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This paper investigates how perceived costs and benefits of Salmonella control among Danish pig farmers affect the farmers' choice of action toward reducing the prevalence of Salmonella in their herds. Based on data from an online questionnaire involving 163 Danish pig farmers, we find a considerable uncertainty among pig farmers about the perceived effects of the Salmonella reducing actions. The results indicate large variations in the perceived costs of implementing different types of Salmonella reducing actions (management-, hygiene- and feed-related). For some cases, farmers associate net benefits and positive productivity effects with implementation of the actions while studies by the industry indicate net costs to the farmers. Differences among farmers support the idea of an outcome-based Salmonella penalty scheme but the large uncertainties about costs and effects of actions toward Salmonella control might hamper the effectiveness of such a penalty scheme as a regulatory instrument to affect farmer behavior.
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INTRODUCTION

Salmonella is a zoonosis causing illness for many people globally. According to EFSA and ECDC (1), almost 88,000 confirmed cases of Salmonellosis in humans were reported in 2019 in the European Union. Poultry meat and eggs are the most prevalent sources of food-borne Salmonella contamination but pork is also a significant contributor to Salmonellosis in humans (2). Salmonella is typically not associated with clinical disease for pigs who are healthy carriers of the bacteria (3) but outbreaks of Salmonellosis among piglets can be associated with reduced daily weight gain (4). Overall, the prevalence of Salmonella bacteria does not per se incentivize farmers to reduce Salmonella on productivity grounds. Hence, the main costs of Salmonella in pigs and in pork seem to be carried by the consumers. As farmers do not have economic incentives to include risk of human infection from contaminated pork in their production decisions, human infections of Salmonellosis from eating pork can be considered an externality effect of pig production (5).

In order to reduce societal costs of human illness due to foodborne Salmonella, action plans have been initiated at EU level (6, 7) as well as at national levels (8). Denmark has had action plans for reducing the prevalence of Salmonella in pigs and in pork since 1995. The Danish approach to monitoring and controlling Salmonella in pork involves interventions in all parts of the food supply chain both at farm level, feed companies and at abattoirs. The goal is to maintain prevalence in carcasses below 1% (8, 9).

In 1998, Denmark introduced an economic penalty scheme where farmers pay a penalty when delivering pigs to the abattoir with high Salmonella prevalence (10). Thereby, direct economic incentives were introduced to motivate farmers who deliver pigs to the abattoirs to take action to reduce risks of carcasses containing Salmonella bacteria. While several studies suggest that controlling Salmonella at the abattoirs is more cost-effective than using farm level actions (9, 11, 12), they also stress the importance of keeping a low to moderate prevalence level at farm level (13, 14). Therefore, even though abattoir-level actions are more cost-effective, there seems to be a consensus to use a combination of pre- and post-harvest actions to reach target levels of Salmonella in pork (10, 15). The target level is keeping the prevalence of Salmonella below 1% of carcasses at the abattoir (16).

The Salmonella herd surveillance depends on whether it is a breeding herd, a sow herd or a finisher herd. All Danish herds delivering more than 200 finisher pigs to abattoirs per year are assigned a Salmonella level. The Salmonella level that can take the values one to three, with one being the best level without or with only low prevalence of Salmonella. The Salmonella level of a herd is determined at the abattoir, where a number of meat juice samples from each herd regularly are tested for antibodies against Salmonella using serological analysis (17, 18). If the sample shows that more than 40% of pigs from a herd are tested positive with antibody levels above a given threshold, the herd is placed in level two. If more than 65% of the pigs in a herd are tested positive, the herd is placed in level three. The percentages of positive tests are calculated as a weighted average of the last 3 months, with the latest month having a weight of 0.6, the month before a weight of 0.3 and the month prior to this a weight of 0.1.

