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ABSTRACT. In the epidemiological literature, the eradication of a wildlife disease through
culling is usually described in terms of a constant hunting rate to simulate the selective
removal of animals from the population. By using simple SI (susceptible–infected) models,
it is easy to prove that, if the hunting rate is high enough, the population eventually
drops below a critical threshold level under which the pathogen is deemed to be extinct.
However, hunting costs as well as the monetary benefits of disease control are almost
systematically neglected. Moreover, the hunting rate is usually assumed to be constant
over time, while in reality health authorities can implement more flexible culling policies.
In this work we examine a class of more realistic time-variant culling strategies in a cost–
benefit framework. Culling strategies differ in the way decisions are made about when
and how much to cull; that is, whether hunting occurs when disease prevalence, host
population density, or the number of carcasses exceeds (or is below) a given threshold.
For each culling strategy, the optimal value of the control parameters and the hunting
rate are those that minimize the sum of the culling costs and the sanitary costs associated
with infection over a specific period of time. Classical swine fever (CSF) in wild boar
populations has been taken as a reference example because of its potential economic
impact on industrialized and developing countries.

We show that the optimal time-flexible culling strategy is invariably more efficient than
the best traditional strategy in which the hunting rate is held constant through time. We
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also show that the type of hunting strategy that is selected as optimal depends on the
shape of the cost functions.

1. Introduction
Classical swine fever (CSF) is a highly infectious disease; outbreaks of it are
responsible for severe losses in pig farming worldwide. While the incidence
of CSF in Western Europe is decreasing, the disease is still endemic in
many regions, such as South-East Asia, Eastern Europe, and Central and
South America (Edwards et al., 2000). There is still debate on the relative
efficacy of different strategies to control and prevent disease outbreaks.
In the European Union, Mexico, and Brazil, the preventive vaccination of
susceptible animals on pig farms is prohibited. Measures for the control
and eradication of CSF in domestic pigs usually include the pre-emptive
slaughtering of an entire herd when an infected pig is detected and the
establishment of protection and surveillance zones around pig-farms to
prevent animal translocation outside the potentially contaminated area
(Wilpshaar et al., 2002). The economic impact of these measures on the pig
industry can be dramatic in industrialized countries (e.g., 11 million animals
were slaughtered in the Netherlands in 1997–98; 2 million in Germany, and
more than 2 million in Spain, Belgium, and Italy combined during the same
period) and in developing ones (e.g., 414,000 animals were slaughtered in
Cuba from 1993 to 1997). As a consequence, pig farmers have asked for
effective and comprehensive strategies to prevent disease outbreaks, rather
than controlling them once they have occurred. In many countries, but
especially in Russia and her former Eastern Block allies, the wild boar (Sus
scrofa) is implicated as a reservoir of classical swine fever and as supporting
disease transmission to domestic animals (Aubert et al., 1994). For this
reason, a great deal of effort has been focused on the eradication of the
disease in wildlife. The main disease control measure in wild boar relies
on culling, that is the selective removal of animals by hunting, to draw
population densities below the critical threshold for the eradication of the
disease. In animal epidemiology, it is well known that when transmission
is density-dependent – as in CSF – a suitable reduction in the contact rate
between infected and susceptible animals forces the disease to fade out
(Anderson et al., 1981). Vaccination policies have also been tested (e.g., see
Kaden et al., 1997), and have been shown to slow the spatial diffusion of the
virus, but have proved to be ineffective in achieving disease eradication.
One potential reason is that younger animals are both more susceptible to
CSF, since they have not yet developed an immune response, and are a
difficult target for vaccination in the wild, because vaccine-bearing baits
are usually picked up by older, more experienced (and less-susceptible)
individuals. In practice, this prevents the vaccination of the younger, more
susceptible age classes, and limits the effectiveness of vaccination.

Culling is not exempt from criticism. It has been observed (Guberti et al.,
1998) that culling may change the wild boar population structure in favour
of younger, more-susceptible age classes, since hunters usually prefer to
shoot older, less-susceptible individuals. Moreover, it has been argued that
the original density of the population may be quickly re-established as a
result of the high fertility of wild boar. As a consequence, the threshold
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level is never reached and the disease cannot be completely eradicated
(Laddomada, 2000). Under these circumstances, De Leo and Guberti (2003)
have also shown that less virulent – but more persistent – strains may be
selected in the population, thus making the disease even more difficult to
eradicate. Finally, hunting parties may push wild boar from their natural
home range as they flee from hunters. This can increase the contact rate
despite a reduction in the population density (Sodeikat and Pohlmeyer,
2002). Since population size, demographic vital rates, epidemiological
parameters and rates of movement are hard to estimate through fieldwork,
the disease dynamics may remain poorly understood (Artois et al., 2001).
For all these reasons, the control of the disease in wildlife is definitely
more challenging than in the case of pig farms. Unfortunately, while the
epidemiological aspects of infectious disease eradication in the wildlife
(Artois et al., 2001; Matthews et al., 2003; Karsten et al., 2005a,b) and the
economic effectiveness of implemented agricultural policies (De Vos et al.,
2005) have been the subject of some investigation, the economic costs and
benefits associated with different eradication strategies in wildlife have
scarcely been analysed.

