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The viability of eradicating bovine viral diarrhoea (BVD) in Scottish suckler herds is dependent on the continued compliance with eradication schemes. At the farm level, the costs of BVD have been identified in previous studies and show a substantial financial imperative to avoid infection. At a regional level the incentives of BVD eradication to individuals are unclear, for example the requirement for vaccination strategies despite achieving disease-free status. Ensuring farmer compliance with an eradication scheme is therefore difficult. Experience of eradicating BVD from beef-dominated areas is limited

and theoretical models have tended to focus on the dairy sector. Here we present a stochastic epidemiological model of a typical beef suckler herd to explore the interaction of a farm with a regional pool of replacements, utilising information from a BVD virus seroprevalence survey of Scottish beef suckler herds. Our epidemiological model is then used to assess the relative costs to individuals assuming different regional endemic prevalences, which are used to represent the likelihood of BVD re-introduction. We explore the relative cost of BVD, taken as likelihood and consequence, at an endemic steady state in contrast to previous models that have assumed the introduction or control of BVD in an epidemic state (e.g. a closed and mostly susceptible population). Where endemic, BVD is unlikely to affect all farms evenly and will cost most farmers very little due to herd immunity or self-clearance of the virus. Compliance is likely to be boosted by pump-priming to initiate and complete eradication schemes with cost-sharing.

Introduction

Bovine viral diarrhoea (BVD) is an endemic livestock disease causing substantial economic losses in dairy and beef cattle herds worldwide (Bennett and Ijpelaar 2005).

The biggest losses occur through reduced fertility and the generation of persistently infected (PI) animals that are a source of continued infection and can suffer high mortality from the development of mucosal disease [START_REF] Brownlie | Clinical aspects of the bovine virus diarrhoea/ mucosal disease complex in cattle[END_REF]Roeder and Drew 1984). BVD virus (BVDV) causes immunosuppression [START_REF] Chase | The immune response to bovine viral diarrhea virus: a constantly changing picture[END_REF], predisposing animals to a wide range of disease and resulting losses will often be attributed to secondary causes. As a consequence, economic as well as animal health impacts of BVD are often underestimated in herds with endemic infection.

A comparative study of the economic challenge of BVD in several European countries or regions [START_REF] Gunn | Assessing economic and social pressure for the control of bovine viral diarrhoea virus[END_REF], suggests that the UK may be at a relative disadvantage both in terms of the current challenge from BVD and in the costs to individual farmers of unilateral attempts to establish and maintain disease freedom. This highlights the need for a more detailed study of the economics of BVD at regional rather than just at individual farm level. Regional control has tended to focus on areas dominated by the dairy industry. This is not the case in Scotland, which has a much larger beef sector and where there is limited practical experience of eradicating BVDV from beef herds, although some success has been had on the Shetland and Orkney islands [START_REF] Synge | The control of bovine virus diarrhoea virus in Shetland[END_REF].

Based on the guidance of the OIE (2008), we use a risk analysis framework to integrate studies from complimentary disciplines to explore the feasibility of a regional eradication A c c e p t e d M a n u s c r i p t 4 scheme in the context of Scottish beef suckler herds. [START_REF] Mcinerney | Old economics for new problems -Livestock disease: Presidential address[END_REF] has suggested that the marginal costs of an eradication scheme might increase considerably towards the end as prevalence decreases and it becomes more difficult to find and eliminate the last and most intransigent infected herds. The problems experienced on the Shetland islands during the eradication of BVD [START_REF] Synge | The control of bovine virus diarrhoea virus in Shetland[END_REF]) lend weight to this argument. Marginal costs at the start of an eradication programme may also be higher as maintaining diseasefree herds will be more expensive while regional prevalence, and thereby challenge, of BVDV remains high [START_REF] Gunn | Assessing economic and social pressure for the control of bovine viral diarrhoea virus[END_REF]. At both extremes of the scheme farms are, therefore, less likely to either embark on or comply with the protocol because the balance of 'risks' is less favourable than mid-way through the programme. Identification of the relative cost, or their inverse benefits, to individuals and to the public (i.e. a wider farming community) may enable appropriate 'beneficiary pays' cost sharing to pumpprime an eradication scheme at its start and end. However, estimates of the potential extent of this effect are needed to inform policy.

