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Irreversible decision making in contagious
animal disease control under uncertainty:
an illustration using FMD in Brittany

Olivier Mahul and Alexandre Gohin
Institut National de la Recherche Agronomique, Rennes, France

Summary

The concept of irreversible investment is applied to highly contagious animal disease
control when uncertainty about the spread of the disease is resolved over time. In com-
parison with the strategy of destroying infected herds, the vaccination programme
causes additional losses that cannot be recovered. These sunk costs are thus irreversible.
Therefore, the gain from waiting for new information, namely the quasi-option value,
should induce animal health authorities to delay the decision to vaccinate if the prob-
ability of a widespread epidemic is not too high. A numerical example is developed for
foot and mouth disease (FMD) in Brittany.

Keywords: contagious animal disease, irreversible control strategy, foot and mouth
disease, gain from waiting

JEL Classification: D81, Q10

1. Introduction

The livestock sector is exposed to highly contagious diseases, such as foot
and mouth disease (FMD), which is one of the most feared. Cost—benefit
analysis is frequently used in animal health economics to evaluate alternative
strategies for contagious disease control. This economic evaluation is exten-
sively based on expected values of gains and losses (Power and Harris,
1973; Berentsen et al., 1992; Garner and Lack, 1995), although the potential
consequences of individual risk attitudes on the optimal dynamic decision-
making process have recently been examined (Dijkhuizen et al., 1994
Mahul and Durand, 1998).

Animal epidemics are characterised by a low probability of occurrence and
considerable potential losses affecting large numbers of herds. However,
empirical data are typically scarce and therefore animal health authorities
have little information about the effects of alternative control strategies on
the spread of the disease and its economic consequences. The occurrence of
a highly contagious disease creates a situation of Knightian uncertainty
that cannot be described by an objective probability distribution. Neverthe-
less, uncertainty prevailing at a given time is resolved, at least partially,



over time. The observed evolution of the disease allows animal health autho-
rities to do a Bayesian updating of the prior distribution of potential losses.

In comparison with the control strategy consisting of destroying infected
herds, a campaign of vaccination of susceptible herds should cause additional
costs because of a decrease in value of vaccinated animals and intensified
international trade restrictions. Therefore, this vaccination programme can
be analysed as an investment generating costs that cannot be recovered.
These sunk costs are thus irreversible (Pindyck, 1991). This decision can be
postponed, giving animal health authorities the opportunity to wait for new
information about the spread of the disease. This gain from waiting is
nevertheless weighted against the cost of delaying the implementation of the
irreversible vaccination policy.

In this paper, we examine how an irreversible strategy can affect the optimal
dynamic decision-making process in contagious animal disease control under
uncertainty. The discussion will begin with a short description of French
policy on the control of FMD (Section 2). Using the literature on irreversible
investment under uncertainty (Arrow and Fisher, 1974; Pindyck, 1991), we
introduce into the standard epidemic model the gain from postponing the
decision to vaccinate, called the quasi-option value, and the associated cost
(Section 3). FMD outbreaks in France will be used as an illustration. We
briefly present the simulation model of the economic consequences of FMD
in France (Section 4) and then evaluate the quasi-option value of the vaccina-
tion strategy under several FMD scenarios (Section 5). Our main conclusion
is that the resolution of uncertainty about the spread of the contagious disease
should increase the propensity of animal health authorities to delay the
decision to vaccinate. This entails that the strategy of late vaccination may
be more efficient than the strategy of early vaccination if the subjective prob-
ability of a widespread epidemic occurring is not too high.

2. French policy on the control of FMID

FMD is a serious viral infection of domestic and wild cloven-hoofed animals.
Cattle, sheep, goats and pigs are the species most commonly infected. The
disease is characterised by development of vesicles in the mouth, on the
muzzle, feet, teats and udder. Although the mortality rate is less than 6 per
cent, except in young animals where it may exceed 50 per cent, the disease
causes reduced milk yield and loss of weight (McCauley, 1979). Because of
its ability to spread rapidly and to cause significant production losses,
FMD is a major issue in international trade, and outbreaks can be associated
with severe economic impacts as a result of loss of export markets. Countries
or regions that are free from this disease include the 15 members of the
European Union (EU), North and Central America, Australia, New Zealand
and Japan.

As covered by the 1991 French law on FMD eradication, animal health
authorities apply the strategy of stamping out (SO) if an FMD epidemic
occurs in France. This would involve rigid quarantine of infected and suspect



properties, prompt slaughter and disposal of animals infected with or exposed
to FMD on infected premises, cleaning and disinfection of contaminated
premises, and movement restrictions for livestock and livestock products in
the control area that is established around the infected premises. This zone
has an initial 10 km radius, which increases as the disease spreads. Animal
health authorities could also undertake a campaign of vaccination coupled
with the SO strategy. This entails that all the susceptible animals located in
the control area and in a ring vaccination zone, a 5km wide circular zone
around the control area, would be vaccinated. The objective of vaccination
is to dampen down the virus level circulating in the region and to reduce
the risk of further spread (Donaldson and Doel, 1992).

French policy on the control of FMD has been affected by recent inter-
national initiatives regarding zoning in response to outbreaks of major
animal diseases such as FMD. When an FMD outbreak is successfully con-
tained within a quarantine zone, exports of livestock and livestock products
from elsewhere in the country will remain unaffected, whereas the susceptible
products coming from the infected region are excluded from international
market until it recovers the status of FMD-free zone without vaccination.
The period until the recognition of FMD freedom is (i) 3 months after the
slaughter of the last infected herd when the SO strategy is implemented or
(i1) 3 months after the slaughter of the last vaccinated herd if a campaign of
vaccination is undertaken (Office International des Epizooties (OIE), 1993).