The purpose of the present work is the evaluation of the effectiveness of
a number of alternative culling policies on the basis of the costs associated
with wild boar culling and with the transmission risk from wild boar to
domestic pigs. More specifically, the aim is to assess whether and how
time-variable culling policies can be more efficient than the best constant-
culling policy.

The problem is approached within a conceptual framework in which the
goal is to minimize the total costs by finding the best trade-off between
culling cost and sanitary cost of CSF. While in principle the problem
could be solved through optimal control techniques in order to derive
unconstrained, very flexible, and detailed culling strategies, in practice only
simple policies based on a few control parameters can be implemented. The
wildlife agencies that implement culling strategies are faced with logistical
limitations and constrained by government regulations that prevent them
from applying complex, adaptive eradication policies. Especially (but not
exclusively) in developing countries, disease control activities are further
constrained by limited funding. As a consequence, we have analysed a
broad range of culling policies defined by only a few control parameters
and a number of variables observable in the field, such as wild boar density
and the disease prevalence in the population. In this sense, we concentrated
the investigation on a sub-optimal class of culling policies applied to a SI
epidemic model developed by De Leo and Guberti (2003) to simulate the
dynamics of CSF in wildlife. We illustrate the mathematical formulation
of the cost functions associated with a CSF policy that only needs simple
and easily retrievable or measurable data or information for implemen-
tation.

The paper is organized as follows: after a brief description of the epidemic
model of a wild boar population with culling activities, we analyse the
performance of different time-variant culling policies selected from a fixed
class of policies. Finally, we present the results of a sensitivity analysis and
discuss the main results obtained with the model.
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2. Epidemiological model
In order to simulate the costs and monetary benefits of different culling
strategies, the epidemiology of CSF has been simulated using a modified
version of the model developed by De Leo and Guberti (2003). The model
assumes a self-regulating wild boar population with a density-dependent
birth rate: i.e., we describe a population, N(t), with logistic growth in the
absence of disease with intrinsic growth rate r and carrying capacity K
(Verhulst, 1838).

Ṅ = r N
(

1 − N
K

)
(1)

When the model includes epidemic dynamics, the wild boar population,
N(t), can be generally divided into different compartments: a susceptible
class S(t) – i.e. healthy individuals that can be infected by the disease – and
an infected class I(t) – i.e. sick individuals that can infect other individuals.
Following conventional lines (Kermack and McKendrick, 1927), we assume
that the rate at which wild boar acquire CSF is proportional to the number
of encounters between susceptible and infected wild boar: βSI; where β

is the transmission coefficient, with 1/β being proportional to the average
time interval between wild boar contacts.

The causative disease agent, the CSF virus (CSFV), has a high degree
of genetic variability and different strains of CSFV can co-circulate in a
single host population (Stadejek et al., 1997; Pan et al., 2005). Usually,
these strains are characterized by different epidemiological parameters,
such as the degree of virulence and transmission, and they compete with
each other to become established in the host population (van Gennip
et al., 2004; Kaden et al., 2004b). In this work, we describe the simplest
competition model between strains: a two-strain epidemic model in which
one strain can infect individuals already infected by the other (called
a super-infection mechanism). Both of the two CSFV strains can infect
susceptible individuals: the low virulent strain (strain 1) is characterized
by a low disease-induced mortality rate, α1, and the more virulent strain
(strain 2) is characterized by a high disease-induced mortality rate, α2.
Accordingly, the wild boar population, N(t), in model (1) is divided into
three compartments: density of susceptible individuals, S(t), density of
individuals infected with strain 1, I1(t), and density of individuals infected
with strain 2, I2(t). For a susceptible wild boar, the per-capita probability of
getting a type-1 infection is proportional to the density of type-1 infected
individuals, I1(t), through the transmission rate β1; while, the probability of
getting a type-2 infection is proportional to, I2(t), and β2 transmission. β12 is
the super-infection coefficient denoting the rate of transmission from I2(t) to
I1(t). When an individual already harbouring the type-1 strain is infected by
the type-2 strain, it is assumed that the more virulent strain out-competes
the less virulent one within the infected host (Nowak and May, 1994).