We explore the financial incentives to control BVD, as an individual farm or a region and the identification of the 'beneficiary' who ought to pay based on the level of endemic disease. Endemic disease represents both the status quo, that which is accepted as the norm, and then by reducing the prevalence it represents stages of an eradication scheme which aims to reduce prevalence of disease to zero. For this purpose, we present a stochastic model of a typical Scottish beef suckler herd that interacts with a regional pool of replacement animals of known BVDV prevalence. Previous models [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF][START_REF] Innocent | A computer simulation of the transmission dynamics and the effects of duration of immunity and survival of persistently infected animals on the spread of bovine viral diarrhoea virus in dairy cattle[END_REF][START_REF] Viet | A model of the spread of the bovine viral-diarrhoea virus within a dairy herd[END_REF]) have dealt with the incentives to control BVDV on Here we present a model of a farm that introduces animals from an external source to explore the longer term consequences of different likelihoods of reintroducing BVDV. Our model also explores the endemic state of BVDV, at which point there is an approximately stable prevalence of infected herds even though for any given farm the incidence of BVDV is very low.

Materials and Methods

Data

BVD seroprevalence in Scotland

The starting point for an eradication programme is to identify the prevalence level in order to assess the scale of the challenge and to establish a benchmark from which to estimate the changing marginal benefits of eradication postulated above. This study is based on the results of a survey estimating the national prevalence of active BVDV herd infection in Scottish beef suckler herds [START_REF] Brülisauer | Prevalence of bovine viral diarrhoea in Scottish beef suckler herds[END_REF].

A survey comprising 301 beef suckler herds, stratified by geographic region and herd size, was carried out in 2006-2007. Blood samples were taken from a randomised sample of between seven and ten youngstock (6 -16 months old) from each management group within the enterprise. Samples were tested by BVDV antibody ELISA and information gathered on farm characteristics and herd management factors using a standardised questionnaire.

A c c e p t e d M a n u s c r i p t 6 One third of beef suckler herds showed evidence of recent BVDV exposure, with at least one animal testing BVDV seropositive. Sixteen percent (95CI: 11.6, 19.7%) of herds had youngstock with a seroprevalence of more than 90%. This group therefore showed evidence for recent active BVDV infection and presently or in the past harbouring a PI animal.

Modelling

Epidemiological modelling

Following [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF], we modelled a typical Scottish 100 cow beef suckler herd, using a state transition approach for the BVDV dynamics in an age stratified population.

Our stochastic simulation model was designed to account for the small finite population of beef cattle and featured a daily, rather than annual, time step to allow greater emphasis on the timing of (re-)introduction of BVDV via the purchase of animals. These features allowed us to better explore the importance of variability in the timing and likelihood of introduction of infectious animals from off-farm relative to rebreeding and other significant management activities on-farm. We modelled BVDV dynamics on a single typical farm using no BVDV control measures, which interacted with a regional pool of herds that were the source of replacement animals. The proportion of animals in each of the mutually exclusive disease states (susceptible, S; transiently and persistently infected/infectious, TI and PI respectively; and immune animals, R) on the farm was dynamic based on the assumptions in Table 1.

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

[Table 1]

Regional pool properties

The regional pool was designed as a collection of replacement animals and modelled as a separate set of disease-state classes. Both the number of animals and the prevalence of BVDV in the regional pool were assumed to be static during a given model scenario. The rationale was to mimic the risk of BVDV infection/re-infection to which an individual farm is exposed when buying replacements from a large pool of other farms (the region) assuming an endemic (i.e. steady) prevalence of BVDV equal to, or below, the current level. The regional herd in this model represented any large collection of available animals from a local cooperative to a national herd that can be assumed to have relatively stable, endemic, BVDV prevalence. The assumed stability of disease is supported by the apparent consistency of BVDV prevalence across different countries [START_REF] Houe | Epidemiological features and economical importance of bovine virus diarrhoea virus (BVDV) infections[END_REF], suggesting that in spite of the management, spatial and temporal heterogeneity, BVDV is relatively stable at a regional level.

