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Sensitivity analysis to identify key parameters influencing Salmonella infection dynamics in a pig batch
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In the context of managed herds, epidemiological models usually take into account relatively complex interactions involving a high number of parameters. Some parameters may be uncertain and/or highly variable, especially epidemiological parameters. Their impact on the model outputs then must then be assessed by a sensitivity analysis, allowing to identify key parameters. The prevalence over time is an output of particular interest in epidemiological models, so sensitivity analysis methods adapted to such dynamic output are needed.

In this paper, such a sensitivity analysis method, based on a principal component analysis and on analysis of variance, is presented. It allows to compute a

A c c e p t e d m a n u s c r i p t 1 Introduction

Epidemiological models are useful tools for representing infection processes.

They are often used to predict the spread of a pathogen in a population or to assess the efficacy of control measures on that spread [START_REF] Diekmann | Mathematical epidemiology of Recherche Porcine[END_REF]. In managed systems such as pig herds, they usually couple the population dynamics and the pathogen transmission, to take into account the relatively complex interactions between demography, management and infection. In general, parameters governing the herd population dynamics are well known, even though they may exhibit some stochasticity due the variability among individuals in the batch. Their values and range of variation can be assessed from various data sources [START_REF] Itp | Le mémento de l'éleveur de porcs[END_REF][START_REF] Itp | Le porc par les chiffres 2006[END_REF]. In contrast, hostpathogen interactions are not so well known. This lack of knowledge induces uncertainty on the parameters involved in the herd infection processes. The impact of these uncertain and variable parameters on the pathogen spread can generally be best assessed by a sensitivity analysis, as analytical tractability in such complex models is not ensured. A sensitivity analysis describes the effect of parameter variations on model outputs. It identifies key parameters, i.e.

parameters that influence the outputs most, which is useful for modelling and control purposes: on the one hand, improving knowledge on these parameters increases the model accuracy; on the other hand, control measures acting on these parameters will have a greater impact on the outputs.

The prevalence of seropositive animals over time (seroprevalence trajectory) is an output of particular interest in epidemiological models, as control measures often aim at reducing the prevalence and may not be applied uniformly over time. Most sensitivity analysis methods are adapted to scalar outputs (Saltelli , 2000) and cannot be applied to such dynamic outputs. However, some methods have been developed to analyse time series outputs [START_REF] Campbell | Sensitivity analysis when model output are functions[END_REF]. They use classical statistical tools on variables that summarise the trajectory variability. The method developed by [START_REF] Lamboni | Multivariate global sensitivity analysis for discrete-time models[END_REF] is based on a principal component analysis applied to the trajectories. It maximises the information that is retained from the output variability. It has already been used to analyse various agronomic models and can easily be applied to an epidemiological model.

The control of Salmonella prevalence in pig herds is a major step to reduce the pork food chain contamination. Infected pigs are asymptomatic carriers that cannot be directly detected by observation. Serological and bacteriological detection methods do exist, but they cannot be systematically applied to all pigs sent to the slaughterhouse, for practical and economical reasons.

Moreover, Salmonella are ubiquitous bacteria that survive well in the environment [START_REF] Murray | Mathematical epidemiology of infectious diseases: model building, analysis and interpretation[END_REF]. Hence, eliminating the bacteria in a contaminated herd is not a very realistic goal. Control measures should rather aim at reducing the prevalence level. To achieve this goal, the parameters that influence the Salmonella spread and prevalence most need to be identified. A modelling approach coupled with a sensitivity analysis can be applied to identify these key parameters.

A simulation model representing the Salmonella spread within a farrow-tofinish pig herd implementing batch-farrowing management was developed by [START_REF] Lurette | Modelling salmonella spread within a farrow-to-finish pig herd[END_REF]. This model details both the sow and pig dynamics [START_REF] Lurette | Modelling batch farrowing management within a farrow-to-finish pig herd: influence of management on contact structure and pig delivery to the slaughterhouse[END_REF] and the Salmonella infection characteristics. In such a herd, sows are distributed in groups of equal size called batches and their reproductive cycles are synchronised. At regular intervals (usually three weeks),
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a batch of sows is inseminated and their weaned pigs are managed together as a batch until their slaughterhouse delivery. Each batch of pigs is usually housed in a separate room, which is decontaminated between two batches.

Batches of pigs may interact, mainly through batch mixing at the end of the finishing period. However, even if it occurs under normal pig growth conditions (i.e. adequate feed and no diseases affecting pig growth), it only concerns a low number of pigs [START_REF] Lurette | Modelling batch farrowing management within a farrow-to-finish pig herd: influence of management on contact structure and pig delivery to the slaughterhouse[END_REF]. Salmonella transmission is mostly due to indirect contacts among animals via their rearing room. Infected pigs shed the bacteria intermittently [START_REF] Kranker | Longitudinal study of Salmonella enterica serotype typhimurium infection in three danish farrow-A c c e p t e d m a n u s c r i p t to-finish swineherds[END_REF]; it is then transmitted to susceptible pigs by the oro-fecal route. Due to the limited contacts between batches, Salmonella transmission is stronger at the within-batch level.