Therefore, implementing a campaign of vaccination coupled with the SO
strategy generates additional costs that are sunk and thus largely irreversible:
decrease in value of vaccinated livestock because of limited options for
product disposal, and additional export losses caused by the delay necessary
to slaughter the vaccinated animals.

3. Flexibility, learning and irreversible control strategy

To analyse how the possibility of waiting for new information about the
dissemination of the contagious disease affects the optimal control strategy,
we first study the disease dynamics in the standard epidemic model and
then characterise the quasi-option value associated with the campaign of
vaccination.

3.1. Disease dynamics

To study the effect of control strategies in disease dynamics, the standard
epidemic model susceptible—infected—removed (S—I-R) is used. This is a
Markov process in which a closed population of size n is subdivided into
three classes consisting of those susceptible to the infection, those that are
infected and those that are removed (Isham, 1993). As we focus on the
economic consequences of the disease, this last health state is subdivided
into two classes: immune through vaccination, and dead through stamping
out or other non-disease causes. Herds are therefore classified into four
health categories: susceptible, infected, immune, and dead, denoted by the



set of health states H = {s,i,m,d}. We denote the numbers of herds in
these classes at date ¢ by S,, [, M, and D,, respectively, so that
S, +1I,+ M,+ D, =n. We assume that n =1 without loss of generality.
Thus S;, I;, and M, are the fractions of herds in health states s, i, and m at
date ¢. We refer to the fraction of infected herds I, as the prevalence of the
disease. The fraction of herds in health state # moving to state /' during
period ¢ is denoted Ay, (¢), where period ¢ starts at date + — 1 and ends at
date ¢.

When an animal epidemic occurs, health authorities always undertake the
SO strategy. Its implementation is characterised in the epidemic model by
the probability from state i to state d, A\z(¢). The higher this probability,
the more effective the strategy SO. The key transition rate of the epidemic
model is the probability that a susceptible herd becomes infected in period
t, A;(t). Because the disease is communicable, this probability is described
as the product of the disease prevalence at date t — 1, /,_1, and the dissemina-
tion rate (DR) in period ¢, denoted 3,. The DR represents the average number
of herds to which the disease agent is delivered by one affected herd, regard-
less of the state of the farm receiving the virus (Miller, 1979). Its size depends
on environmental factors, type of farming, animal movements, farmer
behaviour or disease control effects. Thus we can write

)\vi(t) = G- (1)
Animal health authorities can also decide to apply a vaccination programme
during period ¢ (v; = 1) or not (v, = 0). In the first case, all the susceptible
herds located in the control area and in the ring vaccination zone are vacci-
nated in one period. In addition, the vaccine is assumed completely effective
and consequently provides a permanent protection. Therefore, the vaccinated
herds move from state s to state m. The irreversibility effect of the vaccination
programme is thus due to the fact that the vaccinated herds have a permanent
immunity against the disease.

The aggregate animal disease dynamics are characterised by the evolution
of the number of herds in each health state through time with respect to the
implemented control strategy. They are established by the following deter-
ministic system:

S =1 =Xa)Si = (L= v, 1) 81 1S — v 1 (1= M) S, (2a)
L= (1= X))+ (1 = v0) B LS, (2b)
Mt+1 = (1 - )‘mzl)MI +UI+1(1 - )\\'(I>St' (2C>

This system is explained as follows. We assume that the transition rates are
constant over time, except for the rate of contamination. The change in the
fraction of susceptible herds is due to the exit of herds that become infected
during the period ¢+ 1, 5;,11,S,, or the exit of herds that become immune
as a result of the campaign of vaccination, (1 — A\y)S;, and the exit generated
by non disease-related mortality, A\,;S,. The change in the prevalence of
infected herds arises from the entry of newly infected herds and the exit



from the implementation of stamping out. If the SO strategy is effective, the
transition probability Ay is close to one.! The change in the fraction of
immune herds is caused by the entry of herds that are vaccinated. We
assume there is no natural immunity, A;,, = 0, because herds are slaughtered
before becoming immune. When the vaccination programme is undertaken in
period ¢, the fraction of susceptible herds S, for all 7 > ¢, equals zero. There-
fore, the fraction of immune herds is first equal to (1 — Ay)S; and then it
decreases at rate (1 — ;). Throughout the analysis, we assume that the
non-disease mortality rate is equal in health states s and m, i.e. Ayy = Ay = A

The main factor in the dynamics of the highly contagious disease is the DR.
This epidemiological parameter is very sensitive, i.e. a marginal change may
cause great changes in the spread of the disease and thus in the economic
consequences. As with all catastrophic events, little information about its
evolution over time is available. Nevertheless, the observed DRs provide
useful information about the spread of the disease, which allows animal
health authorities to forecast better the spread of the contagious disease
and, therefore, to apply an appropriate control strategy.