The penalties that farmers delivering finisher pigs to the abattoir pay in a given month are determined by the assigned Salmonella levels. For pigs delivered from herds in level two, a penalty of 2% of production value is retained at the abattoir. The penalty increases to 4% of the production value being withheld for pigs from herds in level three. If the herd has been in level three for more than 6 months, the penalty increases to 6%. Finally, if slaughter pigs have been subject to a 6% penalty for more than 6 months and still is in level three, an 8% penalty is withheld at the abattoir. The scheme aims to induce pig farmers to think of Salmonella control as an economic problem where costs of implementing actions to reduce Salmonella risks at least to some extent are weighted against the benefits of having low levels of Salmonella in the herds. Here, avoided penalty constitutes the economic benefits of a low level of Salmonella. According to economic theory, the penalty scheme has the possibility to induce efficient reductions in Salmonella levels as it provides economic incentives for Salmonella control while at the same time allowing the individual farmers the freedom to choose the actions that are most cost-effective considering their specific herd characteristics. The penalty scheme provides a direct economic incentive for farmers who deliver finisher pigs to the abattoir to try to avoid Salmonella.

All pig herds (not only finisher herds) are placed in one of three Salmonella categories. Category A is for herds without Salmonella, category C is for herds that have Salmonella Typhimorium, Derby, Infantis, or Enterica while category B is for herds with other types of Salmonella than those grouped in category B (17, 19).

Sow herds are tested for Salmonella if the finisher herds they deliver piglets to are in level two or three. In this case, it is mandatory to conduct bacteriological testing of fecal samples in the sow herd delivering piglets. Thereby, information about Salmonella status of a sow herd is available for potential buyers of piglets. This information is intended to provide incentives for pig farmers to buy piglets from category A herds. It is not mandatory to buy piglets from category A herds but the information is available for owners of finisher pig herds if they want to do so.

Breeding herds are categorized as A, B, or C herds, based on serological testing of blood samples from young breeding animals (4–7 months old). If the tests indicate Salmonella prevalence above a given threshold, then also bacteriological testing of pen (fecal) samples are carried out (17).

A large number of studies have investigated risk factors for Salmonella prevalence in pig herds and actions to reduce Salmonella prevalence in pig herds. These include studies from Spain (20), Germany (21), Canada (22), the US (23), and Denmark (24–27). The studies point toward three overall types of actions for controlling Salmonella (28). One type of Salmonella control concerns the feed and water where for example adding organic acids to water and feed has shown to be protective against Salmonella while the use of pelleted feed is perceived to increase Salmonella risks (2, 15, 21, 23–27, 29, 30). A second type of Salmonella control actions relates to the management procedures where all-in/all-out production systems (31) and only buying Salmonella free piglets have been shown to reduce Salmonella prevalence in herds (32). The third type of farm-level Salmonella controlling actions includes hygiene-related actions such as intensive cleaning and disinfection of pens between batches and having a high level of rodent control (33, 34).

Alas, research findings are not always transformed into practice. One of the reasons could be lack of information flow from researchers to farmers. While there seems to be agreement among experts in Denmark (18) that many of the suggested actions can reduce Salmonella prevalence in pig herds, and also agreement among experts about which actions are the most effective, there is limited general advice of the effectiveness of the individual actions in practice on the individual farms. Other reasons for differences between research findings and practice among pig farmers regarding Salmonella control actions could include differences in farm specific costs of implementing Salmonella control actions (actual as well as perceived costs), additional resource costs for farmers in changing practices, mistrust in the perceived effectiveness of suggested control actions or lack of awareness of the problem (35). These potential reasons for not implementing available Salmonella controlling actions pinpoint the importance of involving social science in biosecurity research.

A few social science studies involving pig farmers' perceptions and self-reported behavior regarding biosecurity were found. Alarcon et al. (35) interviewed 20 British pig farmers and found that lack of awareness and knowledge regarding research scientific outputs being barriers for efficient control. Marier et al. (36) found in a British study involving four pig farmers, that the farmers did feel a responsibility for producing Salmonella free pigs but lacked confidence in the proposed control actions being effective. A Danish survey involving 138 pig and dairy farmers found that the farmers' were mainly motivated to improve their biosecurity by a desire to reduce the risk of having sick animals and to improve their economic performance and the welfare of their animals. Fewer in the sample of farmers mentioned legislation as a reason for improving biosecurity. The sampled farmers pointed toward a need for more practical solutions on how to prevent disease outbreaks in their herds (37).

We know that a number of actions for controlling Salmonella in herds are presently used and have been used by Danish farmers. However, as it is voluntary to choose which actions to implement it is not known how widespread the use of the individual actions are, why some farmers choose specific actions, and what rationales these choices are based upon. In particular, little is known about how economic incentives affect farmers to maintain a low level of Salmonella in their herds.