So we chose to focus in this study on a single batch of pigs, from birth to slaughterhouse delivery.

The aim of this paper is therefore to identify the parameters that contribute most to the variability of the Salmonella seroprevalence in a batch of pigs, using a sensitivity analysis based on a principal components analysis. We will first describe the pig batch epidemiological model, followed by the sensitivity analysis. Then we will present and discuss the results obtained with this method.

Model description

We developed a stochastic model to represent the Salmonella transmission within a batch of pigs, from their birth to their slaughterhouse delivery. The model has a discrete one-week time step, which is suited both to the representation of the farmer task planning and to the epidemiological time scale.
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As the carriage of Salmonella in pigs is generally subclinic, the infection does not affect the pig demography. Hence, the pig batch model and the epidemiological model are first presented separately. They are then coupled by distributing the animals of the batch into the infection states. Finally, the parameters and initial conditions are described.

Pig batch model

Pigs in a batch are born simultaneously from a batch of sows at time t = 0.

The litter size L is fixed. Pigs pass through three growing stages during their lifetime, denoted by X, corresponding to the occupancy of three rooms: The mortality rate μ X is assumed to be constant in each growing stage X and differs between stages.

At each delivery time (usually every two weeks), producers send groups of finishers with a given slaughtering weight. As out-of-range pigs are sold at a lower price, they are kept in the herd until they reach the slaughtering weight or until their room needs to be emptied. t m = max k∈N {kΔt : kΔt 25} because the room needs to be emptied. The proportion of pigs delivered to the slaughterhouse at time t, calculated from the pig population P (t -1), is given by:

d(t) = ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 0 i ft < 22 or if t = kΔt, k ∈ N (not a delivery time), t t-Δt ϕ(s)ds 1- t-Δt 0 ϕ(s)ds if 22 t = kΔt < t m , k ∈ N (delivery time), 1 i ft = t m (room is emptied).
The number of pigs at time t is hence obtained from the following equations:

P (t) = ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ L if t = 0 (birth),
(1μ S )P (t -1) if 0 < t 4 (suckling period),

(1μ P W )P (t -1) if 4 < t 12 (post-weaning period),

(1μ F )(1d(t))P (t -1) if 12 < t 25, (finishing period).
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At each time step, mortality is assumed to take place first, so slaughterhouse deliveries are given by: D(t) = (1μ F )d(t)P (t -1).

Salmonella epidemiological model

The epidemiological model was developed by [START_REF] Lurette | Modelling salmonella spread within a farrow-to-finish pig herd[END_REF] effective quantity of Salmonella infectious units for each susceptible pig is:

q(t) = log(1 + Q(t)/P (t)
). The probability of infection for a susceptible pig is an increasing function of q with two thresholds:

f (q) = ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 0 i f q = 0, b 1 if 0 < q q 1 , b 1 + b 2 -b 1 q 2 -q 1 (q -q 1 ) if q 1 < q q 2 , b 2 if q > q 2 .
This semi-log sigmoid-like function is very similar to the classical dose-response relationships, very commonly used in pharmacokinetics. The number of susceptible pigs that become infected is calculated at each time step from the following binomial law: Bin(P (t, F ), f(q(t)).

The probability that a shedder pig becomes seropositive derives from the seroconversion delay λ 1 and is equal to: 1exp(-1/λ 1 ). Similarly, the probability that a seropositive shedding pig stops shedding Salmonella depends on the shedding period duration λ 2 (t). The shedding duration follows a lognormal distribution (with parameters λ 2α and λ 2σ , mean and standard deviation) and is recalculated at each time step t to account for environmental variability.

The probability that a seropositive carrier pig starts shedding again is β. As previously, the pigs which undergo a state change at each time step are drawn from binomial laws using these three individual transition probabilities.

Hence, we obtain the following system of equations, that describes the popu-
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lation evolution in the four health states:

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ P (t, F ) = P (t -1, F ) -Bin(P (t -1, F ), f(q(t -1))), P (t, Sh) = P (t -1, Sh) + Bin(P (t -1, F ), f(q(t -1))) -Bin P (t -1, Sh), 1 -exp -1 λ 1 , P (t, Shs) = P (t -1, Shs) + Bin P (t -1, Sh), 1 -exp -1 λ 1 -Bin P (t -1, Shs), 1 -exp -1 λ 2 (t -1) + -Bin(P (t -1, Cs), β), P (t, Cs) = P (t -1, Cs) + Bin P (t -1, Shs), 1 -exp -1 λ 2 (t -1) -Bin(P (t -1, Cs), β).
Finally, the Salmonella infectious units are subject to a degradation process at each time step with a fixed rate ν. They are incremented by the infectious units shed by seropositive and seronegative shedder pigs. The resulting dynamics of the Salmonella infectious units is the following:

Q(t) = (1 -ν)Q(t -1) + q e P (t, Sh) + q e π + P (t, Shs).
where q e is the shedding rate, i.e. the quantity of infectious units shed by a seronegative shedder pig, and π + is the shedding ratio between a seropositive and a seronegative shedder pig.