3.2. Learning and irreversible decision under uncertainty

To analyse the irreversibility effect of the vaccination programme on the
optimal dynamic decision-making process, we are considering a problem of
sequential decisions in a two-period model. We denote by y > 0 the net
production of a susceptible herd per period, / €10, y] the production losses
of an infected herd per period, /' €]0, /[ the production losses of an immune
herd per period, ¢ the cost of vaccination per vaccinated herd and F, the
fixed costs generated by the implementation of a vaccination programme at
period ¢, for t=1,2. The later the vaccination strategy, the larger the
number of vaccinated herds, the larger the delay to slaughter these herds
and, therefore, the larger the losses as a result of import bans. Formally,
this implies that F; < F,. These economic parameters are assumed to be
known with certainty. The value of the production of an infected herd is
therefore lower than for an immune herd, and the production of the slaugh-
tered herd is reduced to zero. Animal health authorities are assumed to be
risk-neutral and, therefore, the control strategy will be chosen to minimise
the expected present losses. The equations derived in the current model are
given in Appendix A.

Health authorities may apply a vaccination programme coupled with the
SO strategy at period 1 or period 2, named respectively early vaccination
and late vaccination, or they may just undertake the SO strategy. Therefore,
the decision-making process (v, v,) belongs to the following set:

{(v1,v3) /vy € {0,1} and vy € {0, (1 —v;)}}. (3)

1 This transition rate is never equal to unity because some infected herds can excrete the virus, and
thus contaminate susceptible herds, without having clinical signs. These different states of infec-
tion will be distinguished in the FMD simulation model.



If animal health authorities decide to vaccinate the susceptible herds in the
first period (v; = 1), then no herd needs to be vaccinated in the second
period (v, = 0). On the contrary, if the vaccination programme is not under-
taken in the first period (v; = 0), then health authorities have the option of
vaccinating the susceptible herds in the second period (v, = 1 or v, = 0).

Uncertainty is introduced in the epidemic model through the DR. The DR
in the first period is assumed to be known with certainty and it is equal to
01, whereas the second-period DR (3, is at present uncertain. This random
variable is assumed to have a two-point support. Either the disease will be
highly contagious, 3, = 8%, such that the late vaccination strategy is efficient
with respect to the first-period DR under this widespread epidemic, or it
will be weakly contagious, 3, = 85 < 8%, and as a consequence the SO
strategy is efficient with respect to the first-period DR under this small
epidemic. The policy maker evaluates the subjective probabilities of these
two states as p and (1 — p) respectively.

We define the critical second-period DR Bz such that animal health autho-
rities are indifferent to undertaking the vaccination programme or not in
period 2 when the SO strategy has been applied in period 1. It satisfies

(1= Xg+ BoSOL = 1(1 = NSy +1(1 = X)) + ¢Sy + F> (4a)

i
@)32:%1(1 )\)—i-lc—i—FQ/Sl (4b)
1
Wlth Sl = (1 — )\ — ﬂlIO)SO and I] = (1 — >‘id +61S0)]0.

Equation (4a) means that the expected losses when the SO strategy is
applied in period 2 (LHS term) are equal to the expected losses when a
campaign of vaccination is undertaken in period 2 (RHS term). The critical
DR (3, decreases as the prevalence level I; and the per period losses of an
infected herd / increase, and this DR increases with the sunk costs caused
by the vaccination programme /', ¢ and F,. Therefore we assume’

By < B < B (5)
Following Fisher and Hanemann (1987, 1990), we now consider two informa-
tion scenarios. In the first one, uncertainty about the second-period DR is not
resolved before the control strategy v, is chosen. In the second one, uncer-
tainty is totally resolved by the beginning of period 2 (see Figures 1 and 2).
Under these scenarios, the expected present losses over both periods are
defined as a function of the first-period decision v; € {0, 1}. The discount
rate is assumed to be equal to zero without altering the results. These cost
functions are respectively denoted C*(v;) when uncertainty is not resolved,
and C™(v;) when uncertainty is resolved.

2 Ifthe DRs 85 and 35 are greater than the critical DR, /3, then implementing a campaign of vaccina-
tion is always optimal. On the contrary, if both DRs are lower than the critical DR, then applying a
second-period vaccination strategy is never optimal.



periods: 1 2

dates: 0 I1 ?
Ly s v s

S{) Bl : v : 11 Bz = Bz ]2
I, chooses v, 0{0,1} chooses Y,
M,=0 My, 040,(1-v)} :

Figure 1. Decision process when uncertainty is not resolved before the second-period
choice.

In the first scenario, the expected present losses are
C*(Ul) = 111 + Z,Ml + (CSO + Fl)vl

min E[Ziz + Z/Mz + (CSl + Fz)’l)z]. (6)
v €{0,(1-v))}
The fractions of herds in health states are given by the epidemiological system
(2) where the DRs are equal to the deterministic value ) in period 1 and the
stochastic value 3, in period 2. When the campaign of vaccination is imple-
mented in the first period, the cost function is

C'(1) =1 (1= N2 = NS +1(1 = Xa)(2 = Ny + ¢So + Fy (7a)
and if the SO strategy is undertaken in the first period, it satisfies

c*(0) = [(1= NS +12 =Nl + ¢S+ F>if B, >
12 = Na + BaS)I if 6, < 5

with Sy = (1= XA = 811))So. I; = (1 = \ig + B1So) Iy and B, = pB3’ + (1 — p) 5.

The late vaccination programme is thus optimal if the expected second-
period DR f3, is higher than the critical DR Bz, and otherwise the SO strategy
is efficient. As animal health authorities are assumed risk-neutral, this
scenario is equivalent to the riskless problem where the second-period DR
is (,. It can be shown that, under this scenario, the late vaccination strategy
is dominated by the early vaccination strategy (see Appendix B). This

(7b)

periods: 1 )
dates: 0 ,1 %
! v 3 |
S, B, . v : S, E _y . S,
I, cchooses v, 0{0,1} ./, ~ chooses L
M,=0 M, v, 0{0,(1-v)} M,

Figure 2. Decision process when uncertainty is resolved before the second-period
choice.



assertion may not hold when the decision maker receives more and better
information about the spread of the disease.