The overall purpose of the paper is to improve our understanding of the extent to which the economic incentives in Danish Salmonella action plan induce pig farmers to implement actions aiming to reduce the Salmonella prevalence in their herds. To address this overall research purpose, the following research questions (RQ) are answered with reference to Danish pig production:

RQ1 To what extent do existing expert-based estimates of costs and benefits of Salmonella control indicate incentives for reducing Salmonella prevalence at herd level?

RQ2 How do pig farmers perceive costs and benefits of Salmonella control?

RQ3 How are pig farmers' choice of action toward Salmonella control affected by attitudes and farm-specific factors?

The research questions were addressed using a combination of surveillance data and an online survey. The survey involved 163 Danish pig farmers with an over representation of farmers having experienced high Salmonella prevalence (more details about selection criteria are provided in the “Material and methods” section). Our contribution is to improve the understanding of pig farmers' perceptions and behavior toward Salmonella control actions at farm level using an economic framework of costs and benefits of Salmonella control. We view costs and benefits broader than direct changes in income and expenditures in that we include costs related to reluctance of changing habits, efforts involved in information acquisition and time resources as potential costs of Salmonella control. Moreover, we investigate to what extent differences in attitudes and herd specific characteristics can explain differences in choice of Salmonella control actions. We have studied Danish pig farmers as a case, with particular focus on investigating the incentives to control Salmonella induced by the Danish penalty scheme.



OVERVIEW OF SALMONELLA PREVALENCE IN DANISH PIG HERDS

An overview of the Salmonella levels of Danish pig herds between 2011 and 2018 is presented in Table 1 using data from the Danish Central Husbandry Register (CHR) and the affiliated Danish Zoonosis Register. The CHR register holds information about where pigs are, how many pigs there are on each site, movement of pigs as well as registrations of veterinary events (38). The Danish Zoonosis Register holds information about the Salmonella status on a monthly basis for all pig herds with more than 200 pigs slaughtered per year in Denmark (39). In 2018, 85% of the farms remained at the lowest prevalence level throughout the year (level 1). Looking across all years and only including herds that have been in the dataset for at least 5 years, 43% of the herds stayed in level one throughout all years, 29% were at some point in time in level two but not in level three and 28% had been in level three.


Table 1. Distribution of Danish pig herds according to their Salmonella levels based on highest level during a year.
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With only 4% being in Salmonella level three in 2018 but 28% having been in level three at some point during a period of at least 5 years indicates that it is not the same farms which are constantly in level three. This observation is supported by statistics in Table 2, which shows that herds are around 2 months (on average) in Salmonella level two or three before they return to a lower level. The relatively short period of time in which herds have a higher Salmonella level could reflect that Salmonella in a herd dies out without reference to Salmonella control initiatives thereby contributing to improved Salmonella status. It could also reflect that farmers successfully have implemented actions attempting to reduce the Salmonella prevalence in their herds incentivized, possibly by the penalty scheme, to do so. The relatively large percentage of herds that have been in Salmonella levels two or three over the years could also point toward a great deal of randomness surrounding the Salmonella prevalence in the herds.


Table 2. Estimated period that a Danish pig herd has a high Salmonella level.
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THEORETICAL FRAMEWORK

The empirical estimations of costs and benefits of Salmonella control at farm level and the inclusion of attitudes and perceptions were guided by a theoretical economic model. The model describes pig farmers' choice of Salmonella control actions in a stochastic setting. We take as a starting point that farmers seek to maximize their expected profit per finisher pig. A partial comparative static model is used where the only choice variable is the level of Salmonella control a, which can be influenced through a set of actions, x. We assume that Salmonella prevalence s(a) is a decreasing function of Salmonella control a. Uncertainty about the effect of Salmonella control is captured by assuming that the Salmonella prevalence is a stochastic function of control level a, which in turn is a function of actions x, with the cumulative distribution function F as shown in Equation (1):

[image: image]

Costs associated with Salmonella controlling actions are captured by a function c(x). Costs due to changed feeding or management might involve costs in terms of reduced feed conversion rates, increased use of labor and/or antibiotics. Potential changes in production output due to changes in Salmonella prevalence were also incorporated although in the case of Danish pig production it is usually not assumed that the Salmonella prevalence has an effect on output level (11). Production output, which is the number of pigs for slaughter, is a function of Salmonella control action y(x).