We modelled different scenarios, each assuming a different prevalence of PIs in the regional pool, thus the probability of acquiring a PI was a function of the regional prevalence of PIs. The rest of the animals in the regional pool were assumed to be susceptible. This assumption served two functions; first it represents the worst-case scenario of buying either highly infectious PI animals, which are considered the primary source of BVDV on farms [START_REF] Houe | Epidemiological features and economical importance of bovine virus diarrhoea virus (BVDV) infections[END_REF], or susceptible animals that can then become A c c e p t e d M a n u s c r i p t 8 infected and do not contribute to the herd immunity. The presence of antibodies are not necessarily an indicator of immunity as they can arise from vaccination and they are not a reliable indication of the disease status of offspring which can be infected as foetuses before the cow recovers and develops an immune response. Second, complications associated with the changing risks of buying-in susceptible, immune, transiently infected or PI animals as an eradication programme progresses are eliminated. Although this level of complexity is involved in practice, we felt that the key driver would be the likelihood of purchasing PIs in an endemic situation.

Farm herd properties

Individual cows were modelled to utilise the higher temporal resolution of this model compared to [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF], which modelled age cohorts. Cohorts were still retained for heifers and calves, but the individual level was deemed more appropriate for breeding cows since this allowed a more detailed exploration of the specific timing of transient infection during pregnancy and thus the probability of different outcomes of foetal infection (see the supplementary information for further details). We assume that the population is managed to maintain an approximately constant number of breeding cows (100) [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF]), and stochastic fluctuations in the population size simulate additional births, deaths or management decisions to replace individual animals. We have assumed that deaths not directly attributable to BVD are accounted for in proportion to the population replaced during management activities (i.e. to maintain a constant population size). These additional deaths may include both mortality from A c c e p t e d M a n u s c r i p t 9 unrelated causes and secondary infection resulting from BVDV induced immunosuppression [START_REF] Brownlie | Pathogenesis and Epidemiology of Bovine Virus Diarrhea Virus-Infection of Cattle[END_REF].

Additional mortality resulting directly from persistent infection with BVDV is explicitly modelled. We have assumed an exponential probability of death capturing both those that are born weak and thereby predisposed to secondary pathogens and the mortality resulting from mucosal disease in older PIs (Duffell and Harkness 1985). Mortality was calculated according to the age of PIs reported by [START_REF] Rüfenacht | Prevalence of cattle infected with bovine viral diarrhoea virus in Switzerland[END_REF] using the best fitting exponential distribution (mean age of 342.3 days). This approximation produces similar results to those observed by Duffell and Harkeness (1985) with 65% of PIs dying in their first year and 20% surviving to 18 months [START_REF] Houe | Age Distribution of Animals Persistently Infected With Bovine Virus Diarrhea Virus in 22 Danish Dairy Herds[END_REF]. It is worth commenting that [START_REF] Rüfenacht | Prevalence of cattle infected with bovine viral diarrhoea virus in Switzerland[END_REF] reported the age of animals observed rather than their age of death, therefore if incorrect, the longevity of PI animals is underestimated (see the supplementary information).

In our model, cows were put to the bull for a fixed period of 85 days approximately following the upper limit of the recommend window for maximal productivity given by [START_REF] Caldow | Veterinary Intervention in the Reproductive Management of Beef Cow Herds[END_REF], and the probability of becoming pregnant was uniform within this period.