The final model is given by

Ṡ = r S
(

1 − N
K

)
− β1 f (u)SI1 − β2 f (u)SI2 − uS (2a)
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Table 1. Parameters values as estimated by Guberti et al. (1996) and Guberti et al.
(1998)

Parameter Symbol Value Measure unit

Intrinsic growth rate r 0.5 year−1

Natural mortality rate µ 0.2 year−1

Carrying capacity K 600 #individuals/220 km2

Low virulent strain
disease-induced mortality

α1 5 year−1

High virulent strain
disease-induced mortality

α2 15 year−1

Low virulent strain transmission
rate

β1 0.04 #strain1 infected/Year−1

High virulent strain transmission
rate

β2 0.06 #strain 2 infected/Year−1

Super-infection transmission rate β12 0.86 #strain 2 infected/Year−1

İ1 = β1 f (u)SI1 − (α1 + µ + u)I1 − β12 f (u)I1 I2 (2b)

İ2 = β2 f (u)SI2 − (α2 + µ + u)I2 + β12 f (u)I1 I2, (2c)

where µ is the natural mortality rate, u the culling effort, N is the total
population size (N = S + I1 + I2) and f (u) = 1 + a u2

b+u2 , a function accounting
for the increase in animal contact rate that occurs during hunting when wild
boar are driven from their natural home range (Sodeikat and Pohlmeyer,
2002). Function f(u) mimics the type III functional response of a predator,
where a is the maximum increase in transmission and b is the half-saturation
constant (Hassell et al., 1977). In describing the home range increase due
to hunting, we chose an S-shaped functional response (as type III) rather
than the classical type II functional response because, at low hunting levels,
wild boar groups may not leave their home range, while they leave it
permanently if the hunting level is high (Maillard and Fournier, 1995) thus
increasing the contact rate between infected and susceptible individuals.
Demographic and epidemiological parameters, reported in table 1, have
been estimated by De Leo and Guberti (2003) with reference to the wild
boar population of Sardinia (Italy) where CSF is endemic (Guberti et al.,
1996; Guberti et al., 1998).

It follows that, when isolated, the culling rate for the eradication of the
more virulent strain, calculated through model (2), is about c = 0.28 year−1

(that is, culling 28% of the host population in a year), while, for the
eradication of the less virulent strain, c is about 0.38 year−1 (see figure 1
where we show the prevalence of the two different strains at the model
equilibria as a function of the culling effort). As a consequence, it is more
difficult to eradicate the less virulent strain than the more virulent one, since
the less virulent strain can persist in a less dense population. The population
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Figure 1. Prevalence of the less virulent strain I1 (black curve), more virulent strain
I2 (dark grey curve), and total prevalence (light grey curve) at the equilibrium point as
function of the constant culling rate (ū). Solid lines represent the equilibria in the two-
strains model, while dotted line represents the equilibria in the one-strain model. The
parameters of the function f(u) have been fixed to: a = 0.3, and b = 0.1. Other parameter
values as in table 1.

density is a key control parameter when the two strains compete for the
same host. De Leo and Guberti (2003) showed that if the population carrying
capacity is sufficiently high and there is no hunting mortality, the more
virulent strain out-competes the less virulent one and establishes itself in
the host population (see strain 2 region in figure 1); yet, the small reduction
in the population density caused by culling allows the less virulent strain
to coexist with the more virulent one (see coexistence region in figure 1).
By further increasing the culling effort, it is possible to eradicate the more
virulent strain from the population without eradicating the less virulent
strain, since the threshold density for eradication of the less virulent strain
is substantially lower (see strain 1 region in figure 1). As a consequence,
the culling effort required to completely eradicate the disease from the
population (i.e., both strains) can be substantially larger than the culling
effort estimated by assuming that only the more virulent strain is established
in the infected population. Therefore, if the culling effort is not large enough
for the complete eradication of the disease from the population, the effects of
culling may be worse than the “do-nothing” alternative, as shown in figure 1.
In fact, disease prevalence (as well as the number of infected individuals)
under moderate culling can be larger than in the case of no-culling. On
the other hand, very high culling efforts can be too expensive to be
achieved.
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3. The costs of CSF outbreaks and disease eradication
The transmission of CSFV from wild boar to domestic pigs may cause
extensive damage to the pig industry worldwide, because in many
countries, all the pigs on infected farms must be slaughtered and properly
disposed of (usually burned) according to the legislation in force (see
Edwards et al., 2000). Moreover, in order to reduce the risk of contamination
and further economic losses to nearby farms, sanitary belts are enforced
around the infected farms to prevent the movement of animals and
equipment and pig trade outside the belts (Meuwissen et al., 1999). These
costs can be borne by the government to compensate for economic losses.
On the other hand, depopulation of wild boar by hunting also comes at a
cost, since a considerable effort in terms of the time and staff of wildlife
agencies is required to cull wild boar as they become rare. Moreover,
hygienic measures, such as the treatment of carcasses and the sanitary
inspection of killed specimen, also increase the cost of hunting. As a result,
the lower the threshold population density is for disease eradication, the
higher are the culling costs.