The Salmonella penalty scheme is included in the theoretical framework as a reduction in payments if Salmonella prevalence exceeds a certain threshold mimicking a shift from level one to level two (or from level two to level three). If the Salmonella prevalence is above a threshold [image: image] (i.e., [image: image]), a penalty in the form of the price reduction δ per pig is levied on the producer. The price per pig is denoted p. Given these assumptions, the producer's expected profit function per finisher pig can be written as Equation (2):

[image: image]

The first-order derivative of this profit function with respect to the intervention action xj

[image: image]

The derivative with respect to action xj represents the net increase in expected profit due to the action. If the derivative is positive, it will be expected to be profitable for the farmer to undertake action xj, whereas it is not expected to be profitable if the derivative is negative. This derivative represents the change in expected profit due to a change in the action variable and has three main components:

a) Effect on the expected sales price due to changed probability of facing price penalty δ, which is affected by the impact of xj on the Salmonella prevalence distribution.

b) Effect on the output (number of finisher pigs).

c) Effect on control costs per finisher pig.

This theoretical framework captures some of the complexities in a real decision process in that the decision to undertake action xj reflects the farmer's trade-off between these three components. Additionally, the model captures that there may be uncertainty about all of the variables and that control decisions will often to some extent rely on the farmer's subjective perception of these components.

If the functional forms of the distribution function [image: image], and of the Salmonella control a(x) were specified, Equation (3) could be rearranged and xj could be identified as a function fj :

[image: image]

To keep the concepts relatively simple and focus on the trade-offs between different effects of Salmonella control, we have formulated the theoretical model in a static version where development over time is not included. It may well be imagined that farmers use their experience in one period to improve their understanding of these effects over time. For example, if a price penalty encourages the farmer to undertake an action in one period, the farmer may gain insights in this action's impacts on output and costs which may then lead to updated perceptions of these effects in subsequent periods. Thereby, an action initially undertaken to avoid the price penalty could also prove to be economically attractive to maintain even after the herd is back in Salmonella level 1 again.

We now turn to a description of the empirical analyses. They involve a description of data sources and how we have used them to answer the research questions.



MATERIALS AND METHODS


Data and Method Used to Address RQ1
 
Costs of Salmonella Control

Altogether, 12 Salmonella controlling actions were included in the analysis based on the literature study (27, 40–43) and interviews with two experts from the pig sector. The actions represent management, hygiene and feed actions. See Table 3.


Table 3. Description of the 12 Salmonella actions and the types of costs involved.
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The cost analyses were carried out as partial analyses with the implicit assumption that costs of implementing multiple Salmonella controlling actions are found by adding costs of individual actions. As there might be synergies when implementing multiple actions, this approach is likely to overstate aggregated costs. On the other hand, the only cost data available are based on farm trials where actions have been implemented as it is likely that such farms have lower than average costs. This part of the estimation might understate cost estimates. It should be noted, that not only are the cost estimated uncertain, the effectiveness regarding the effect on Salmonella prevalence is also uncertain. Costs of Salmonella controlling actions include monetary expenses, estimates of required time allocated to carry out each action, and the effect on productivity. The estimated productivity losses or gains from implementing the individual actions are to a large degree based on the pig sectors' own estimates from the farm trials. As the trials were carried out to guide farmers to choose the most cost-effective action to control Salmonella, we do not expect systematic bias in the estimates obtained from experts working in the pig sector. Table 3 presents the actions together with a short description of the types of costs included.

The farms do not have the same opportunities to implement all of the actions in the short run. As an example, farms where the production units are separated into sections have the options to reduce or even eliminate infection between batches. Therefore, an action as “All in-all out/systematic shifting of batches” is only realistically applicable in herds with separated sections. Only costs related to actions, which are applicable to all farmers are estimated. Consequently, costs for four actions were not calculated: All in-all out/systematic shifting of batches, buy piglets from herds with low Salmonella level, using fermented wet feed and using home mixed feed. The cost estimates are presented as industry averages.