In the second scenario, uncertainty is assumed to be totally resolved by the
beginning of period 2. Animal health authorities can exploit this information
before deciding to apply the vaccination programme. The expected present
losses over both periods satisfy

C™(vy) = I + I'My + (¢Sy + Fy)v,
+E{ min [1i2+/M2+(CS] +F2)U2]}. (8)
vy €{0,(1-v;)}

The campaign of vaccination undertaken in period 2, given that this strategy
is not applied in period 1, is socially efficient only if 3, = 54, and otherwise
the SO strategy is optimal. We have thus

cr()=C(1) (9a)
and

C™(0) =1L 4+ p{I'(1 = N)S; + (1 = Ng) Iy + ¢S\ + F»}

+ (1= p){I(1 = N+ B5S)} (9b)

Wlth Sl = (1 — A — ﬂ][g)So and I] = (1 — >\fd +ﬂ]S0)10.

The gain from being able to learn about the future spread of the disease,
called the quasi-option value of the vaccination programme, is thus expressed
in our model by

Q0 =C'(0) - C7(0) (10)

and, from equations (7b) and (9b), we obtain
Q:{u—m&VU—M+c+&mr4ﬁm if By >
—pSill (1= A) + ¢+ F, /S — 13 1}] if By < By

The quasi-option value can be rewritten in terms of the subjective probability
p as

(11)

Q_{U—m&VU—M+C+BNrJ%ﬂ]ﬁpiﬁ (12)

PSIIB T —1(1 =) — ¢ = F,/S)] ifp<p

with the critical probability p = (3, — 85) /(85 — %).

Given assumption (5), Q is unambiguously positive. When the probability
p is higher than the critical probability p, Q increases as the sunk costs of
vaccination increase, and as the prevalence level 7; and the per period produc-
tion loss of an infected herd decrease. When p < p, Q increases as the per
period loss of an infected herd and the prevalence level increase, and as the
per period loss of an immune herd and the sunk costs of vaccination decrease.
The quasi-option value Q is single peaked with Q increasing (decreasing)
for p < p (p > p). It reaches a maximum at p = p, in which case the two
expressions in (12) are identical.



The irreversibility effect of the vaccination programme is therefore based
upon two opposite effects. On the one hand, the costs caused by this control
strategy are sunk and thus irreversible. Delaying this strategy allows animal
health authorities to save these sunk costs if the epidemic turns out to be
small. This informational gain is measured by the quasi-option value Q. On
the other hand, delaying the decision to vaccinate may cause additional
cost [C*(0) — C*(1)], which is also irreversible. Therefore, the optimal control
strategy depends on the comparison of these two effects.

Implementing the vaccination programme in the first period, namely the
‘act then learn’ strategy, is thus optimal if the cost of waiting is larger than
the gain from waiting, i.e. C*(0) — C*(1) > Q. This means that animal
health authorities apply the ‘precautionary principle’. On the contrary,
postponing the decision to vaccinate, namely the ‘learn then act’ strategy, is
optimal if C*(0) — C*(1) < Q In this case, the late vaccination programme
will be undertaken if 3, = 3%, and the early vaccination campaign is thus
dominated by the late one. It is of interest that if the early vaccination pro-
gramme is optimal when uncertainty is totally resolved, then it is optimal
when uncertainty is not resolved because Q is always positive.

To investigate the impact on the optimal control strategy of epidemio-
logical and economic parameters, we have recourse to comparative static
analysis.

As [C*™(0) — C**(1)] increases with F, when (3, > (35, so also do the fixed
losses caused by the late vaccination programme and the propensity to
undertake the early vaccination programme. Furthermore, if the critical
second-period DR, f3,, is larger than the DR, 3, then the late vaccination
programme is never optimal. This entails that the larger the incubation
period of the disease, the later the resolution of uncertainty, and the weaker
the propensity to delay the irreversible decision to vaccinate.

[C*(0) — C*(1)] is shown to be increasing with B if 3, < (,. This
means that the animal health authorities are induced to undertake the early
vaccination programme when uncertainty is not resolved. The quasi-option
value Q also increases with 83 when 3, < 52. In addition, one can easily
show that these marginal changes are identical. This means that a change
in the DR 8% does not affect the optimal decision when uncertainty is totally
resolved.

When the low second-period DR, 5, increases, [C* (0) — C*(1)] increases if
By < ﬂz and otherwise it is invariant, and Q decreases if 5, > 3, and otherwise
it is invariant. Consequently, the higher 3%, the higher the propensity to
undertake the early vaccination programme when uncertainty is totally
resolved.

It follows that the larger the spread between 35 and (%, the more uncertain
the FMD spread and, therefore, the larger the quasi-option value. It should
be noted that if changes in DRs are such that they are both under or above
the critical DR Bz, then the quasi-option value becomes null.

All these findings are illustrated through simulated FMD outbreaks in
Brittany.



4. Simulation model of FMD losses in France

The modelling approach includes two sub-models. The epidemiological
model simulates the spread of the disease with respect to the control strategy
implemented by the animal health authorities. The economic model uses the
epidemiological results to estimate the direct and indirect economic impacts
on the affected region and on the French economy as a whole (Mahul and
Durand, 1998).