Total costs are thus given by the sum of two factors. The first is simply
the culling cost CH and includes the cost of organizing and carrying out
hunting activities, monitoring population densities, checking for disease
prevalence, etc. The second comprises the damages associated with disease
transmission to pig farms (from here on also referred to as sanitary costs,
CF) and includes costs for control measures (such as pig slaughtering
and carcass disposal, movement restriction, supply and delivery problems
and farms disinfection), missing revenues caused by the interruption of
production activities, and the costs of farms repopulation (see Meuwissen
et al., 1999 for a review). Generally, low culling rates imply low culling costs
CH and high sanitary costs CF, while high culling rates imply high CH and
low CF. As the probability of CSF spreading to pig farms increases with the
number of the infected wild boar, we assumed the sanitary cost CF is an
increasing function of the total infected individuals’ density, namely

CF (t) = cF (I1(t) + I2(t))γ , (3)

where cF ≥ 0 is the unitary cost of an infection which takes into account
the costs of control measures (see description above), the probability of
transmission from wildlife to pig farms, density of pig farms and the average
number of pigs per farm; γ > 0 is a shape coefficient which takes into account
nonlinearities in the relationship between the level of infection and the
sanitary costs. Consequently, γ > 1 (γ < 1) means that the sanitary costs
increase more (less) than proportionally with the total number of infected
wild boar.

The culling cost CH is assumed to increase with culling effort (u ≥ 0)

CH(t) = cHu(t)θ , (4)

where cH ≥ 0 is the unitary cost of harvesting; θ > 0 is a shape coefficient
which takes into account nonlinearities in the costs of culling, θ > 1 (θ < 1)
means that costs increase more (less) than proportionally with culling.
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Hence, the total cost over T years (time horizon) as a function of the culling
effort, u(t), can be computed as follows

Ctot(u) =
∫ T

0
e−δt(CF + CH) dt, (5)

where δ ≥ 0 is the discount rate and CF and CH are computed as in (3) and
(4), respectively.

The optimization problem
The aim of the present analysis is to assess: (i) how control policies
implementing time-variable culling rates perform with respect to traditional
policy in which the culling effort is constant in time, and (ii) how different
assumptions about cost functions may affect the performance of alternative
control policies.

Formally, the optimization problem can be stated as follows

min u(t)≥0Ctot(u), (6)

where u(t) is the culling policy that needs to be specified. In the following,
we present the solution of the problem for a constant culling rate u(t) = ū;
then, we solve the same problem when the culling rate changes over
time. We analyse only a set of very simple time-variable policies based
on the estimation of the host population density, the number of host
carcasses, or disease prevalence. Detailed information on disease dynamics
and population structure is usually relatively scarce and, most importantly,
health authorities have, in general, limited organizational capacities; hence,
they are only able to implement culling schemes based on simple rules. The
unconstrained optimization problem provides solutions that would be seen
as too complex to be implemented. We thus focus our analysis on a set of
constrained culling strategies as described below.

Swiss Health Authority policy
The Swiss Health Authority of Canton Ticino devised a control strategy
based on the following assumption (Hofmann et al., 1999): it is not
convenient to implement high culling rates during the first disease epidemic
phase, which is characterized by sharp increases in wild boar mortality
(mainly caused by the disease), because it would not significantly influence
the ratio between susceptible and infected individuals. In addition, it
would increase the movement of CSF virus infected animals throughout
their territory, increasing the contact rate among infected and susceptible
individuals. As a consequence, the policy implemented by the Swiss health
authority of Canton Ticino can be described as follows:

• not to cull at the onset of the epidemics when disease dynamics is mainly
affected by the pathogen induced mortality that eventually leads to a
lower host population density;

• then, to cull at a constant rate at the end of the first epidemic wave.
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Accordingly, we solved the optimization problem under the following
constraints

u(t) =
{

0 i f t < t∗
u∗ i f t ≥ t∗ , (7a)

where the optimal culling rate (u∗) and the time to start the hunting activity
(t∗) need to be estimated so as to minimize Ctot(u∗,t∗).