Benefits of Salmonella Control

The benefit of Salmonella control is the money saved by not having to pay a penalty. Estimating benefits of the individual Salmonella controls would require data on the effectiveness of individual actions to reduce Salmonella prevalence. We do not have this kind of data. Instead, benefits of being in Salmonella level one as opposed to levels two or three have been estimated. Using this framework, cost estimates based on individual control actions are compared with benefits based on Salmonella prevalence in the herd. This approach is obviously not ideal but highlights the imperfect information that often is present when farmers have to make their decisions.

Costs of delivering pigs while being in Salmonella level two or three is a percentage of the price of a pig delivered to the abattoir. According to SEGES (46), the price for a standard pig is 134 Euro in 2017. The penalty scheme reduces payments per pig delivered for all pigs delivered in a batch when Salmonella prevalence in the herd is above the given limit. Thereby, the benefits depend on the number of pigs delivered to the abattoir, the Salmonella status of the herd, and the period of time that the herd has been in level two or three. In order to estimate the penalty costs at farm level for an average farm, we needed an indicator of the yearly production rather than the number of animals at a given point in time on the farm as registered in the CHR, so we used industry statistics to link number of animals to yearly production (46).




Data and Methods Used to Address RQ2 and RQ3
 
Data Collection

In order to address RQ2 and RQ3, a questionnaire survey was conducted in a sample of Danish pig farmers. Information about herd size, type of herd, and Salmonella level was available from the CHR and Zoonosis registers. Using the same categorization as the CHR, we included finisher production, integrated production (producing piglets, weaners and finishers), other production (e.g., piglets only, weaners only, piglets and weaners) and breeding herds. Thereby, we included producers who deliver pigs to the abattoir and consequently can be directly affected by a penalty (integrated and finisher productions) as well as producers who are not directly affected by the risk of a penalty (e.g., piglet producers and breeders). As there are rather few breeders, they are overrepresented in the sample. Furthermore, to make sure to enroll farmers with experience in dealing with Salmonella, herds in Salmonella-level two or three were also overrepresented in the sample. Altogether, we invited 440 pig herd owners to fill out the questionnaire. The distribution of the 440 herds and the distribution of farmers returning the questionnaire is shown in Table 4. The data were collected between November 16 and December 15 2018 using one re-invitation midways. With 163 herd owners returning the questionnaire, we obtained a response rate of 37%. Unfortunately, we do not have data on those who chose not to respond to the invitation.


Table 4. Distribution of Danish pig herds and of herds in the sample categorized according to Salmonella level.
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The Questionnaire

The questionnaire addressed the frequency of undertaking various Salmonella reducing actions, the perceived effectiveness of the actions, and the perceived costs of the actions. The farmers were presented with 12 possible actions related to management procedures, hygiene and feed changes (corresponding to the actions listed in Table 3). Questions related to the 12 possible actions are shown below (questions 1–4). The questionnaire also included questions about feeding and flooring systems in the herds as these were identified as risk factors (questions 5 and 6). The precise wording for the used questions is shown in Supplementary Material.

Question 1: You will be introduced to a number of actions that might reduce Salmonella prevalence. For each of the mentioned actions, we ask you to state whether you think that the action has an effect on Salmonella prevalence, the prevalence of other diseases, productivity, or has no effect. You can tick off multiple effects.

- Response categories: It reduces Salmonella prevalence, it reduces prevalence of other diseases, it increases productivity, it has no effect, don't know.

Question 2: For each of the mentioned actions, we ask you to state whether you have previously or presently implemented that action with the purpose of keeping a low prevalence of Salmonella.

- Response categories: I am or have previously implemented this action, I have not tried to implement this action.

Question 3: For each of the mentioned actions, we ask you to state whether you think that action has reduced Salmonella prevalence.

- Response categories: I think it has an effect (it was not mandatory to answer).

Question 4: For each action, please state which types of costs you experience or think that you would experience if you implemented the action. You can tick off multiple types of costs for each action.

- The listed types of costs included: Time costs, lower productivity, running expenses, capital investments, costs of changing habits/cumbersome, requires new knowledge, no particular costs, don't know.

Question 5: Which feeding system is your main system to your finishers?