Coupling the models

The pig batch model and the epidemiological models are coupled as follows.

At each time step, mortality and slaughterhouse delivery are first applied uniformly over the four epidemiological states in the batch. The number of
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pigs in epidemiological state Y delivered to the slaughterhouse at time t is therefore :

D(t, Y ) = (1 -μ F )d(t)P (t -1, Y ); D(t) = Y D(t, Y
) is the total number of pigs delivered. Then the epidemiological transitions are drawn and finally the number of Salmonella infectious units is updated.

Some epidemiological transitions and parameters depend on the pig growing stage. The susceptibility of piglets to Salmonella infection is considered lower during the suckling period than during the other growing stages, due to a maternal protective immunity. So, during the suckling period S, the probability of infection f S (q) = εf (q), ε being a maternal protective factor (ε < 1); during all other stages X ∈ {P W, F }, f X (q) = f (q). The shedding rate also depends on the growing stage. Let q e be the shedding rate of a finisher pig and π X be the shedding ratio between a pig in stage X = S, P W and a finishing pig; the shedding rate in stage X is q e π X . Finally, piglets undergo a supplementary stress at weaning, which increases the probability β that a carrier pig starts shedding again. Denoting by γ the value of this probability at weaning time t = 5, at any other time, it is given by β = π β γ, with π β < 1.

Between two batches, rooms are cleaned and disinfected, but residual Salmonella may remain in the room. When piglets are born, the room can also have been contaminated by the sows. So when the pig batch enters each rearing room, the number of Salmonella infectious units is set to a residual value denoted Q X , X being the corresponding stage. The number of Salmonella infectious

A c c e p t e d m a n u s c r i p t

units is then given by the following equations:

Q(t) = ⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ Q S if t = 0 (birth),
(1ν)Q(t -1) + q e π S P (t, Sh) + q e π + π S P (t, Shs) if0< t 4 (suckling),

Q P W if t = 5
(weaning),

(1ν)Q(t -1) + q e π P W P (t, Sh) + q e π + π P W P (t, Shs) if 5 < t 12 (post-weaning),

Q F if t = 13 (finishing),
(1ν)Q(t -1) + q e P (t, Sh) + q e π + P (t, Sh) i f1 3< t 25 (finishing).

Model parameters and initial condition

The demographic parameters used for the pig herd model are known from the published performance data [START_REF] Itp | Le mémento de l'éleveur de porcs[END_REF][START_REF] Itp | Le porc par les chiffres 2006[END_REF] and are detailed in Table 1.

The epidemiological parameters, however, are not so well known. The information available is presented in Table 2.

At the beginning of the simulation, we assume that piglets are born Salmonella- values are given in Table 2. Slaughterhouse deliveries from the herd may occur every Δt = 2 weeks, starting at t = 0; so the room is emptied at t m = 25.

All simulations were performed using Scilab 4.0. 1

Sensitivity analysis

The aim of a sensitivity analysis is to define which parameters have the greatest impact on given model outputs. We chose two outputs. The first one is the Salmonella seroprevalence in the batch over time, from the piglet birth until , 2001;[START_REF] Beloeil | Longitudinal serological responses to Salmonella enterica of growing pigs in a subclinically infected herd[END_REF]. † [START_REF] Davies | Isolation of Salmonella serotypes from feces of pigs raised in a multiple-site production system[END_REF][START_REF] Nielsen | The serological response to Salmonella serovars typhimurium and infantis in experimentally infected pigs. The time course followed with an indirect anti-LPS ELISA and bacteriological examinations[END_REF][START_REF] Van Winsen | Monitoring of transmission of Salmonella enterica serovars in pigs using bacteriological and serological detection methods[END_REF][START_REF] Kranker | Longitudinal study of Salmonella enterica serotype typhimurium infection in three danish farrow-A c c e p t e d m a n u s c r i p t to-finish swineherds[END_REF][START_REF] Wong | Epidemiology and control measures for Salmonella in pigs and pork[END_REF]. ‡ [START_REF] Plachá | The effect of summer and winter seasons on the survival of Salmonella typhimurium and indicator micro-organisms during the storage of solid fraction of pig slurry[END_REF][START_REF] Boes | Survival of Escherichia coli and Salmonella Typhimurium in slurry applied to clay soil on a Danish swine farm[END_REF][START_REF] Nicholson | Pathogen survival during livestock manure storage and following land application[END_REF]. 