Immediate intervention policy
Notwithstanding the policy recommended by the Swiss Health Authority, it
often happens that under the emotional wave of the first epidemic outbreak,
the farmers’ lobby calls for immediate intervention to reduce the risk of
transmission from wildlife to domestic pigs. We simulate such a strategy
by setting u(t) as follows

u(t) =
{

u∗ i f t < t∗
0 i f t ≥ t∗ , (7b)

where the optimal culling rate (u∗) and the time to stop the hunting activity
(t∗) need to be estimated so as to minimize Ctot(u∗,t∗).

Policy based on the observed prevalence of infection
In this case, culling intensity is determined on the basis of information
related to the actual level of disease prevalence. Usually, during CSF
epidemics, public health authorities carry out laboratory diagnoses on
wild boar to detect the infection level in the population This information
can be used to improve the disease control policy. However, high costs
and organizational problems make it difficult to continuously monitor the
disease prevalence in the population. We thus assumed the more realistic
hypothesis that the census of population and the infected fraction of wild
boar is carried out periodically by the public health authorities. Therefore,
the culling rate has been assumed to remain constant within each census
season (Ghezzi and Piccardi, 1997), as follows

u(t) = u(k) ∀t ∈ [k, k + τ ), k = 0, τ , 2τ , . . . , (8)

where τ is the period between two censuses and u(k) is a function of
the disease prevalence. Under this assumption we analysed two control
schemes. In the first case, wild boar are culled when disease prevalence
exceed a fixed threshold, that is

u(k) =

⎧⎪⎪⎨
⎪⎪⎩

0 i f
I1(k) + I2(k)

N(k)
< ith

u∗ i f
I1(k) + I2(k)

N(k)
≥ ith

. (9a)
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In the second case wild boar are removed only when disease prevalence is
below a fixed threshold, that is

u(k) =

⎧⎪⎪⎨
⎪⎪⎩

u∗ i f
I1(k) + I2(k)

N(k)
< ith

0 i f
I1(k) + I2(k)

N(k)
≥ ith

, (9b)

where the optimal culling rate (u∗) and the prevalence threshold (ith) in (9a)
and (9b) are chosen to minimize Ctot(u∗,ith).

Policy based on the observed population density
In this case, culling intensity is determined on the basis of information
related to the actual population density of wild boar and the decision
whether or not to cull is revised based on a periodic census of the
population density (see (8)). Again, two simple eradication schemes have
been analysed: to cull when population density exceeds a fixed threshold,
that is

u(k) =
{

0 i f N(k) < Nth
u∗ i f N(k) ≥ Nth

(10a)

or to cull when population density is below a fixed threshold, namely

u(k) =
{

u∗ i f N(k) < Nth
0 i f N(k) ≥ Nth

, (10b)

where the optimal culling rate (u∗) and the population threshold (Nth) in
(10a) and (10b) need to be estimated so as to minimize Ctot(u∗,Nth).

Policies based on carcass counting
Usually, health officials and foresters count and remove potentially infected
carcasses during CSF epidemics to reduce the risk of disease transmission
to susceptible hosts. Hence, a control policy based on information about
animal carcasses is certainly feasible. We have thus implemented two
policies, one based on the total number of carcasses and the other on
the fraction of infected carcasses. As for the disease prevalence in the
population, the number of carcasses (or their prevalence) cannot be
monitored in real-time for practical reasons (as logistical and funding
limitations). In order to provide realistic hypotheses, we assume that
data are collected only during the census season and the culling effort
is based on the acquired information. Accordingly, the number of carcasses
accumulated during the kth season can be computed as follows

D(k) =
∫ k+τ

k
(µN(t) + α1 I1(t) + α2 I2(t)) dt, (11)

while

PD(k) =
∫ k+τ

k
(α1 I1(t) + α2 I2(t)) / (µN(t) + α1 I1(t) + α2 I2(t)) dt (12)

is the infected carcass prevalence during the kth season.
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As in previous control policies, we implement two alternative manage-
ment schemes: only culling if the number of carcasses exceeds a fixed
threshold

u(k) =
{

0 i f D(k) < Dth
u∗ i f D(k) ≥ Dth

(13a)

or culling only when the number of carcasses is below a fixed threshold

u(k) =
{

u∗ i f D(k) < Dth
0 i f D(k) ≥ Dth

, (13b)

where the optimal culling rate u∗ and the number of carcasses Dth need to
be estimated so as to minimize Ctot(u∗,Dth).