The epidemiological model generates outbreak scenarios and defines how
the FMD epidemic is likely to behave (see Figure 3). It is based upon a
deterministic state-transition model developed from a Markov chain. The
time step is half a week and the herds are the unit of concern. The standard
S—I-R model is decomposed according to the method of stages (Isham,
1993). First, the health state susceptible is subdivided into two stages. Suscep-
tible herds are exposed to contamination in the control area and they are
unexposed to contamination when they are outside. Moving between these
two states is due to the expansion of the control area as the FMD epidemic
spreads. Second, the period of infection is subdivided into three stages. The
incubation period is the time from exposure until the affected herd infects
others. The invasion period is defined as the period during which the affected
herd excretes the virus and contaminates susceptible herds without having
clinical signs. The clinical period is the time from which the affected herd
has clinical signs until it is slaughtered. Herds are therefore divided into
seven health categories: susceptible and non-exposed to contamination, suscep-
tible and exposed to contamination through the expansion of the control area,
incubation stage, invasion stage, clinical stage, immune through vaccination
and dead through stamping out. The probability that a vaccinated herd
becomes immune in one period is assumed to be equal to 0.9, contrary to
the previous theoretical model where this probability was implicitly assumed
to equal unity. Consequently, the vaccination programme lasts more than one
period and it is carried on until all the susceptible herds are vaccinated.

Vaccination

[ susceptible and non exposed J in the ring
—_—

entry in the control area

Vaccination in the control
area

susceptible and exposed )

- - dead

tamping out

clinical

Figure 3. Pathways considered in FMD state-transition model.
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From these epidemiological results, the economic model estimates the
impacts on regional and national economies. The estimated losses caused
by the FMD epidemic are divided into direct costs and indirect costs.
Direct costs are divided into (i) disease-control costs and costs of vaccination,
(ii) compensation payments payable for direct losses of livestock that are
slaughtered through the control strategy, (iii) incidental costs on non-infected
farms and in the control area as a result of movement restrictions, (iv)
decrease in value for vaccinated animals because of limited options of product
disposal and (v) incidental costs on meat manufacturing and milk manufac-
turing sectors. The direct costs (i) and (ii) are borne by the French government
(40 per cent) and by the European Union (60 per cent).

The indirect losses borne by the French economy are caused by the inter-
national trade restrictions. They depend upon the livestock and livestock
products subject to import bans, the duration and the region under these
bans. Products which may be subject to import bans are gathered into eight
categories: beef/veal and breeding cattle; pigmeat and breeding pigs; sheep/
goat meat and breeding sheep and goats; milk; butter and cream; cheese; con-
densed milk; and other dairy products. Among importing countries, the states
of the European Union and the non-EU countries are distinguished. There-
fore, the economic model allows us, for each category of products and each
group of countries, to define the type of import ban during the epidemic
(national, regional, none), the duration of the import ban after the eradication
of the disease from the affected region and the country. The consequences of
import bans on French economic sectors are assessed through a multisectoral
analysis that contributes to evaluating the changes in the exports of a given
sector on the French economy as a whole. Such an analysis is based on an
input—output model (Mahul and Durand, 1998).

This simulation model is used to estimate the quasi-option values of the
vaccination strategy under different scenarios when FMD outbreaks occur
in Brittany.3

5. Estimates of quasi-option values for FMD outbreaks
in Brittany

FMD outbreaks are simulated in Brittany, which is one of the major livestock
production regions in France. The livestock industries consist mainly of dairy
cattle and intensive pig farming. The number of cattle farms and pig farms is
respectively 25,000 and 11,000, which rear 2.4 million cattle and 7.4 million
pigs. Of these figures, 54 per cent of French pig farms and 13 per cent of
French dairy farms are located in Brittany. Agriculture accounts for 7.4 per
cent of the regional gross domestic product. Brittany exports pork, beef

3 These simulations are carried out with a computer model developed for the French Ministry of
Agriculture. It allows the decision maker to assess the direct and indirect economic consequences
of FMD outbreaks and, therefore, to select the optimal control strategy with respect to an
economic criterion.

11



and dairy products representing respectively 45 per cent, 13 per cent and 8 per
cent of French exports.

We assume that recent international initiatives regarding zoning in response
to FMD outbreaks and the delays until freedom from FMD is recognised
are observed by all the importing countries.* This means that the economic
consequences of this FMD epidemic affect only Brittany. If the vaccination
strategy is applied, vaccinated animals are assumed to be slaughtered in a
period of 2 months after the eradication of the disease. Therefore, import
bans are maintained 3 months after the eradication of the FMD epidemic if
the SO strategy is applied, and 5 months after the eradication of the FMD
epidemic if the vaccination campaign is undertaken. The set of products that
are subject to import bans are beef and breeding cattle, pork and breeding pigs,
sheep meat and breeding sheep, goat meat and breeding goats, and goat milk.

One pig farm is assumed to be infected at the start of the simulation.
Given the previous study on FMD dynamics in France (Mahul and
Durand, 1998), we will consider the following two scenarios of FMD dissemi-
nation. Under the optimistic scenario, animal health authorities are able to
limit the FMD spread, so that the vector of DRs per period is 8- =
{9.32;1.04;0.30;0.30...}. Under the pessimistic scenario, they have some
difficulties eradicating the disease and, therefore, the vector of DRs per
period is 4" ={9.32;1.04;0.48:0.48...}. The DRs are assumed known
with certainty during the two first periods, i.e. during the first week, with a
considerable downward jump between the first DR and the second one.
Uncertainty about the FMD dynamics is thus totally resolved during the
second week.

