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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 comparison 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 probability of a widespread epidemic is not too high. A numerical example is developed for foot and mouth disease (FMD) in Brittany.

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±bene®t analysis is frequently used in animal health economics to evaluate alternative strategies for contagious disease control. This economic evaluation is extensively based on expected values of gains and losses [START_REF] Power | A cost±bene®t evaluation of alternative control policies for foot-and-mouth disease in Great Britain[END_REF][START_REF] Berentsen | A dynamic model for cost± bene®t analyses of foot-and-mouth disease control strategies[END_REF][START_REF] Garner | An evaluation of alternate control strategies for footand-mouth disease in Australia: a regional approach[END_REF], although the potential consequences of individual risk attitudes on the optimal dynamic decisionmaking process have recently been examined [START_REF] Dijkhuizen | Risk attitude and decision making in contagious disease control[END_REF][START_REF] Mahul | Economic consequences of the FMD epidemics and their public control in France[END_REF].

Animal epidemics are characterised by a low probability of occurrence and considerable potential losses aecting large numbers of herds. However, empirical data are typically scarce and therefore animal health authorities have little information about the eects 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. Nevertheless, uncertainty prevailing at a given time is resolved, at least partially, over time. The observed evolution of the disease allows animal health authorities 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 intensi®ed 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 [START_REF] Pindyck | Irreversibility, uncertainty, and investment[END_REF]. 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 aect 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 [START_REF] Arrow | Environmental preservation, uncertainty, and irreversibility[END_REF][START_REF] Pindyck | Irreversibility, uncertainty, and investment[END_REF], 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 brie¯y present the simulation model of the economic consequences of FMD in France (Section 4) and then evaluate the quasi-option value of the vaccination 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 ecient than the strategy of early vaccination if the subjective probability of a widespread epidemic occurring is not too high.

French policy on the control of FMD

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 [START_REF] Mccauley | Estimation of the physical loss in animals infected with foot-andmouth disease[END_REF]. Because of its ability to spread rapidly and to cause signi®cant 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 5 km 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 [START_REF] Donaldson | Foot-and-mouth disease: the risk for Great Britain after 1992[END_REF].

French policy on the control of FMD has been aected by recent international initiatives regarding zoning in response to outbreaks of major animal diseases such as FMD. When an FMD outbreak is successfully contained within a quarantine zone, exports of livestock and livestock products from elsewhere in the country will remain unaected, 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 (ii) 3 months after the slaughter of the last vaccinated herd if a campaign of vaccination is undertaken (Oce 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.

Flexibility, learning and irreversible control strategy

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

Disease dynamics

To study the eect 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 [START_REF] Isham | Stochastic models for epidemics with special reference to AIDS[END_REF]. 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 classi®ed into four health categories: susceptible, infected, immune, and dead, denoted by the set of health states H fs; i; m; dg. We denote the numbers of herds in these classes at date t by S t , I t , M t , and D t , respectively, so that S t I t M t D t n. We assume that n 1 without loss of generality. Thus S t , I t ,a n dM t are the fractions of herds in health states s, i, and m at date t. We refer to the fraction of infected herds I t as the prevalence of the disease. The fraction of herds in health state h moving to state h H during period t is denoted hh H t, where period t starts at date t ÿ 1 and ends at date t.

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, id t. The higher this probability, the more eective the strategy SO. The key transition rate of the epidemic model is the probability that a susceptible herd becomes infected in period t, si t. Because the disease is communicable, this probability is described as the product of the disease prevalence at date t ÿ 1, I t ÿ 1 , and the dissemination rate (DR) in period t, denoted t . The DR represents the average number of herds to which the disease agent is delivered by one aected herd, regardless of the state of the farm receiving the virus [START_REF] Miller | A state-transition model of epidemic foot-and-mouth disease[END_REF]. Its size depends on environmental factors, type of farming, animal movements, farmer behaviour or disease control eects. Thus we can write si t t I t ÿ 1 :
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Animal health authorities can also decide to apply a vaccination programme during period t v t 1 or not v t 0. In the ®rst case, all the susceptible herds located in the control area and in the ring vaccination zone are vaccinated in one period. In addition, the vaccine is assumed completely eective and consequently provides a permanent protection. Therefore, the vaccinated herds move from state s to state m. The irreversibility eect 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 deterministic system:

S t 1 1 ÿ sd S t ÿ1 ÿ v t 1 t 1 I t S t ÿ v t 1 1 ÿ sd S t 2a I t 1 1 ÿ id I t 1 ÿ v t 1 t 1 I t S t 2b M t 1 1 ÿ md M t v t 1 1 ÿ sd S t : 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 t 1, t 1 I t S t , or the exit of herds that become immune as a result of the campaign of vaccination, 1 ÿ sd S t , and the exit generated by non disease-related mortality, sd S t . 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 eective, the transition probability id is close to one. 1 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, im 0, because herds are slaughtered before becoming immune. When the vaccination programme is undertaken in period t, the fraction of susceptible herds S , for all ! t, equals zero. Therefore, the fraction of immune herds is ®rst equal to 1 ÿ sd S t and then it decreases at rate 1 ÿ md . Throughout the analysis, we assume that the non-disease mortality rate is equal in health states s and m, i.e. sd md .

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.

Learning and irreversible decision under uncertainty

To analyse the irreversibility eect 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, l P0; y the production losses of an infected herd per period, l H P0; l the production losses of an immune herd per period, c the cost of vaccination per vaccinated herd and F t the ®xed costs generated by the implementation of a vaccination programme at period t, 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 1 F 2 . 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 slaughtered 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 1 ; v 2 belongs to the following set:

fv 1 ; v 2 =v 1 Pf0; 1g and v 2 Pf0; 1 ÿ v 1 gg: 3
If animal health authorities decide to vaccinate the susceptible herds in the ®rst period v 1 1, then no herd needs to be vaccinated in the second period v 2 0. On the contrary, if the vaccination programme is not undertaken in the ®rst period v 1 0, then health authorities have the option of vaccinating the susceptible herds in the second period v 2 1orv 2 0. Uncertainty is introduced in the epidemic model through the DR. The DR in the ®rst period is assumed to be known with certainty and it is equal to 1 , whereas the second-period DR 2 is at present uncertain. This random variable is assumed to have a two-point support. Either the disease will be highly contagious, 2 H 2 , such that the late vaccination strategy is ecient with respect to the ®rst-period DR under this widespread epidemic, or it will be weakly contagious, 2 L 2 < H 2 , and as a consequence the SO strategy is ecient with respect to the ®rst-period DR under this small epidemic. The policy maker evaluates the subjective probabilities of these two states as p and 1 ÿ p respectively.

We de®ne the critical second-period DR 2 such that animal health authorities are indierent to undertaking the vaccination programme or not in period 2 when the SO strategy has been applied in period 1. It satis®es

l1 ÿ id 2 S 1 I 1 l H 1 ÿ S 1 l1 ÿ id I 1 cS 1 F 2 4a D 2 1 I 1 l H 1 ÿ c F 2 =S 1 l 4b
with S 1 1 ÿ ÿ 1 I 0 S 0 and I 1 1 ÿ id 1 S 0 I 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 2 decreases as the prevalence level I 1 and the per period losses of an infected herd l increase, and this DR increases with the sunk costs caused by the vaccination programme l H , c and F 2 . Therefore we assume2 

L 2 < 2 < H 2 : 5
Following Fisher andHanemann (1987, 1990), we now consider two information scenarios. In the ®rst one, uncertainty about the second-period DR is not resolved before the control strategy v 2 is chosen. In the second one, uncertainty is totally resolved by the beginning of period 2 (see Figures 1 and2). Under these scenarios, the expected present losses over both periods are de®ned as a function of the ®rst-period decision v 1 Pf0; 1g. The discount rate is assumed to be equal to zero without altering the results. These cost functions are respectively denoted C Ã v 1 when uncertainty is not resolved, and C ÃÃ v 1 when uncertainty is resolved.

In the ®rst scenario, the expected present losses are

C Ã v 1 lI 1 l H M 1 cS 0 F 1 v 1 min v 2 Pf0;1 ÿ v 1 g El Ĩ2 l H M 2 cS 1 F 2 v 2 : 6
The fractions of herds in health states are given by the epidemiological system (2) where the DRs are equal to the deterministic value 1 in period 1 and the stochastic value 2 in period 2. When the campaign of vaccination is implemented in the ®rst period, the cost function is

C Ã 1l H 1 ÿ 2 ÿ S 0 l1 ÿ id 2 ÿ id I 0 cS 0 F 1 7a
and if the SO strategy is undertaken in the ®rst period, it satis®es