In the case where the prevalence of infected carcasses is used as a control
parameter, the two management strategies are to only cull if the prevalence
of infected carcasses exceeds a fixed threshold

u(k) =
{

0 i f PD(k) < PDth
u∗ i f PD(k) ≥ PDth

(14a)

or to cull only when the carcass prevalence is below a fixed threshold

u(k) =
{

u∗ i f PD(k) < PDth
0 i f PD(k) ≥ PDth

, (14b)

where the optimal culling rate u∗ and the carcasses prevalence PDth need to
be estimated so as to minimize Ctot(u∗,PDth).

Further assumptions
Control policies have been evaluated over a 50 year period and with a
discount rate δ = 4% (see (5)). We chose a finite time horizon for our analysis
since forecasts for a longer period would be of little significance due to
uncertainties in epidemic processes resulting from factors such as long-
term demographic trends in wild boar populations not accounted for in
the model or changes in future land uses. Moreover, recent advances in
vaccine technology for CSF may eventually lead to different and more
sophisticated control policies (van Oirschot, 2003; Kaden et al., 2004a).
A period of 50 years from the onset of the epidemics is long enough
to encompass several epidemic waves and to account for the effects of
strain competition. However, in Section 4, we also discuss the sensitivity of
optimal policy performance to changes in the length of the time horizon.
We assumed that one individual infected with each strain is introduced into
a healthy population at its carrying capacity (i.e. S(0) = 600, (I1(0) = 1 and
I2(0) = 1) and that a census of the host population is carried out every three
months.

Several published studies provide estimates of the economic costs and
losses caused by classical swine fever epidemics in European pig farms
(see Vanthemsche, 1995; Saatkamp et al., 1997; Meuwissen et al., 1999).
However, little information is available about the probability of wildlife–
domestic transmission, how transmission translates into potential damages
to pig farm activities – especially in developing countries – and about the
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costs of hunting wild boar. In the absence of quantitative information, we
simply assumed that the sanitary and culling costs have the same order of
magnitude, i.e. that their contributions to the total costs are comparable.
Furthermore, we used two different shapes for the cost functions in the
optimization problem: the case in which sanitary and culling costs scale
linearly with disease transmission to pig farms and harvesting rate (from
here on referred to as the linear cost case, γ = θ = 1 in equations (3) and (4))
and the case in which both scale quadratically (γ = θ = 2 in equations (3)
and (4)).

For each culling scheme, parameter values that allow the minimization
of the overall costs have been estimated using the Matlab optimization
toolbox (The MathWorks, Inc.).

4. Results
The total cost, Ctot(u), vs. constant culling effort for the linear and quadratic
cost–scaling relationships are shown in figures 2a and 2b, respectively. In
both cases, the total costs function Ctot(u) has two minima: the first one
corresponds to the stability frontier between the presence of the more
virulent strain alone and the coexistence behaviour (strain 2 – coexistence
edge in figure 1), the second minimum corresponds to disease eradication
(strain 1 edge in figure 1). As expected from the analysis carried out by De
Leo and Guberti (2003), the total costs associated with classical swine fever
in domestic pigs also show a local maximum for intermediate values of
the culling rate. This is a consequence of concurrently increasing both the
infected individuals and the culling effort up to ū ∼= 0.18 y−1.

As reported in table 2, all time-variable hunting policies investigated in
the present work allow for a reduction of the overall costs relative to the
optimal control policy in which hunting is held constant. Yet, in the case of
time-variant culling strategies the choice of the optimal control rule clearly
depends upon the shape of the cost functions (3) and (4). For instance,
when the culling decision is based on the observed prevalence in the host
population (section 3), the optimal strategy for the linear cost function
(γ = θ = 1), is to cull when disease prevalence in the population exceeds
the threshold ith = 1.7 per cent (with c set to about 0.4 year−1) as shown in
figure 3a. On the other hand, if the cost function is quadratic (γ = θ = 2),
the optimal strategy is to cull with lower culling effort (c ∼ 0.1 year−1) only
when the disease prevalence is below ith = 2%, as shown in figure 3b.