A proportion, 15%, of adult cows was replaced each year assuming an average herd life of seven years [START_REF] Sac | Farm Management Handbook 28th Edition[END_REF]. Replacements were home-bred in the first instance. The availability of home-bred replacements was dependent on the number of calves (and A c c e p t e d M a n u s c r i p t 10 thereby heifers) retained at the point when calves were sold and replacements potentially bought. If there were insufficient calves to meet the needs of the replacements, as resulted from stochastic fluctuations around the mean population size at the point of weaning, an appropriate number of animals were bought from the regional herd. In accordance with the prevalence survey, it was assumed that 80% of replacements were in-calf as this strategy (and cows with calf-at-foot) represents a major risk of (re-)introducing BVD onto the farm and thus are the most conservative worst-case estimates of marginal benefits. Replacement animals were assumed to be heifers, because it was deemed a more common strategy to replace older animals with younger ones where possible since younger animals would be worth more over time.

BVDV transmission

Transmission was based on [START_REF] Viet | A model of the spread of the bovine viral-diarrhoea virus within a dairy herd[END_REF] who modelled a dairy herd using a proportionate mixing term to describe the probability of encountering an infectious animal as a proportion of the herd. We assumed that in a suckler herd all animals ran together [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF]) and therefore the probability of interacting with PIs from different age cohorts were equally likely. The daily mean probability of BVDV transmission was the proportion of PIs in the age cohort multiplied by the force of infection (i.e. the rate at which susceptible animals get infected), 0.5 [START_REF] Viet | A model of the spread of the bovine viral-diarrhoea virus within a dairy herd[END_REF]).

Similarly, virus transmission by transiently infected animals was assumed to be the proportion of TI animals and a force of infection of 0.03 [START_REF] Viet | A model of the spread of the bovine viral-diarrhoea virus within a dairy herd[END_REF]. As used by [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF], the initial conditions of the model was a population with a single PI cow, ten TI cows and eight TI heifers along with a further 89 susceptible cows and 18 susceptible heifers.

Models were run for different regional PI prevalence scenarios (5-0% in 0.05 decrements) in order to cover a range of possible stages of BVDV prevalence from an endemic state and through to eradication. The simulation was run for thirty years, which allowed the first 15 years to be disregarded as the burn-in period and reach a representative steady state (i.e. endemic BVDV). Each scenario was repeated 1000 times to account for stochastic variation.

Economic modelling

The cost of disease health and labour consequences were derived from Stott and Gunn (2008). The cost of BVD was partitioned into five components, namely: (1) the cost of an abortion from a transiently infected cow, (2) the cost of a weak calf from a transiently infected cow, (3) the cost of a PI calf (from a TI or PI cow), (4) the cost of transient infection in calves and (5) the cost of a PI cow. The cost of an embryonic re-absorption A c c e p t e d M a n u s c r i p t 12 return to service, which constituted the sixth cost in the Stott and Gunn (2008) model was not calculated in this model. This was because the daily time step used in this model meant it was possible to account for the delay in rebreeding and hence in calving via the costs attributed to the calf rather than the cow. Therefore, including the costs of delayed conception would then constitute double counting. More detailed exploration of the interaction between BVD and infertility in suckler cows is undertaken by Varo Barbudo et al. (2008). We also excluded the fixed cost of immunosuppression in calves included by Stott and Gunn (2008) on the grounds that there is insufficient information to establish how this might vary with regional prevalence of BVDV. Our objective was to establish how the marginal cost (rather than absolute cost) of BVD changes as regional prevalence alters at different stages of an eradication programme. The costs of BVD in each run of the simulation model were summarised as the sum of all costs given above in years 15 to 30 of the simulated epidemic, discounted in the normal way (Boehlje and Eidman 1984) so that the total discounted costs (TDC) were expressed in present value terms. The discount factor used was 0.05 as in previous economic impact assessments of BVD in Scottish beef suckler herds [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF]Stott and Gunn 2008). As cashflows were summed across years 15 to 30 of a simulated epidemic to represent the endemic disease situation and then discounted to present values for comparative purposes they were not comparable with published costs and benefits that are concerned with the more immediate costs of BVD in the early phases of an epidemic. Furthermore, our interest was in the relative incentive to deal with the disease under different regional epidemiological circumstances. Absolute costs are, in any case, dependent on price A c c e p t e d M a n u s c r i p t 13 assumptions made, which are likely to date quickly. For these reasons, we expressed all our financial results relative to the lowest TDC obtained.

