatial structure of the host
population and host acquired immunity, have been proved
to be crucial to understand virulence evolution (Antia and
Lipsitch 1997; Messinger and Ostling 2009). Yet, despite
the simplicity of the model and the limitations outlined
above, we are confident that our analysis highlights the
importance of understanding cross-infection mechanisms
and the effect of changes in population density on viru-
lence selection to build effective strategies for disease con-
trol and eradication.
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