Therefore, not only does the optimal value of the culling effort change
with the shape of the cost function, but also the type of culling strategy (i.e.
(9a) vs. (9b)). Furthermore, we notice that in the case of control policy (9a)
the density of infected individuals during the first inter-epidemic period is
remarkably smaller than in the case of control policy (9b), thus increasing the
probability of stochastic fade-out of the pathogen (i.e. the parasite stochastic
extinction caused by environmental noise) (de Castro and Bolker, 2005).

We found similar results when the culling strategy is based on the number
of carcasses discovered or the prevalence of CSF among dead individuals
(as in section 3). The optimal policy for the linear cost function is to only
cull when the number of carcasses or the disease prevalence in carcasses
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Figure 2. The total costs Ctot (computed as in (5)) as a function of the constant culling
rate (ū) when (a) sanitary and culling costs scale linearly with disease transmission to
pig farms and harvesting (γ = θ = 1 in eqs.(3) and (4)) and (b) the case in which both
scale quadratically (γ = θ = 2 in eqs.(3) and (4)). Cost functions parameters have been
fixed to: δ = 0.04, cF = 4, cH = 40 (in figure 2a), and cH = 1300 (in figure 2b). Values of
model parameter as in figure 1.
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Table 2. Summary of the control policies performances. �Ctot represents the relative
change in total costs with respect to the optimal time-invariant policy. Numbers in

parentheses refer to the function defining the culling schemes

Linear cost function
(γ = θ = 1)

Quadratic cost function
(γ = θ = 2)

Culling policy

Optimal
value of
control
variables �Ctot

Optimal
value of
control
variables �Ctot

Swiss Health
Authority policy

(7a) u∗ = 0.4
t∗ > 5.45

−1.4% (7a) u∗ = 0.28
t∗ > 4.27

−3.1%

Immediate
intervention policy

(7b) u∗ = 1.09
t∗ < 0.53

−0.6% (7b) u∗ = 3.37
t∗ < 0.17

−68.5%

With information on
prevalence

(9a) u∗ = 0.41
ith > 0.017

−7.7% (9b) u∗ = 0.095
ith < 0.02

−1.1%

With information on
population density

(10a) u∗ = 0.4
Nth > 331

−1.3% (10a) u∗ = 1.32
Nth > 355

−38.8%

With information on
number of carcasses

(13a) u∗ = 0.39
Dth > 8.13

−7.5% (13b) u∗ = 0.34
Dth < 5.05

−11.9%

With information on
infected carcasses

(14a) u∗ = 0.32
PDth > 0.02

−6.5% (14b) u∗ = 0.17
PDth < 0.068

−17.4%

exceeds the fixed threshold, while in the case of a quadratic cost function,
culling occurs when the number of carcasses or the disease prevalence in
carcasses is below the threshold.

Interestingly, when the decision whether or not to cull is taken on the basis
of population density (as in section 3), the assumption about the shape of
the cost functions does not affect the type of optimal control policy to be
implemented. In both cases, the best strategy is to cull when the population
density exceeds a fixed threshold (equation (10a)). Yet, the optimal level of
culling effort is remarkably different in the two cases, i.e. c ∼ 0.4 y−1 for
γ = θ = 1 and c ∼ 1.5 y−1 for γ = θ = 2. The optimal culling strategies based
on host population density are reported in figure 4.

Sensitivity analysis
A sensitivity analysis has been performed with regards to the cost
parameters cF and cH, as these are among the most difficult to estimate.
Specifically, we investigated how the optimal solutions change as a
consequence of substantial variations in cF and/or cH. In particular we
look at the effects for sanitary and culling costs that are 25 per cent larger
or smaller than the values used to derive the results reported in table 2.
For each case, we computed the relative variation in the total costs
�Ctot(u)/Ctot(u), and the relative change of the control parameters �u∗/u∗
and �ith/ith. Results are reported in table 3 for the culling policy based on
disease prevalence in the host population, (9a), and when the cost function
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Figure 3. The total infectious densities, I1(t) + I2(t) (grey curves), obtained with model
(2) and time-variable culling efforts, u(t), (black curves) calculated by using information
on disease prevalence in host population (see section 3). (a) Sanitary and culling costs
are linear functions of infected individuals and control effort, respectively (γ = θ = 1).
(b) Sanitary and culling costs are quadratic functions of infected individuals and control
effort, respectively (γ = θ = 2). Other parameter values as in figure 2.

is quadratic. In general, uncertainty in the estimation of the cost functions
would translate into negligible changes in both the cost-effectiveness and
the optimal value of the control parameters. The only exception is when
sanitary costs increase by 25% and hunting costs decrease by 25%. In
this case, the optimal hunting effort would be three times larger and the
intervention threshold 18% smaller. Nevertheless, under this circumstance,
the change in the overall costs would still be negligible (∼ 3%).