C Ã 0 l H 1 ÿ S 1 l2 ÿ id I 1 cS 1 F 2 if " 2 ! 2 l2 ÿ id " 2 S 1 I 1 if " 2 2 ( 7b with S 1 1 ÿ ÿ 1 I 0 S 0 , I 1 1 ÿ id 1 S 0 I 0 and " 2 p H 2 1 ÿ p L 2 .
The late vaccination programme is thus optimal if the expected secondperiod DR " 2 is higher than the critical DR 2 , and otherwise the SO strategy is ecient. As animal health authorities are assumed risk-neutral, this scenario is equivalent to the riskless problem where the second-period DR is "

2 . It can be shown that, under this scenario, the late vaccination strategy is dominated by the early vaccination strategy (see Appendix B). This 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 ÃÃ v 1 lI 1 l H M 1 cS 0 F 1 v 1 E min v 2 Pf0;1 ÿ v 1 g l Ĩ2 l H M 2 cS 1 F 2 v 2 : 8
The campaign of vaccination undertaken in period 2, given that this strategy is not applied in period 1, is socially ecient only if 2 H 2 , and otherwise the SO strategy is optimal. We have thus

C ÃÃ 1C Ã 1 9a and C ÃÃ 0lI 1 pfl H 1 ÿ S 1 l1 ÿ id I 1 cS 1 F 2 g 1 ÿ pfl1 ÿ id L 2 S 1 I 1 g 9b with S 1 1 ÿ ÿ 1 I 0 S 0 and I 1 1 ÿ id 1 S 0 I 0 .
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 Q C Ã 0ÿC ÃÃ 0 10 and, from equations (7b) and (9b), we obtain

Q 1 ÿ pS 1 l H 1 ÿ c F 2 =S 1 ÿ l L 2 I 1 if " 2 ! 2 ÿpS 1 l H 1 ÿ c F 2 =S 1 ÿ l H 2 I 1 if " 2 2 :
( 11

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

Q 1 ÿ pS 1 l H 1 ÿ c F 2 =S 1 ÿ l L 2 I 1 if p ! p pS 1 l H 2 I 1 ÿ l H 1 ÿ ÿc ÿ F 2 =S 1 if p p ( 12 
with the critical probability p 2 ÿ L 2 = H 2 ÿ L 2 .
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 I 1 and the per period production 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 eect of the vaccination programme is therefore based upon two opposite eects. 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.O n the other hand, delaying the decision to vaccinate may cause additional cost C Ã 0ÿC Ã 1, which is also irreversible. Therefore, the optimal control strategy depends on the comparison of these two eects.

Implementing the vaccination programme in the ®rst 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 Ã 0ÿC Ã 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 Ã 0ÿC Ã 1 Q. In this case, the late vaccination programme will be undertaken if 2 H 2 , and the early vaccination campaign is thus dominated by the late one. It is of interest that if the early vaccination programme 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 epidemiological and economic parameters, we have recourse to comparative static analysis.

As C ÃÃ 0ÿC ÃÃ 1 increases with F 2 when " 2 ! 2 , so also do the ®xed losses caused by the late vaccination programme and the propensity to undertake the early vaccination programme. Furthermore, if the critical second-period DR, 2 , is larger than the DR, H 2 , 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 Ã 0ÿC Ã 1 is shown to be increasing with H 2 if " 2 2 . 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 H 2 when " 2 2 . In addition, one can easily show that these marginal changes are identical. This means that a change in the DR H 2 does not aect the optimal decision when uncertainty is totally resolved.

When the low second-period DR, L 2 , increases, C Ã 0ÿC Ã 1 increases if "

2 2 and otherwise it is invariant, and Q decreases if " 2 ! 2 and otherwise it is invariant. Consequently, the higher L 2 , the higher the propensity to undertake the early vaccination programme when uncertainty is totally resolved.

It follows that the larger the spread between H 2 and L 2 , 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 2 , then the quasi-option value becomes null. All these ®ndings are illustrated through simulated FMD outbreaks in Brittany.

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 aected region and on the French economy as a whole [START_REF] Mahul | Economic consequences of the FMD epidemics and their public control in France[END_REF].

The epidemiological model generates outbreak scenarios and de®nes 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 [START_REF] Isham | Stochastic models for epidemics with special reference to AIDS[END_REF]. First, the health state susceptible is subdivided into two stages. Susceptible 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 aected herd infects others. The invasion period is de®ned as the period during which the aected herd excretes the virus and contaminates susceptible herds without having clinical signs. The clinical period is the time from which the aected herd has clinical signs until it is slaughtered. Herds are therefore divided into seven health categories: susceptible and non-exposed to contamination, susceptible 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. 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 manufacturing 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 international 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; condensed milk; and other dairy products. Among importing countries, the states of the European Union and the non-EU countries are distinguished. Therefore, the economic model allows us, for each category of products and each group of countries, to de®ne 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 aected 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 [START_REF] Mahul | Economic consequences of the FMD epidemics and their public control in France[END_REF].