ψ(t) = Y ∈Shs,Cs P (t, Y ) P (t) .
The second output is the mean seroprevalence at slaughterhouse delivery, calculated as follows:

Ω = 25 t=22 Y ∈Shs,Cs D(t, Y ) 25 t=22 D(t)
As the demographic parameters are well known, we chose to perform the analysis on the epidemiological parameters given in Table 2, whose values are uncertain. We used a design of experiments to define which simulations to run.

Then the resulting outputs were analysed.

Design of experiments

The simulation model described in the previous section has 18 epidemiological parameters, also called "factors". To study the sensitivity of the outputs to these parameters, we used a factorial experimental design, with four parameter values, called "levels", per factor. As the model is stochastic, each combination of levels of factors, i.e. each parameter set or "scenario", was replicated 15 times. This number of replications was found to be largely sufficient to get robust results. It also allowed to obtain quite precise estimates of the variances between replications for each scenario.

A complete factorial design corresponds to 4 18 scenarios, that is 15 × 4 18 simulations, which is not feasible. Therefore, we used a fractional factorial design [START_REF] Kobilinsky | Les plans factoriels[END_REF][START_REF] Box | Statistics for experimenters: an introduction to design, data analysis, and model building[END_REF]. A resolution V design is orthogonal and
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it enables the estimation of main effects and two-factor interactions, assuming that the higher order interactions are negligible. A resolution V design for 18 factors can be obtained with 4096 scenarios, which corresponds to 61 440 simulations with 15 replications. The fractional factorial design we used was produced by the FACTEX procedure of the SAS 8.0/QC module.2 Alternative designs could have been used, in particular response surface designs [START_REF] Myers | Response surface metholology : process and product optimization using designed experiments, 2nd Edition[END_REF] or space-filling designs (Fang et al., 2006). In the present study, we gave priority to orthogonal and balanced designs.

Sensitivity analysis on the seroprevalence over time

To analyse the seroprevalences over time ψ(t) obtained with the fractional factorial design described above, we used a method developed by [START_REF] Lamboni | Multivariate global sensitivity analysis for discrete-time models[END_REF]. We only give here a short description of this method. The seroprevalence outputs can be represented in a N × p table denoted T , with N = 61 440 the number of simulations and p = 23 the number of seroprevalence output times (t = 2, . . . , 24). As the animals are born Salmonella-free at t = 0 and need a week for seroconversion when they become infected, ψ(0) = ψ(1) = 0 for each simulation; moreover, their room is emptied at t = t m = 25, so ψ(25) = 0. Hence, these times are not included in the analysis. This analysis was performed with the R software.3 

Sensitivity analysis on the mean seroprevalence at slaughterhouse delivery

An ANOVA was also performed to compare the influence of the 18 epidemiological parameters on the mean seroprevalence of delivered pigs Ω. It was calculated for each scenario defined by the fractional factorial design described above.

Results

We tested several sets of simulations with 10 replications per scenario. The sensitivity analysis was conducted on each set. Results were stable in terms of sensitivity index values and parameter order. Therefore, the 15 replications per scenario performed for this study ensure that the results are robust.

Influence of factors on the seroprevalence over time

At each time step from birth to slaughterhouse delivery and for each scenario, the average seroprevalence was calculated over the 15 replications performed for the sensitivity analysis. The percentiles of the average seropreva- Each boxplot is calculated over all replications of the 3 scenarios that are most closely associated with a given percentile. In the boxplots: outliers for the 10 th percentile (.,none), 50 th percentile ( * ), and 90 th percentile (•). Parameters are given in Tables 1 and2.

infection probability threshold, b 2 , the saturation infection probability. The residual contamination in the farrowing room, Q S and in the post-weaning room Q P W explain more than 10% of the inertia; q e , b 1 and ε, more than 5% each (Fig. 3-B). The cumulated sensitivity indices of the eight major main effects and two-factor interactions are higher than 70% (Fig. 3-C). For all epidemiological parameters, the contributions of their main effect and their two-factor interactions are comparable. However, only one interaction appears in the eight most sensitive terms: b 2 :q 1 .
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The second component only corresponds to 15.9% of the total inertia. On this component, the higher scores are attributed to simulations which exhibit higher contrasts between the beginning and the end of the simulation (Fig. 4-A). The parameters explaining more variability differ from the first component (Fig. 4-B). Two parameters contribute to ca. 40% of the inertia: ε, the maternal protective factor, and Q S , the residual contamination of the farrowing room.

Both are involved in the early infection of piglets. b 2 and q 1 , which govern the infection function, explain more than 10% of the inertia each. For all parameters, the contribution of the two-factor interactions is higher than the ε, q 1 or b 2 are included (Fig. 4-C).