- Response categories: Home-mixed wet feed restricted quantity, wet feed based on purchased ready-mix restricted quantity, home-mixed dry feed with ad libitum quantity, dry feed based on purchased ready-mix with ad libitum quantity, other/multiple feeding systems.

Question 6: Which flooring system do you have for your finishers?

- Response categories: Solid floor in more than half of the area (and slatted in the remaining area), solid floor in less than half of the area, combination of drained and slatted floor, other/multiple flooring systems.

In order to keep the questionnaire short and manageable, the 12 actions that might reduce Salmonella prevalence were assessed individually thereby implicitly assuming that they are independent (both in terms of being implemented independently and that their effects are independent). This is not in line with practice. As a mitigating circumstance, the aim of the study was to investigate the perceived effects of the actions and not scientifically documented effects. We have assumed that even if effects and costs of actions are not independent, the farmers will be able to form an opinion of the effects and costs of each individual action.

We have not distinguished between actions according to whether they were implemented to prevent a low Salmonella prevalence from rising or to reduce a high level of Salmonella prevalence. In the first case, Salmonella prevalence would be a function of actions taken whereas in the latter case, the actions would be a function of observed Salmonella prevalence. Such a distinction can be difficult make in practice and we pondered that distinguishing between actions on this ground would prolong the questionnaire unnecessarily. Consequently, the farmers' responses might reflect a mix of both situations. Hence, a simultaneity issue could be present in the statistical analysis.



Methods

Research question RQ2 was investigated using descriptive statistics of Question 1 to Question 4 to document how widespread various beliefs are among pig farmers.

Research question RQ3 was addressed by estimating the relationship between farmers' likelihood of undertaking a given action on the one hand and their perceptions of types of costs, the perceived effect of the action and central herd characteristics on the other hand. The statistical model was based on an empirical operationalization of Equation (4). To carry out the estimations, we assumed that decisions to implement Salmonella control actions were based on observing a given Salmonella prevalence in the herd. For each Salmonella control action, we used a logistic regression approach, where the likelihood (expressed as log-odds ratio) of the action being used (now or in the past) constituted the dependent variable. The following model was estimated for each action:

[image: image]

The variable x is a dichotomous variable assuming the value 1 if the farmer uses or has used the action and 0 otherwise. The parameters β1, …β8 capture the individual effects on the explanatory variables on the likelihood of implementing the action. The variable Think effect assumes the value 1 if the farmer associates a positive effect with the action toward Salmonella and 0 otherwise. The variable Niche assumes the value 1 if the herd is a breeding herd or has another high quality niche production and 0 otherwise. The variable S. level 2 assumes the value 1 if the herd has been in Salmonella level two within the last 5 years, and S. level 3 assumes the value 1 if the herd has been in Salmonella level three within the last 5 years–and zero otherwise. The variable Cost captures eight different types of perceived costs: time costs, reduced productivity, running expenses, investments, costs of changing habits, requires new knowledge, no particular costs, undecided. For each type of cost, the variable assumes the value 1 if the farmer associates that type of cost with the action and 0 otherwise. The variable Effect captures three types of perceived effects of the Salmonella control: reducing Salmonella prevalence, reducing prevalence of other diseases, or increasing productivity. For each type of effect, the variable assumes the value 1 if the farmer associates that effect with the action and 0 otherwise. The variable Feed captures the feeding system used in the herd from a list of five possible systems, taking the value 1 if a given feeding system is used and 0 otherwise. The variable Floor represents the flooring system used in the herd from a list of four possible types of floor taking the value 1 if a give flooring system is used and zero otherwise. Type of floor and elements of the feeding strategy are considered fixed in the short run but can be included as decision variables in a long run analysis.

The farmers' perceptions of productivity effects are represented in two different ways in the logistic regression. Firstly, one of the dummy variables in Cost is “reduced productivity.” Secondly, one of the dummy variables in Effect is “it increases productivity.”

The logistic regression analyses were only carried out for eight models of Salmonella controls. For four of the actions, there was too little variation. The actions not included are: the use of fermented feed (dry or wet); having high hygiene for workers, visitors, dogs, cats, tools; and rodent control. The logistic regressions were conducted using the software package R.