The animal health authorities undertake a strategy of stamping out (SO),
which can be coupled with an early vaccination programme applied in the
first week (SOEV) or with a late vaccination programme implemented in
the second week (SOLYV).

The epidemiological and economic impacts of these two strategies are simu-
lated and the results are shown in Appendix C.

Under the optimistic scenario, where 85 = 0.30, the SO strategy turns out
to be the least expensive. The FMD epidemic lasts 11.5 weeks after detection
and involves 222 affected herds, which means that 68,500 animals would be
slaughtered. The direct costs are 318 million French francs (mFF) of which
31 per cent are subsidised by the European Union. The regional losses,
which include the direct costs and the indirect costs borne by the regional
sectors, are 839 mFF for the breeding sector and 2229 mFF for the Breton
economy as a whole. If the SOEV strategy were carried out, these losses
would be 2859 mFF, i.e. 28 per cent higher than under the SO strategy. It
should be noted that the programme of late vaccination SOLV is more
expensive than that of early vaccination SOEV (+8 per cent).

4 Mahul and Durand (1998) have shown that the economic impacts of FMD outbreaks are very
sensitive to the reactions of the importing countries.
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Figure 4. Losses borne by the Breton economy with respect to the expected second-
week dissemination rate (DR), by control strategy.

Under the pessimistic scenario, where 85 = 0.48, the SOEV strategy is
optimal. The FMD epidemic lasts 6 weeks, 187 herds are infected and 1406
herds are vaccinated. The total losses borne by the Breton economy are
2912 mFF. They would increase by 8 per cent if the SOLV strategy were
applied and by 78 per cent if the SO strategy were carried out. The SOEV
strategy would result in a much shorter duration of the epidemic with respect
to the SO strategy, which would offset the additional delay of import bans in
order to slaughter the vaccinated animals.

The expected second-week DR 3, = pg3i + (1-p) (% is computed from the
decision maker’s subjective probability p € [0, 1] of the pessimistic scenario
occurring. We assume that animal health authorities select the control
strategy to minimise the net expected losses borne by the Breton economy
as a whole. These regional costs under each control strategy are shown in
Figure 4. Under the SO strategy, the regional costs vary from 2229 mFF to
5194 mFF. The losses caused by the SOEV and SOLYV strategies are globally
constant and they are respectively equal to 2900 mFF and 3100 mFF. The
critical second-week DR (3, is thus equal to 0.42. This means that the
regional losses as a result of the SO strategy are larger (smaller) than those
caused by the SOLV strategy if the expected second-week DR 3, is higher
(lower) than the critical DR ﬁz. From equation (10), the quasi-option value
O of the irreversible vaccination programme is expressed as a function of
the probability p. This gain from waiting for new information is then com-
pared with the cost of delaying the decision [C*(0) — C*(1)]. As we have
noticed in the theoretical model, the quasi-option value increases with
p < p where p = 0.65 in our illustration (see Figure 5), and then it decreases.
Its maximum level is 332 mFF, which equals 11.4 per cent of the losses caused
by the SOEV strategy. The cost of waiting increases with p until p = p and
then it is constant and equal to 235 mFF.
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Figure 5. Gain from waiting for new information Q and cost of delaying the irrever-
sible vaccination programme [C*(0) — C*(1)], with 35 = 0.30 and 5’ = 0.48.

If uncertainty is not resolved before making the second-week decision, then
the SOEV strategy is applied if [C*(0) — C*(1)] > 0, i.e. if the subjective prob-
ability p is higher than the critical probability p* = 0.55 (see Figure 5), and the
SO strategy is otherwise undertaken. In this case, delaying the vaccination
programme is never optimal because it only generates additional costs. If
uncertainty is totally resolved, the SOEV strategy is optimal if and only if
the cost of waiting is higher than the quasi-option value Q, i.e. if the subjective
probability p is higher than the critical probability p™* = 0.75. Therefore, the
resolution of uncertainty increases the critical probability from which the
SOEV strategy is optimal. This entails that if the subjective probability p is
in the interval [0.55;0.75], the SOEV strategy is optimal when uncertainty is
not resolved, whereas it is inefficient when uncertainty is totally resolved.
Consequently, the SOLV strategy is optimal if the pessimistic scenario
occurs, whereas the SO strategy is optimal under the optimistic scenario.

The optimal control strategy is also altered by the values of low and high
second-week DRs. To illustrate this fact, we consider three scenarios that
yield the same expected second-week DR, (3, = 0.43. In Option I, the
second-week DR is equal to 85 = 0.30 or 85 = 0.48. Animal health authori-
ties expect that a widespread epidemic will occur with probability p = 0.72. In
option II, the low second-period DR increases to 0.40 and the probability of
widespread outbreak is p = 0.38. In option III, the high second-week DR
decreases to 0.45 and the probability of widespread outbreak is p = 0.87.
Therefore, uncertainty about the disease dynamics is the most important
under option I. Simulations are shown in Table 1. If uncertainty about the
spread of FMD is not resolved, which means that the quasi-option value is
null, then it is decided to carry out the SOEV strategy because
[C*(0) — C*(1)] is positive. Let us assume now that uncertainty is totally
resolved before choosing the second-week strategy. Under option I, the
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Table 1. Gain of waiting Q and cost of waiting [C"(0) — C”(1)] with respect to second-
week DRs, with 8, = 0.43

Option | Option 11 Option 111
B =030, B =048, B =040, 67 =048, B =030, 87 =045,
p=0.72 p=038 p =087

0 (mFF) 252 126 117

[C*(0) — C*(1)] (mFF) 235 235 235

quasi-option value is 252 mFF. It is larger than the cost of waiting
[C*(0) — C*(1)] and, therefore, it is optimal to delay the decision to vaccinate.
Under option II, the quasi-option value Q, which equals 126 mFF, is lower
than the cost of waiting and, therefore, applying the SOEV strategy remains
optimal even if uncertainty is resolved. The same results are obtained under
option III. As noticed in the theoretical model, reducing the spread between
the second-week DRs, which is the case in options II and III, generates a
reduction of uncertainty, which yields a decrease of Q.