For simplicity, any costs were incurred when the animal/event occurred. Whilst the cost of replacing a PI cow that is suffering mucosal disease (i.e. the loss of the cow, the cost of replacing an animal and additional labour and veterinary costs) may occur some years after the PI cow comes onto the farm, in this model the charge was noted at the point of occurrence to avoid double counting BVD related costs.

Results

The initial conditions of the model had a dramatic impact on the first 5 years of each iteration, however, these effects were negligible after 10 years. This outcome was in accordance with the observation of previous simulation models that observed selfclearance of BVDV after 7 years [START_REF] Humphry | Modelling BVD at herd level compared with individual animal level[END_REF]. We only, therefore, consider the last 15 years of the simulation (i.e. the first 15 years are discarded) such that we only explore the endemic (steady) state of BVDV infection in the modelled herd.

The median incidence of PIs, that is the average number of PIs occurring on the farm per year, was a linearly function of the regional prevalence of PIs (p <0.001) (Figure 1).

[Figure 1] A c c e p t e d M a n u s c r i p t 14 The median proportion of simulation time (years 15 to 30) for which BVDV was active (i.e. a non-zero count of PIs or TIs in the herd) was linearly related to the regional prevalence of PIs (p <0.001). There was a strong correlation between the proportion of time BVDV was active and the incidence of PIs in the herd (r 0.972), although the correlation decreased as the regional prevalence of PIs increased and the variability of time active BVDV increased, ranging from an inter-quartile range of 0.20 of simulation time with no PI re-introductions, to 0.58 with a PI prevalence of 5%.

[Figure 2] Assuming that each iteration of the simulation could be treated as a uniquely realised farm, comparison was made between the regional PI prevalence scenarios and the result of the seroprevalence survey for validation of the model results (Figure 2). The seroprevalence survey identified three herd cohorts: seronegative herds, herds with low seroprevalence (1-8 animals seropositive and a median within herd prevalence of 0.3) and high seroprevalence (9 or 10 animals seropositive and a median within herd prevalence of 0.9). Each of 1000 iterations of each of the regional prevalence scenarios were categorised into similar cohorts based on a single spot sample of youngstock taken in year 15, effectively replicating the seroprevalence spot sample with the model data. The simulated spot sample identified the proportion of youngstock (calves) in the immune (R) class just as the serology identified the immune status of real livestock. The distribution of herd seroprevalence for each scenario (columns 2-12 on Figure 2) was then compared to the distribution of farm seroprevalence results from the survey (first column on Figure ). The best-fitting (i.e. least significant difference, p = 0.0396) regional PI prevalence was 2.5%. This is within the range of previous estimates for PI prevalence from other studies (in other countries, e.g. [START_REF] Rüfenacht | Prevalence of cattle infected with bovine viral diarrhoea virus in Switzerland[END_REF]).

[Figure 3] The regional prevalence of PIs, rather than the herd seroprevalence (as defined by the simulated seroprevalence sampling), dominated the relative TDC due to BVDV (Figure 3). For clarity, the different regional PI prevalence scenarios were grouped into three broad groups of high, medium and low prevalence, within which were the simulated herd seroprevalence spot samples. The TDC for each region and herd grouping was compared to the mean of the lowest TDC (low regional PI prevalence and low herd seroprevalence).