RESULTS AND DISCUSSION


Results and Discussions Related to RQ1

The costs related to actions that can be implemented in existing facilities on all farms are presented in Table 5. The actions are presented in ascending cost order per finisher pig. The penalties per pig are also included in Table 5 to ease comparison between costs and benefits of Salmonella control actions. For a farmer with costs equal to the industry average costs, several actions could be implemented cheaper than the costs of paying the penalty for being in Salmonella level two. The five cheapest actions have aggregated costs lower than the penalty of 2%. Another two actions can be implemented at a lower cost than the 4% penalty. Finally, the last of the actions included in the cost estimation can be implemented at a lower aggregated cost than the 6% penalty. Hence, based on average industry costs, Table 5 indicates that farmers could initiate several actions with lower costs than paying the penalty of 2 or 4%.


Table 5. Industry cost estimates for applying on farm actions to reduce Salmonella prevalence and penalties for Salmonella prevalence (per finisher pig).

[image: Table 5]

Below we illustrate the effects of the penalty scheme at herd level. We provide two examples the size of penalties to be paid at the abattoir for an average farm delivering 10,000 finisher pigs per year (46):

Example 1: Six months in Salmonella level two induces a loss in income of 13,000 Euro in penalties.

Example 2: Six months in Salmonella level 2 and 6 months in level three induces a loss in income of 40,000 Euro in penalties.

These penalties can be considered as the benefits for a herd of staying in Salmonella level one, and thus they constitute the break-even amount to spend on Salmonella-reducing actions.

The average profit of a Danish pig farm provides a reference for the significance of the penalties. During the period between 2014 and 2017, a full time farm in Denmark had an average negative profit of 3,100 Euro ranging from minus 52,000 Euro in 2014 to plus 69,000 Euro in 2017. Thereby, the penalty scheme might have a significant effect on the farm economy.

As we do not know the effect of the action, the cost effectiveness is not known.



Results and Discussions Related to RQ2

With heterogeneity between herds, there might be farmers who do not view the costs and benefits of Salmonella control as estimated in Table 5. In order to address the potential variations among farmers, Table 6 presents how widely the various actions are or have been used together with farmers' perceptions of the effectiveness of the actions.


Table 6. Share of farmers who use/have used the presented Salmonella reducing action and the share of farmers who think it has an effect (in percent of respondents).

[image: Table 6]

Table 6 shows that most of the presented actions have been used widely in Danish pig farms. The hygiene-related actions are used by the vast majority of the farmers (more than 80% of the respondents) while acidification of feed or drinking water are used by three out of four of the respondents. The actions with the lowest uptake among farmers include fermented dry feed (used by 9% of the respondents) and fermented wet feed (used by 16% of the respondents). We also find that less than one third of the farmers believe that the individual actions are efficacious.

Differences among farmers regarding which control actions they use or have used might be related to the types of costs that farmers associate with the individual actions. Table 7 sheds light on how perceptions of different types of costs associated with the 12 potential Salmonella reducing actions are distributed across farmers. Some farmers find it cumbersome to implement new actions due to change of habits (“Habits” in Table 7) and others associate costs with the need to obtain new knowledge to implement actions (“Knowledge” in Table 7). There are also farmers who do not associate particular costs with implementing new actions (“No particular” in Table 7).


Table 7. Share of farmers who associate various types of costs with the presented Salmonella reducing actions (in percent of respondents).

[image: Table 7]

An important observation from Table 7 is that many of the farmers answered “Don't know” to the question of which costs they associated with the individual control actions. This results indicates that many farmers have not really thought about the costs which is potentially surprising given that many of the farmers have used the actions. Also, all actions have in common that only a small minority of the farmers perceive them as costly in terms of knowledge acquisition.

We observed differences across actions as well. For some of the actions, the associated costs are consistent with the expert-estimated cost described in Tables 3, 5. The use of rough milled feed and higher barley content in the feed are associated with lower productivity by the farmers as well as by the experts. Also, the associations of running costs with acidified feed and drinking water as well as with rodent control are in line with expert opinions. Another interesting observation is that for four of the actions, more than 30% of respondents did not associate implementation with extra costs. The four actions were “buy pigs from herds with low Salmonella level,” “all in–all out” and the two hygiene-related actions. Around 20% of the respondents found no particular costs associated with the feed-related actions rough milled feed, feed with high content of barley and using home-mixed feed. As other farmers associated these actions with extra costs, our results indicate that actions are perceived to have very different costs across herds.