6. Conclusions

The concept of irreversibility has been applied to contagious animal disease
control under uncertainty. We have first developed a theoretical framework
based upon the standard epidemiological model S—I-R in which the gain
from waiting for new information about the disease spread, namely the
quasi-option value, has been introduced. Delaying the decision to vaccinate
is thus optimal if the quasi-option value is larger than the cost of waiting.
In this case, the ‘learn then act’ strategy prevails. On the contrary, the early
vaccination strategy is optimal if the quasi-option value is lower than the
cost of waiting and, therefore, the decision maker applies the ‘precautionary
principle’.

A simulation model of FMD epidemic in Brittany is used as an illustration.
A small epidemic would cause losses of 2229 mFF borne by the Breton econ-
omy as a whole if the strategy of stamping out were applied, and a widespread
epidemic would cause losses of 2912 mFF if the early vaccination strategy were
implemented. The maximum quasi-option value is estimated at 322 mFF. Our
results suggest that applying the early vaccination campaign is optimal if the
animal health authorities consider that the probability of a large epidemic is
higher than 55 per cent when uncertainty about the disease spread is not
resolved, and 75 per cent when uncertainty is totally resolved. Therefore, the
resolution of uncertainty reduces the propensity to undertake this early
vaccination strategy.

Nevertheless, these empirical results are regionally dependent because they
are based upon epidemiological and economic factors that vary strongly
according to region. Previous simulations have shown that Brittany may be
the only French region where the campaign of vaccination could be
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optimal under reasonable assumptions (Mahul and Durand, 1998). For
example, if FMD outbreaks occur in the Provence—Alpes—Cote d’Azur
region of southeastern France then, under the pessimistic scenario where
" = {6.47;2.20;0.48;0.48 ...}, the total losses borne by the regional econ-
omy should be equal to 66 mFF under the SO strategy, 132 mFF under the
SOEV strategy and 135 mFF under the SOLYV strategy. Implementing the
strategy of stamping out is thus less than half as expensive as undertaking a
campaign of early vaccination.

This article has emphasised the impact of information in selecting a
public control strategy for eradicating FMD outbreaks. Its objective is not
to support real-life decision making, but only to point out that not inte-
grating this informational parameter into the dynamic decision-making
process may lead animal health authorities to undertake the early vaccination
programme more often than they should. The irreversible effect has been
highlighted in a two-state model where uncertainty was totally resolved in
one period. A more realistic approach should consider this issue in a multi-
period stochastic model where active learning generated by the observations
on the state of the epidemic disease would convey information about
uncertainty and, therefore, it would contribute to resolving uncertainty over
time. This analysis seems all the more important as selecting an inadequate
control strategy may cause large additional losses. Further research should
expand this framework to other highly contagious diseases such as swine fever.
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Appendix A
Proof of equations (4)

When animal health authorities do not undertake the vaccination programme in period 2,
the losses in period 2 are caused only by the infected herds

1L = 1[(1 = NI + 511 S1] = 1(1 = Xy + Ba )1 (A1)
where the prevalence of the disease in period 2, I, is expressed in terms of the fractions of
susceptible herds and infected herds in period 1 through equation (2b) with v, = 0.
When animal health authorities decide to implement the vaccination strategy in period 2,
the losses in period 2 are due to the vaccinated herds, the herds infected during the previous
period and the vaccination costs

Z/Mz + 112 + CS] + Fz = //(1 — )\)Sl + l(l — Aid)ll + CS] +F2 (AZ)

by using respectively equation (2c) with M; = 0, as the vaccination programme was not
undertaken during the first period, and v, = 1, and equation (2b) with v, = 1. Comparing
equations (A1) and (A2) yields the critical second-period DR expressed in equation (4b).

Proof of equations (7)

In the first scenario, the expected present losses caused by the implementation of the vacci-
nation programme in the first period are

C* () =1L +I'M| + ¢Sy + F, + IEL +I'M, (A3)
with
= (1= Xa)lo (A4)
=(1-=X5S, (A5)
My = (1=X\)M; = (1-X)S, (A6)
EL = (1= NI = (1 - Xyl (A7)

where equations (A4)—(A7) are deduced from the deterministic system (2) with v; = 1 and
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vy = 0. Integrating equations (A4)—(A7) in equation (A3) yields
C (1) =[(1=N) + (1= N)2]So +1[(1 = Xig) + (1 = Xg)* 1y + ¢Sp + Fy
=T(1=XQ2—=NSy+1(1 = Xg)(2 = Ng)ly + ¢Sy + Fy. (AB)
If the vaccination strategy is not undertaken in the first period, i.e. v; = 0 and consequently
M, =0, it is implemented in period 2 if and only if 3, > 3,. From this, the two following

cases are derived.
When (3, < (3,, the expected present losses are

C*(0) = II, + IEL (A9)

with
EL = (1 =Xl + BSily = (1 = Mg + BoS)I, (A10)

which is derived from equation (2b) with v; = v, = 0. We thus obtain
C0) =12 = Ng + BaS1. (A11)
When 3, > (3, the expected present losses are