The TDC in regions of high PI prevalence is as much as 7.3 times the value in regions with low PI prevalence. This result holds irrespective of the herd seroprevalence category. The variance of the TDC is a consequence of the variable epidemiological outcomes, and reflects the processes of infection, self-clearance and re-infection, or a failure to self-clear BVDV. Re-infection into susceptible herds dramatically increases the cost of BVDV in the low prevalence scenarios, increasing the costs as much as 7 times the mean for less than a quarter of holdings whilst the median cost is zero (most farms have self-cleared BVDV and subsequently not re-introduced PIs). A higher proportion (>25%) of farm iterations did not achieve a zero cost in the high regional prevalence A c c e p t e d M a n u s c r i p t 16 scenarios. The range of TDC is highest in the high PI prevalence scenarios, with an interquartile range of as much as 2 to 10 times the mean TDC of the low prevalence scenarios.

Discussion

BVDV infection has been shown to be costly to individual farmers, though the financial argument at the farm level in mainland Scotland is apparently inadequate to persuade farmers [START_REF] Gunn | Assessing economic and social pressure for the control of bovine viral diarrhoea virus[END_REF] to embark upon systematic control as has been adopted in other regions [START_REF] Lindberg | The control of bovine viral diarrhoea virus in Europe: today and in the future[END_REF].

The results of simulating BVDV dynamics using the initial conditions was highly variable and produced results that contrasted markedly with results of the endemic state of BVDV in subsequent years of the simulation. This observation challenges the reliance on previous models [START_REF] Cherry | Evaluation of bovine viral diarrhea virus control using a mathematical model of infection dynamics[END_REF][START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF][START_REF] Innocent | A computer simulation of the transmission dynamics and the effects of duration of immunity and survival of persistently infected animals on the spread of bovine viral diarrhoea virus in dairy cattle[END_REF][START_REF] Viet | A model of the spread of the bovine viral-diarrhoea virus within a dairy herd[END_REF]) that have reported findings for which interpretation should be restricted to 'epidemic' BVDV, that is to say, the spread of BVDV in a wholly susceptible population.

In Scotland, BVDV is considered an endemic disease and modeling farms that interact with one another and thereby retain a variable degree of herd immunity, is more realistic than a susceptible and closed herd. The nature of stochastic models may also yield variable results at the outset of a simulation that do not adequately represent patterns that form later in the model as the simulation begins to equilibrate. This is a danger if a sufficient burn-in period is not used and also if it is not discarded from subsequent analysis.

A c c e p t e d M a n u s c r i p t 17 Modelling with the possibility of BVDV re-introduction via replacements is something novel in BVDV literature, which has tended to focus on closed herds. The dynamics presented here do not capture the trading patterns of any given farm, and are in fact rudimentary. They do, however, allow for the potential re-introduction of BVDV through interaction with an external source of infection. In the case that the trading, here described as purchasing replacements, is deemed inadequate, the principal of interacting with a wider environment may be interpreted as any introduction of PI animals. Future work will undoubtedly focus on the interaction of farms, given that for individuals there is already a known financial imperative to act. Examination of the role of neighbours, and therefore the necessity to cooperate is now required.

The regional prevalence of PIs dominated the financial consequence of BVDV in this simulation. This was a surprising result given the high cost to a single farm [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF]) and the potential for BVDV to linger in herds for protracted periods of time [START_REF] Brownlie | Pathogenesis and Epidemiology of Bovine Virus Diarrhea Virus-Infection of Cattle[END_REF]. However, previous studies both observational [START_REF] Stahl | Self-clearance from BVDV infections -A frequent finding in dairy herds in an endemically infected region in Peru[END_REF] and simulated [START_REF] Humphry | Modelling BVD at herd level compared with individual animal level[END_REF] have identified the natural extinction of BVDV. This process, dubbed 'self-clearance' (Lindberg and Houe 2005) is likely to reduce the prevalence of BVDV in a closed system, however the re-introduction of infection will either maintain a low level of virus circulating or produce repeated epidemic outbreaks.