The third component contribution is very low: 4.2%. It highlights the trajectories in which the seroprevalence during the intermediate time steps was very different from the beginning and end of the simulation (Fig. 5-A). As for the second component, interactions contribute more to the inertia than major effects; they are comparable for the most influential parameter Q F . The Q F total sensitivity is higher than 20% (Fig. 5-B). Parameters Q F , Q P W , q 1 and various two-factor interactions involving these three parameters as well as b 2 , q 1 and q e explained more than 47% of the variability (Fig. 5-C).
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The terms which had a higher than 5% effect on the seroprevalence at slaughterhouse delivery are, in descending order: q 1 (16.1%), b 2 (11.2%), b 1 (5.3%), three of the four parameters governing the infection probability function, and the residual room contaminations Q S (5.3%) and Q P W (5.2%). The statistical model explains only 62% of the variability of the output.

Discussion

The model developed in this study is a simplified version of a herd model, obtained by considering an independent pig batch that only interacts with the herd through residual room contaminations. It cannot take into account batch mixing. It corresponds to an all-in/all-out management system, which is the recommended and a frequent system under normal pig growth conditions, i.e.

when pig growth duration is not affected by any disease or other external factor. This batch model has allowed us to assess the Salmonella seroprevalence in a batch of pigs, from birth to slaughterhouse delivery and in the groups delivered to the slaughterhouse.

Sensitivity analyses were conducted to identify the parameters which had the greatest influence on the variability of these model outputs. The first analysis, performed on the seroprevalence over time, was more informative than the analysis performed on the seroprevalence at slaughter age. Other sensitivity analysis methods were used in previously published model describing the Salmonella spread within pig herds. Some graphically assessed the effect of infection probability variations on the seroprevalence of pigs at slaughter age A c c e p t e d m a n u s c r i p t [START_REF] Hill | Dynamics of Salmonella transmission on a British pig grower-finisher farm: a stochastic model[END_REF]. Others, in a meta-modelling approach, used a generalised linear mixed model to estimate the influence of epidemiological parameters on scalar outputs: the percentage of contaminated carcasses at the end of the slaughter process and their serological status (van der [START_REF] Van Der Gaag | A state-transition simulation model for the spread of Salmonella in the pork supply chain[END_REF]. In this study, we analysed the seroprevalence trajectories, estimating that the time variable would provide valuable information.

Sensitivity analyses rank sources of uncertainty and variability, according to their influence on the model outputs. These sources need not be restricted to model parameters. Here, they also included the variability among individuals in a batch, because it induces notable variations on the batch seroprevalence.

Results eventually showed that this individual variability had a negligible impact on the Salmonella seroprevalence variability compared to the epidemiological parameters. The range of values tested for these parameters was chosen especially broad to account for the uncertainty on these parameters and to emphasise their impact on the output variability. However, this result was not obvious. It highlights in the present case an urgent need for more accurate estimates of the epidemiological parameter values.

Several key epidemiological parameters were identified and can be grouped rate for a seronegative finishing pig q e and the maternal protective factor ε.

Their contribution was lower, but their impact cannot be neglected.

Infection probability function

The infection probability function seems

to have a major influence on the Salmonella infection dynamics. However, its four parameters do not have the same impact on the seroprevalence variability.

Actually, q 1 and b 2 , corresponding respectively to the lower threshold and the saturation infection probability, are the most sensitive parameters. This is consistent with a rapid growth of the quantity of Salmonella infectious units in a room. As the batch size does not vary much with time, this quantity Q(t)

increases with the effective quantity ingested by a pig q(t). In low contaminated rooms (q(t) q 1 ), the transmission remains low. Once the room contamination exceeds a given threshold (q(t) > q 1 ), the transmission increases rapidly and the infection probability reaches its saturation value (f (q(t) = b 2 ). Further investigation would be needed to define this function more accurately. The major influence of the infection probability had already been shown by [START_REF] Van Der Gaag | A state-transition simulation model for the spread of Salmonella in the pork supply chain[END_REF]: in this study, the rate of infection within a group of pigs was the most influential factor on the percentage of contaminated carcasses at the end of the slaughter process. Control measures which would reduce the probability for a susceptible pig to become infected would be very efficient.