C*(0) =, + IEL +I'M, 4+ ¢S; + F, (A12)

with
EL = (1 -\, (A13)
M, =(1-X\)S, (A14)

which are derived from equations (2) with v; = 0 and v, = 1. Integrating equations (A13)
and (A14) in equation (A12) yields

C*(O) = lIl +1(1 — >\id)11 +l/(1 — )\)S] +CSI +F2
= l/(] — A)Sl +l(2 — Aid)]l +CS1 Jer (A]S)

Proof of equation (11)

The quasi-option value of the vaccination programme expressed in equation (10) is refor-
mulated using equations (7b) and (9b).
When (3, < 3,, it satisfies

Q = [l + (1 = Ng)Iy + 1B Sy 1] = [l + pl' (1 = NSy + pl(1 = Nig) Ty

+peSy +pFy + (1= p)I(1 = NI + (1 = p)IBESiTy]. (Al6)
After rearranging the terms and using the fact that 3 = pg¥ + (1- p)ﬂf, we obtain
Q=-pSill(1-X)+c+F/S —161]. (A17)

When £, < ﬁz, the quasi-option value satisfies
Q= [ +1(1 =X)L, +1'(1 = X)Sy + ¢Sy + By = [l 4 pl'(1 = N)S| + pl(1 = Xg)I,

+peSy + pFy + (1= p)I(1 = NI + (1= p)IBySiy]. (A18)
After rearranging the terms, we have thus
0= (1=p)Sill(1 =) + ¢+ Fy/S — 1B71]. (A19)

Appendix B

We define the critical DR, ﬁl, such that animal health authorities are indiﬁ"erer}t between
vaccinating in the first and second periods. Given equations (7), this value 3 satisfies
C*(1) = C*(0) with 8, > [3,, which implies

s 1L I(1=X)+ed—(F,—F)/S

51:I_O{I—C+l(1—)‘id)_1/(1—)\)} with 8; > 0.
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The denominator of the above expression is positive because the cost of vaccination is small
compared with the periodical infection losses, / > ¢, the probability that an infected herd
dies is higher than the probability that an immune herd dies, A\;; > A, and the losses as a
result of infection are higher than the losses caused by immunity, /' < /. DRs have been
observed to decrease over time (Miller, 1979), as a result of disease control effects and
increased awareness amongst stock owners. This implies that 8; > (,. If the campaign of
vaccination in period 2 is less expensive and thus more efficient than the SO strategy, i.e.
B> > B, we have the following inequalities:

l/(l—)\)+C+F2/S1 l,(1—>\)+C)\—(F2—F1)/S0
] T [l — )~ (- X))

The first inequality comes from the fact that 3, > £, and I; = Iy(1 — Ay + 31 S,) < I if the
strategy SO is effective, i.e. \;; is close to unity. The second inequality occurs because the
expected second-period DR is assumed greater than the critical one. The last inequality
holds if vaccination costs ¢ are low enough. The first and last terms of these inequalities
allow us to prove that 8; > ;. Consequently, we can conclude that if the campaign of
second-period vaccination is optimal, then it is optimal to vaccinate the susceptible herds
during the first period.

It should be noted that if the difference between the fixed vaccination costs AF = F, — F
is large enough, the critical DR Bl does not exist and the second-period vaccination pro-
gramme is always dominated by the first.

Bidy > Baly >

Appendix C

The size and impact of FMD epidemics under optimistic and pessimistic scenarios are
shown in Tables A1 and A2 respectively.

Table Al. Size and impact of FMD epidemics under the optimistic scenario, by control
strategy

SO SOEV SOLV
Duration (weeks) 11.5 5.5 6.5
Number of affected herds 222 159 179
Number of vaccinated herds 0 1434 1827
Percentage of region affected 8 4 5
Direct costs (mFF') 318 949 1181
French government’s subsidy (mFF) 66 231 288
EU subsidy (mFF) 100 347 431
Regional losses” (mFF)
Breeding sector 839 1299 1472
Agricultural sector’ 909 1376 1553
Meat and milk manufacturing 1064 1196 1239
Breton economy as a whole 2229 2859 3089

'Million French francs.

2Net of the French government and EU subsidies.

*Includes breeding sector.

SO, stamping out of infected herds; SOEV, stamping out of infected herds plus early vaccination in the control
area and in the ring vaccination zone; SOLV, stamping out of infected herds plus late vaccination in the control
area and in the ring vaccination zone.
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Table A2. Size and impact of FMD epidemics under the pessimistic scenario, by con-
trol strategy

SO SOEV SOLV
Duration (weeks) 39.5 6.0 7.0
Number of affected herds 554 187 227
Number of vaccinated herds 0 1406 1779
Percentage of region affected 34 4 5
Direct costs (mFF') 1149 968 1214
French government’s subsidy (mFF) 176 236 296
EU subsidy (mFF) 263 355 445
Regional losses” (mFF)
Breeding sector 2216 1323 1504
Agricultural sector® 2364 1402 1586
Meat and milk manufacturing 2282 1217 1260
Breton economy as a whole 5194 2912 3149

'Million French francs.

Net of the French government and EU subsidies.

*Includes breeding sector.

SO, stamping out of infected herds; SOEV, stamping out of infected herds plus early vaccination in the control
area and in the ring vaccination zone; SOLV, stamping out of infected herds plus late vaccination in the control
area and in the ring vaccination zone.
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