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

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 ®gures, 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 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. 4 This means that the economic consequences of this FMD epidemic aect 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 [START_REF] Mahul | Economic consequences of the FMD epidemics and their public control in France[END_REF], we will consider the following two scenarios of FMD dissemination. Under the optimistic scenario, animal health authorities are able to limit the FMD spread, so that the vector of DRs per period is L f9:32Y 1:04Y 0:30Y 0:30 FFFg. Under the pessimistic scenario, they have some diculties eradicating the disease and, therefore, the vector of DRs per period is H f9:32Y 1:04Y 0:48Y 0:48 FFFg. The DRs are assumed known with certainty during the two ®rst periods, i.e. during the ®rst week, with a considerable downward jump between the ®rst 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 ®rst week (SOEV) or with a late vaccination programme implemented in the second week (SOLV).

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

Under the optimistic scenario, where L 2 0:30, the SO strategy turns out to be the least expensive. The FMD epidemic lasts 11.5 weeks after detection and involves 222 aected 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).

Under the pessimistic scenario, where H 2 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 oset the additional delay of import bans in order to slaughter the vaccinated animals.

The expected second-week DR " 2 p H 2 1 ÿ p L 2 is computed from the decision maker's subjective probability p P0; 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 SOLV strategies are globally constant and they are respectively equal to 2900 mFF and 3100 mFF. The critical second-week DR 2 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 " 2 is higher (lower) than the critical DR 2 . From equation ( 10), the quasi-option value Q of the irreversible vaccination programme is expressed as a function of the probability p. This gain from waiting for new information is then compared with the cost of delaying the decision C à 0ÿC à 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. If uncertainty is not resolved before making the second-week decision, then the SOEV strategy is applied if C à 0ÿC à 1 ! 0, i.e. if the subjective probability p is higher than the critical probability p à 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 Ãà 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 0:55Y 0:75, the SOEV strategy is optimal when uncertainty is not resolved, whereas it is inecient 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, " 2 0:43. In Option I, the second-week DR is equal to L 2 0:30 or L 2 0:48. Animal health authorities 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 Ã 0ÿC Ã 1 is positive. Let us assume now that uncertainty is totally resolved before choosing the second-week strategy. Under option I, the quasi-option value is 252 mFF. It is larger than the cost of waiting C Ã 0ÿC Ã 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.

Conclusions

The concept of irreversibility has been applied to contagious animal disease control under uncertainty. We have ®rst 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 economy 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 optimal under reasonable assumptions [START_REF] Mahul | Economic consequences of the FMD epidemics and their public control in France[END_REF]. For example, if FMD outbreaks occur in the Provence±Alpes±Coà te d'Azur region of southeastern France then, under the pessimistic scenario where H f 6:47Y 2:20Y 0:48Y 0:48 FFFg, the total losses borne by the regional economy should be equal to 66 mFF under the SO strategy, 132 mFF under the SOEV strategy and 135 mFF under the SOLV 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 integrating 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 eect 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 multiperiod 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.

v 2 0. Integrating equations (A4)±(A7) in equation (A3) yields C Ã 1l H 1 ÿ 1 ÿ 2 S 0 l1 ÿ id 1 ÿ id 2 I 0 cS 0 F 1 l H 1 ÿ 2 ÿ S 0 l1 ÿ id 2 ÿ id I 0 cS 0 F 1 : A8

If the vaccination strategy is not undertaken in the ®rst period, i.e. v 1 0 and consequently M 1 0, it is implemented in period 2 if and only if " 2 ! 2 . From this, the two following cases are derived.

When " 2 2 , the expected present losses are

C Ã 0lI 1 lE Ĩ2 A9 with E Ĩ2 1 ÿ id I 1 " 2 S 1 I 1 1 ÿ id " 2 S 1 I 1 A10
which is derived from equation (2b) with v 1 v 2 0. We thus obtain C Ã 0l2 ÿ id " 2 S 1 I 1 : A11

When " 2 ! 2 , the expected present losses are

C Ã 0lI 1 lE Ĩ2 l H M 2 cS 1 F 2 A12 with E Ĩ2 1 ÿ id I 1 A13 M 2 1 ÿ S 1 A14
which are derived from equations (2) with v 1 0 and v 2 1. Integrating equations ( A13) and (A14) in equation (A12) yields C Ã 0lI 1 l1 ÿ id I 1 l H 1 ÿ S 1 cS 1 F 2 l H 1 ÿ S 1 l2 ÿ id I 1 cS 1 F 2 : A15 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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 12 Figure1. Decision process when uncertainty is not resolved before the second-period choice.
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 3 Figure 3. Pathways considered in FMD state-transition model.
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 4 Figure 4. Losses borne by the Breton economy with respect to the expected secondweek dissemination rate (DR), by control strategy.