They would involve: (i) a reduction of the contact rate between susceptible pigs and all sources of infection, by implementing a strict all-in/all-out housing system for instance; and/or (ii) a reduction of the probability of infection given such a contact, by acid feed (Farzan et al., 2006) or vaccination [START_REF] Roesler | Immunization of sows in an integrated pig-breeding herd using homologous inactivated Salmonella vaccine decreases the prevalence of Salmonella typhimurium infection in the offspring[END_REF].
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Residual room contaminations The residual room contaminations were, as expected, quite important for the prevalence, especially as they were used to introduce the infection in the batch. Globally, the farrowing and post-weaning room contaminations had more impact on the seroprevalence over time. The batch was usually already infected when it entered the finishing room, so the contribution of shedding pigs to the room contamination overpowered the residual contamination. The second component brought out particularly strongly the residual farrowing room contamination. As this component emphasised trajectories exhibiting strong differences in seroprevalence between the beginning and the end of the simulation, it is quite consistent. The influence of the room contamination has been previously shown [START_REF] Beloeil | Longitudinal serological responses to Salmonella enterica of growing pigs in a subclinically infected herd[END_REF] and it highlights the need of cleaning and disinfecting the room between batches. This result is consistent with experimental results that showed that pigs removed at weaning or at 10 weeks of age from their herd and placed in Salmonella-free facilities became Salmonella-free delivered pigs [START_REF] Dahl | Elimination of Salmonella Typhimurium infection by the strategic movement of pigs[END_REF]. Our study hence suggests that control measures should also concentrate on the residual room contamination, especially for the farrowing and the postweaning rooms. This goal could be reached by: (i) a better cleaning-disinfection process, (ii) reducing the quantity of Salmonella shed by infected pigs, and (iii)

reducing the survival of these bacteria in the environment (quicker removal of contaminated feces).

Shedding Control measures reducing the shedding duration were shown to be efficient by experimentation (e.g. with vaccination [START_REF] Roesler | Immunization of sows in an integrated pig-breeding herd using homologous inactivated Salmonella vaccine decreases the prevalence of Salmonella typhimurium infection in the offspring[END_REF], or with acid feed (Farzan et al., 2006;[START_REF] Van Winsen | Monitoring of transmission of Salmonella enterica serovars in pigs using bacteriological and serological detection methods[END_REF]). However, in the range of variation tested here, the shedding duration did not have a great range of variation for this factor, between 0 and 1, because not only is its value uncertain, its existence remains to be demonstrated. The transmission from sows to piglets seems to be a critical point for the initial contamination of pig batches [START_REF] Lurette | Modelling salmonella spread within a farrow-to-finish pig herd[END_REF]. However, little evidence was found in the literature to support the existence of a maternal protective factor due to passive immunity. Indeed, even if passive immunity has been found in piglets [START_REF] Proux | Development of a complete ELISA using Salmonella lipopolysaccharides of various serogronps allowing to detect all infected pigs[END_REF], no experiments have yet shown a potential protection induced by this immunity. Other authors modelling Salmonella spread within growerfinisher herds considered active immunity and represented either a complete immunity for a short period (10 days) following the infection [START_REF] Hill | Dynamics of Salmonella transmission on a British pig grower-finisher farm: a stochastic model[END_REF], or a partial immunity for the seropositive animals (van der [START_REF] Van Der Gaag | A state-transition simulation model for the spread of Salmonella in the pork supply chain[END_REF].

We also attributed a partial immunity to the seropositive health states by reducing the shedding rate of seropositive animals (π + ). Additional data concerning the potential protective effect of maternal antibodies or post-infection antibodies are however needed to investigate these matters further. birth and weaning, seems to be the critical point of the Salmonella spread within a pig batch, and possibly within a herd. Literature reported that the prevalence of Salmonella at slaughter age resulted from the late infection of pigs in cases of multi-site herds [START_REF] Davies | Isolation of Salmonella serotypes from feces of pigs raised in a multiple-site production system[END_REF][START_REF] Nielsen | The serological response to Salmonella serovars typhimurium and infantis in experimentally infected pigs. The time course followed with an indirect anti-LPS ELISA and bacteriological examinations[END_REF].

Actually, the serotype identified at the slaughterhouse differed from those found in the breeding and in the multiplying herds. In this study, the birth and the growth of pigs take place at the same place. Moreover, other observed data exhibit a correlation between the sow herd Salmonella status and the finishing pigs status [START_REF] Nollet | Distribution of Salmonella strains in farrow-to-finish pig herds: A longitudinal study[END_REF], which tends to support our findings.

Conclusion

This first work has allowed us to identify key parameters in Salmonella transmission from a model describing the Salmonella spread within a pig batch: first came parameters involved in the infection probability function, then parameters related to the room contamination, and finally the Salmonella shedding rate and maternal protective factor. We deduced from these findings that efficient control measures should focus on reducing: (i) the probability of infection, like for instance acid feed, and vaccination; and (ii) the residual room contamination, especially for the farrowing room, with a better cleaning-disinfection process, or a quicker removal of contaminated feces. This study also highlighted directions that should be further investigated to better understand the pathogen spread and control it better, such as the potential protective effect of maternal antibodies or post-infection antibodies. Given that the residual contamination of the rearing rooms and the early infection of piglets were shown to have quite an impact on the pathogen spread, it would be interesting to 