Finally, we analysed the sensitivity of optimal policy performance with
respect to changes in the time horizon (T) in equation (5). For all six types
of control policies, we computed the optimal solution when T = 100 years
and T = 150 years respectively. In both cases, the total costs, Ctot(u), do
not increase by more than 1 per cent, and the variation of the optimal
value of the control parameter is smaller than 1 per cent. In fact, the
majority of the costs are suffered during the first epidemic wave and the
discount rate further reduces the burden of costs perceived in the distant
future.

5. Discussion and conclusions
The present work shows that, regardless of the shape of the cost functions
analysed, all the time-variable control policies are more cost effective
than the best strategy based on implementing a constant culling rate.
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Figure 4. The total infectious densities, I1(t) + I2(t) (grey curves), obtained with model
(2) and time-variant culling efforts u(t) (black curves) calculated by using information
on host population density (see section 3). (a) Sanitary and culling costs are linear
functions of infected individuals and control effort respectively (γ = θ = 1). (b) Sanitary
and culling costs are quadratic functions of infected individuals and control effort,
respectively (γ = θ = 2). Other parameter values as in figure 2.

For the nonlinear cost functions, time-variable control strategies generally
perform much better than the constant culling protocol (see table 2).
This is not true in the linear case, where the improvement in term of costs
reduction is only marginal.

Ranking the different culling strategies according to their cost effective-
ness strongly depends upon the specific shape of the cost function (see
table 2). For instance, for the linear cost function, the Swiss Health Authority
policy (7a) performs slightly better than an immediate intervention policy
(7b). On the other hand, when the shape of the cost function is quadratic, the
immediate intervention policy is substantially better than the Swiss Health
Authority policy. Similarly, the strategy (10b), based on host population
density, allows for a significant reduction of the overall cost of disease
control only in the case of quadratic costs.

Further analyses, not reported here, show that the optimal control policy
is only affected by the shape of the sanitary cost function CF (equation (3)),
while the optimal control policy is rather insensitive to the actual shape of
the culling cost function CH (equation (4)). As a consequence, a great deal
of effort in future research needs to be devoted to exploring the route of
infection from wildlife to livestock and the relationship between disease
prevalence and consequent costs.
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Table 3. Relative increase of the total cost, Ctot(u), (above) and relative variation of the
optimal value of the control variables u∗ and ith (below) due to uncertainty in the

estimation of the unitary costs cF and cH. The optimal control problem has been solved
for quadratic cost functions (γ = θ = 2) as in figure 3b for the policy in which the

culling decision is based on the disease prevalence in the host population
(equation (9b)).

�cF/cF

�Ctot/Ctot −25% 0 +25%

�cH/cH +25% 0.25% 0.22% 0.21%
0 0.044% – 0.18%

−25% 0.062% 0.067% 2.6%

�u∗/u∗ �cF/cF

�ith/ith −25% 0 +25%

�cH/cH +25% +0.32% +0.32% +0.32%
−7.0% −7.5% −7.5%

0 −2.5% – +0.32%
−6.5% −6.0%

−25% +0.21% +0.21% +297%
−3.0% −3.0% −18.4%

In the case of a quadratic cost function, the immediate intervention policy
and those based on estimations of the host population density through
periodic censuses perform significantly better than the other policies
analysed here. On the other hand, these policies require a large culling
effort (table 2) and countries without organized veterinary authorities may
face critical problems implementing them effectively.

In the case of the linear cost function, policies based on carcass sampling
and disease prevalence among live or dead animals perform better than
other policies, even though the reduction of costs in the linear case is
remarkably lower than in the nonlinear case.

In this work, we used a very simple strains–competition model without
considering age structure, acquired immunity of the host population, or
stochasticity in the infection dynamics – which are important elements in
understanding epidemic evolution – to point out the mutual interactions
between the persistence of classical swine fever strains in wildlife and the
costs of disease control by culling.

The next step should be the introduction of stochastic processes in the
epidemic dynamics in order to take into account the possibility of stochastic
fade-out of the disease during the inter-epidemic periods.

Moreover, it should be interesting to introduce host age/stage structure to
the model to investigate how hunting activities modify the population struc-
ture and to understand how the selective culling of the young individuals –
which are the main virus targets – or the young adult females – which are the
most fecund individuals – can improve the disease control. Nevertheless,
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we are confident that the analysis presented here may be very useful
in highlighting the importance of cost estimation in the design and
implementation of eradication strategies in wildlife.
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