Figure 5 .

 5 Figure 5. Gain from waiting for new information Q and cost of delaying the irreversible vaccination programme C Ã 0ÿC Ã 1, with L 2 0:30 and H 2 0:48.

Table 1 .

 1 Gain of waiting Q and cost of waiting C Ã 0ÿC Ã 1 with respect to secondweek DRs, with "

		2 0:43		
		Option I	Option II	Option III
		L 2 0:30, H 2 0:48,	L 2 0:40, H 2 0:48,	L 2 0:30, H 2 0:45,
		p 0:72	p 0:38	p 0:87
	Q (mFF)	252	126	117
	C Ã 0ÿC Ã 1 (mFF) 235	235	235

Table A2 .

 A2 Size and impact of FMD epidemics under the pessimistic scenario, by control strategy

		SO	SOEV	SOLV
	Duration (weeks)	39.5	6.0	7.0
	Number of aected herds	554	187	227
	Number of vaccinated herds	0	1406	1779
	Percentage of region aected	34	4	5
	Direct costs (mFF 1 )	1149	968	1214
	French government's subsidy (mFF)	176	236	296
	EU subsidy (mFF)	263	355	445
	Regional losses 2 (mFF)			
	Breeding sector	2216	1323	1504
	Agricultural sector 3	2364	1402	1586
	Meat and milk manufacturing	2282	1217	1260
	Breton economy as a whole	5194	2912	3149

1 Million French francs. 2 Net of the French government and EU subsidies. 3 Includes breeding sector.

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 infection will be distinguished in the FMD simulation model.

If the DRs H 2 and L 2 are greater than the critical DR, 2 , then implementing a campaign of vaccination 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.

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.

[START_REF] Mahul | Economic consequences of the FMD epidemics and their public control in France[END_REF] have shown that the economic impacts of FMD outbreaks are very sensitive to the reactions of the importing countries.
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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 lI 2 l1 ÿ id I 1 2 I 1 S 1 l1 ÿ id 2 S 1 I 1 A1

where the prevalence of the disease in period 2, I 2 , is expressed in terms of the fractions of susceptible herds and infected herds in period 1 through equation (2b) with v 2 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

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

Proof of equations (7)

In the ®rst scenario, the expected present losses caused by the implementation of the vaccination programme in the ®rst period are

where equations (A4)±(A7) are deduced from the deterministic system (2) with v 1 1 and

Proof of equation (11)

The quasi-option value of the vaccination programme expressed in equation ( 10) is reformulated using equations (7b) and (9b).

When " 2 2 , it satis®es

After rearranging the terms and using the fact that " p H 2 1 ÿ p L 2 , we obtain

When " 2 2 , the quasi-option value satis®es

After rearranging the terms, we have thus

We de®ne the critical DR, 1 , such that animal health authorities are indierent between vaccinating in the ®rst and second periods. Given equations (7), this value 1 satis®es
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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, l > c, the probability that an infected herd dies is higher than the probability that an immune herd dies, id ! , and the losses as a result of infection are higher than the losses caused by immunity, l H l. DRs have been observed to decrease over time [START_REF] Miller | A state-transition model of epidemic foot-and-mouth disease[END_REF], as a result of disease control eects and increased awareness amongst stock owners. This implies that 1 > " 2 . If the campaign of vaccination in period 2 is less expensive and thus more ecient than the SO strategy, i.e. "

2 > 2 , we have the following inequalities:

The ®rst inequality comes from the fact that 1 > " 2 and I 1 I 0 1 ÿ id 1 S 0 < I 0 if the strategy SO is eective, i.e. id 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 c are low enough. The ®rst and last terms of these inequalities allow us to prove that 1 !

1 . 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 ®rst period.

It should be noted that if the dierence between the ®xed vaccination costs ÁF F 2 ÿ F 1 is large enough, the critical DR 1 does not exist and the second-period vaccination programme is always dominated by the ®rst.

Appendix C

The size and impact of FMD epidemics under optimistic and pessimistic scenarios are shown in Tables A1 andA2 respectively.