  (i) the suckling stage, a 4-week period from birth to weaning (X = S, D S = 4), takes place with the sows in the farrowing room; (ii) the 8-week post-weaning period (X = P W, D P W = 8) takes place in the post-weaning room; (iii) the finishing stage takes place in the finishing room and lasts up to 14 weeks (X = F, D F = 14) . The number of pigs in the batch at time t ∈ {0, 1, . . . , 25} is given by P (t). At each time step, the number of pigs decreases because of mortality and, at the end of the finishing stage, because of slaughterhouse delivery.

  free. So P (0, F ) = L and P (0, Y ) = 0 for Y = F . Contamination of the batch is initiated by the residual Salmonella infectious units in the rooms Q Y . Their

1

  Scilab, a free scientific software for numerical computations: http://www. scilab.org/

  . The seroprevalence corresponds to the proportion of seropositive shedding and carrying pigs in the batch. It is calculated at each time step by:

A

  principal component analysis (PCA) with N individuals and p variables is performed on this table T . It consists in an eigenvalue decomposition of the matrix of correlations between the columns of T , T T , where T is obtained by centring and normalising each column of T . Let u 1 denote the first eigenvector largest eigenvalue. The first component u 1 thus obtained is the linear combination of the variables that explains the maximum of variability -or inertia -among the simulations. The second component is the second best combination to explain the variability, conditionally on being orthogonal to the first component, etc. Usually, four components are enough to explain most of the variability among the simulations. In this study, only three components were needed.As a result of the PCA, each simulation corresponding to a line in table T is given a "score" on each component. For the first component, it corresponds to the scalar product of u 1 and the corresponding line of the T matrix. The scores are similarly obtained for each subsequent component. Each simulation is hence described by a scalar value called score for each component.An ANOVA was then performed on the simulation scores for each of the first three principal components, to compare the influence of the 18 epidemiological factors on the seroprevalence. The model included all main effects and all twofactor interactions. Sensitivity indices and total sensitivities were calculated for each component i ∈ {1, 2, 3}. The sensitivity index SI i w associated with each factorial term w (main effect or interaction) is defined as the ratio between the sum of squares associated with that term and the total sum of squares. The total sensitivity T S i f is given for each factor f by the sum of the sensitivity indices corresponding to that factor; it gives the contribution of the factor and its two-factor interactions(Saltelli et al., 2000).These indices describe the impact of the epidemiological parameters on the seroprevalence output. To assess the impact of the model stochasticity, which represents the variability among individuals in the batch, an extra sensitivity index RS i was calculated for each component i as the ratio of the sum of squares within scenario summed over all scenarios to the total sum of squares.

Fig. 1 .

 1 Fig.1. Percentiles of the average seroprevalence at each time step (lines) and seroprevalence variability between replicates (boxplots). At each time step, percentiles are calculated across the 4096 seroprevalences averaged over the 15 replications per scenario: mean (plain line), 10 th percentile (dotted line, superposed with the abscissa axis), 50 th percentile (dashed line), and 90 th percentile (dash-dotted line).

Fig. 2 .

 2 Fig. 2. Contribution to the total inertia of the seven first principal components: component contribution (black) and total inertia explained by the seven first components (grey). P C X is the X th component.

Fig. 3 .C

 3 Fig. 3. Sensitivity analysis on the seroprevalence over time: results of the ANOVA performed on the simulation scores of the first component (inertia: 78.0%). -A Loadings defining the component for each time variable (in abscissa). B Total sensitivities T S 1 f for the 18 epidemiological parameters f ranked in descending order; sensitivities are split in main effect (black) and two-factor interactions (grey). C Sensitivity indices SI 1 w of the eight main factorial terms w (main effects or interactions) in descending order; individual (black) and cumulated (grey) contributions.

Fig. 4 .C

 4 Fig. 4. Sensitivity analysis on the seroprevalence over time: results of the ANOVA performed on the simulation scores of the second component (inertia: 15.9%). -A Loadings defining the component for each time variable (in abscissa). B Total sensitivities T S 2 f for the 18 epidemiological parameters f ranked in descending order; sensitivities are split in main effect (black) and two-factor interactions (grey). C Sensitivity indices SI 2 w of the eight main factorial terms w (main effects or interactions) in descending order; individual (black) and cumulated (grey) contributions.