For any given farm the classification derived from the spot test would change over time, thus the prevalence for the population of farms would be consistent and for the individual farms would fluctuate. At low regional prevalence of PIs the chance of re-introducing infection is low (or zero) such that the cost of BVDV to the region is negligible as farms A c c e p t e d M a n u s c r i p t 18 successively self-clear. At higher regional prevalence the regional cost is much higher because farms are more prone to re-introducing BVDV. Given the regional cost of BVDV there is a strong financial incentive for regions, over and above individual holdings, to cooperate to eradicate BVDV. This is an interesting finding since for individuals there may be high disease cost, but then the vast majority (almost 70% in Scottish Beef suckler herds) are BVDV-free and then have no cost. The increase in the variability of the TDC for the high regional PI prevalence suggests that the cost of BVDV across the region became more widely distributed across herds, as more herds showed a sustained cost of endemic BVDV over the 15 years of the simulation and fewer herds sustained a disease-free status. Wholly susceptible farms are, however, at risk of epidemic BVDV, which has been shown to incur high costs [START_REF] Gunn | Modelling and costing BVD outbreaks in beef herds[END_REF]). This dramatic, but brief cost was reflected by the very high TDC for a small minority of farms (<5%) even in the low regional prevalence scenarios compared to highly skewed distribution of zero cost (~95%), which skewed the mean cost for the whole region to a non-zero amount.

If BVDV is therefore treated as a regional cost, irrespective of any given individual herd's disease status, then encouraging participation and compliance with an eradication scheme may require pump-priming. With two thirds of farms not currently suffering costs of disease ensuring their active involvement would likely necessitate regional investment (where a region is deliberately left undefined). When BVDV is reduced to low levels modelled here (~0.5% of the population as PIs) the issue is more to do with compliance, A c c e p t e d M a n u s c r i p t 19 as the proportion of farms with active infection drops to less than 5%. The precise balance of cost-sharing may depend on the scale of the eradication and the mixture of cattle enterprises. Cost-sharing would also require scaling as an eradication scheme progresses since unlike the models presented here, the prevalence of PIs in the regional pool would be a function of the eradication scheme rather than a static risk of BVDV reintroduction.

Conclusions

We have presented a model of endemic BVDV that has explored the increased persistence of this disease on a farm that interacts with a region. Within any given region, for many farms BVDV may not incur a cost given that there is no active transmission of the virus, however the consequence of re-introduction of BVDV to a fully susceptible herd is epidemic BVDV infection with associated increased costs.

The disease status of any single herd may fluctuate over time, but when iterations were aggregated based on the prevalence scenario, the risk of (re-)introduction of BVDV appears relatively stable assessed across many farms with a similar regional prevalence and has a linear function with the regional prevalence of PIs.

BVDV can be considered a public issue beyond the financial incentives for individuals to manage the disease. At a regional level, BVD costs all individual farmers (the mean cost to farmers in the region) in higher proportions than the seroprevalence on any given holding. This is likely to result from the dynamic nature of the disease and the balance of There is a pressing need for greater data to parameterise and structure models for the beef suckler cow industry as most current information is heavily biased towards dairy systems.

The relative longevity of animals and the increased mixing both lend themselves to the persistence of BVDV. This is balanced by the dynamics of trading patterns and seasonal calving rather than year-round calving, which may support eradication schemes as potential PIs may be kept apart from pregnant cows at risk of foetal infection. 

  farm and have explored the consequences of introducing BVDV into a wholly susceptible farm.

  during pregnancy resulted in foetal consequences dependent on the month of gestation. The probability of different outcomes (generation of a PI calf, abortion, the birth of a weak calf with congenital defects or no deleterious effect) were based on calculations made by[START_REF] Gunn | Estimating the losses associated with bovine viral diarrhoea (BVD) within the Scottish cow-calf herd[END_REF] using data fromHoue (1996) (see the supplementary information).

  each of the model scenarios was significantly different (Kolmogorov-Smirnov test at 5%

  herd immunity, suffering disease losses and self-clearance of the disease (on top of active BVDV control).

  PIs), medium (2-4% PIs) and low (0-2% PIs), and herd seroprevalence was based on a single spot sample of youngstock, with seroprevalence cohorts defined by the BVDV survey (low, 0 seropositive youngstock; medium, 10-80% seropositive; high, 90-100% seropositive).
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