Fig. 5 .C

 5 Fig. 5. Sensitivity analysis on the seroprevalence over time: results of the ANOVA performed on the simulation scores of the third component (inertia: 4.2%). -A Loadings defining the component for each time variable (in abscissa). B Total sensitivities T S 3 f for the 18 epidemiological parameters f ranked in descending order; sensitivities are split in main effect (black) and two-factor interactions (grey). C Sensitivity indices SI 3 w of the eight main factorial terms w (main effects or interactions) in descending order; individual (black) and cumulated (grey) contributions.

  in three categories. The first category consists of q 1 , b 2 and b 1 , which govern the infection probability function. These parameters are the most influential ones, as together they explained more than 40% of the first component inertia (two-factor interaction not included), the first component representing more than 78% of the total inertia. In the second category, parameters related to the room contamination, Q P W , Q S , and Q F are found. Their contribution to the seroprevalence variability appeared in the top eight of the first three components. The third and last category contains the Salmonella shedding

  seroprevalence variability. Therefore, further experiments should rather concentrate on the shedding quantity than on the shedding duration. Maternal protection A partial maternal protection was represented by lowering the probability of infection for piglets during the first four weeks of life. The maternal protective factor had an intermediate influence in the first component and a major effect in the second component. We used a large

  [START_REF] Hill | Dynamics of Salmonella transmission on a British pig grower-finisher farm: a stochastic model[END_REF] and[START_REF] Van Der Gaag | A state-transition simulation model for the spread of Salmonella in the pork supply chain[END_REF] highlighted the importance of the infection prevalence in weaner pigs and then the importance of the transmission between sows and their piglets on the slaughterhouse delivery seroprevalence. Our study has shown that early infection, occurring between

  of these parameters within a farrow-to-finish herd where sows and pigs are housed together and where batch mixing can occur between batches[START_REF] Hébert | Modalités de conduite en bandes en élevage porcin: effets sur les contacts entre animaux[END_REF]. model building, analysis and interpretation. Wiley Series in Mathematical and Computational Biology. Wiley. Fang, K.-T., Li, R., Sudjianto, A., 2006. Design and modeling for computer experiments. Computer Science and Data Analysis Series. Chapman & Hall/CRC, Boca Raton, FL. Farzan, A., Friendship, R., Dewey, C. E., Warriner, K., Poppe, C., Klotins, K., 2006. Prevalence of Salmonella spp. on Canadian pig farms using liquid or dry-feeding. Prev. Vet. Med. 73 (4), 241-254.Fravalo, P., Cariolet, R.,Proux, K., Salvat, G., 2003. Le portage asymptomatique de Salmonella enterica par les porcs : résultats issus de la constitution d'un modèle en conditions expérimentales. In: 35èmes Journées de la

  

Table 1

 1 Demographic parameters used in the batch model.

	Name Description	Value
	D S	Duration of the suckling period	4 weeks *
	D P W Duration of the post-weaning period 8 weeks *
	D F	Duration of the finishing period	14 weeks *
	μ S	Mortality rate for suckling pigs	0.01 week -1 †
	μ P W	Mortality rate for post-weaning pigs 0.005 week -1 †
	μ F	Mortality rate for finishing pigs	0.002 week -1 †
	a α	Mean age at slaughtering weight	25.5 weeks *
	a σ	Standard deviation -	1.5 weeks

* * from (ITP, 2000). † from (ITP, 2006).

Table 2

 2 Epidemiological parameters used in the batch model.

	Name Description	Values tested
	q 1	Lower infection probability threshold	1, 2, 3, 4 log(S.i.u.)
	q 2	Saturation infection probability threshold	4, 4.7, 5, 6 log(S.i.u.)
	b 1	Lower infection probability	10 -7 , 10 -6 , 10 -4 , 10 -2
	b 2	Saturation infection probability	0.05, 0.1, 0.3, 0.5
	λ 1	Seroconversion delay	1, 2, 3, 4 weeks *
	λ 2α	Shedding period duration: mean	1, 3, 6, 10 weeks †
	λ 2σ	Shedding period duration:standard deviation	1, 2, 3, 4 weeks
	γ	Probability of shedding reactivation due to stress 0.1, 0.2, 0.4, 0.6
	π β	Ratio: shedding reactivation / γ	0.1, 0.4, 0.7, 1
	ε	Maternal protective factor	0, 0.1, 0.3, 1
	ν	Salmonella degradation rate	0, 0.3, 0.5, 0.8 week -1 ‡
	q e	Shedding rate for seronegative finishing pigs	10 2 , 5.10 3 , 10 5 , 5.10 6
			S.i.u.(week) -1
	π S	Ratio: shedding rate for suckling pigs / q e	0.1, 0.2, 0.4, 0.6
	π P W	Ratio: shedding rate for post-weaning pigs / q e	0.1, 0.2, 0.4, 0.6
	π +	Ratio: shedding rate for seropositive pigs / q e	0.1, 0.4, 0.7, 1
	Q S 0, 10 Q P W Residual contamination: farrowing room Residual contamination: post-weaning room 0, 10 2 , 10 4 , 10 6 S.i.u.
	Q F	Residual contamination: finishing room	0, 10 2 , 10 4 , 10 6 S.i.u.

2 , 10 4 , 10 6 S.i.u. S.i.u.: Salmonella infectious units. * from (van Winsen et al.
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