Differences in farmers' perceptions of the effects of various control actions and their costs might also be related to differences in disease pressure where management and hygiene actions might affect other diseases. Farmers' perceptions of whether the individual actions have an effect on Salmonella level, other diseases, productivity, or no effect is shown in Table 8.


Table 8. Farmers' perception (in percent of respondents) of whether the individual actions have an effect on Salmonella level, other diseases, productivity, or no effect.

[image: Table 8]

For all actions, we note that only a small part of the farmers (between 3 and 9%) believes the action has no positive effect on either reducing the prevalence of Salmonella or of other diseases or on increasing productivity. All actions are associated with all types of effect to various degrees. All actions score high on their effect on Salmonella reduction. The only exception is fermented feed where less than one third of the sampled pig farmers believe it reduces Salmonella risk. Comparing the results presented in Tables 6, 8 reveals that significantly more farmers state the 12 listed actions to have a reducing effect on Salmonella prevalence (Table 8) than farmers stating that they have tried to implement the actions and that they believe that the actions have an effect (Table 6). Unfortunately, it is not possible to dig deeper into these differences where possible explanations could be the different wordings of the two questions and the order of the questions. Unexpectedly many “don't know” answers were found for fermentation-related actions (two out of three responses). This could indicate a high level of confusion about the question formulation or the action itself–or both.

Addressing RQ2, the most significant result is that less than one third of the farmers believe that the actions they have implemented to reduce Salmonella prevalence have had an effect. Hence, the perceived benefits of the Salmonella control actions are rather weak. A potential explanation, inspired by a respondent's comment to an open question in the questionnaire, was that as they often initiate multiple actions at the same time, they do not know which of the actions are effective. Secondly, an important result regarding perceived costs of Salmonella control actions is that running expenses are widely associated with all 12 listed actions. Thirdly, the feed-related actions regarding high content of barley or roughly milled feed are in particular associated with loss of productivity. Fourthly, many farmers in the sample link management-related actions and hygiene-related actions with not only reducing Salmonella prevalence but also with reducing the prevalence of other diseases as well as with increasing productivity. As a contrast, feed-related actions are mainly associated with reducing Salmonella prevalence.



Results and Discussions Related to RQ3

Potential explanatory factors for farmers' choice of using the listed Salmonella control actions are shown in Table 9. At the risk of information overload, we have included significant as well as in-significant variables from the regression analysis in Table 9. An advantage of keeping all explanatory variables in the model include that it eases comparison between actions and that the sign of an insignificant factor also provides information about weak effects that with a larger data set might turn out significant.


Table 9. Logistic regression model explaining the choice of Salmonella control with variables related to perceptions of costs and effects, Salmonella level in the herds as well as herd characteristics.
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A noteworthy result is that none of the variables related to perceived types of costs had a significant effect on whether an action was used. The only exception being that time costs had a negative effect on the use of acidified feed (as could be expected) but a positive effect on the use of acidified water (not as could be expected).

Having been in Salmonella level two or three had a significant and positive effect on the likelihood of using feed-related actions and of using acidified water. Believing that an action increased productivity also had a positive effect on all actions and significant for several. Only exception was the use of acid in water where a belief in increased productivity had a negative but in-significant effect.

As expected, across actions, a belief that an action had a Salmonella reducing effect had a significant and positive effect on the probability of using it. The only exception was increased hygiene between batches, where its use was not affected by whether the farmer perceived it to have a Salmonella reducing effect. We suggest that this result indicates that the farmers have other reasons than Salmonella concerns to increase hygiene between batches.

Farmers with breeding herds are more prone than other farmers to use all means to reduce Salmonella including actions estimated to be more expensive such as rough feed (see Table 3). This result is as expected as the costs to the breeding herds of not being able to sell their breeding animals are high. Thereby, breeding farmers have stronger incentives than other farmers to reduce Salmonella in their herds. Another statistically significant result is that farmers with special production are more prone to use the action “all in/all out,” which is most likely due to a correlation between farmers who have special production also have barns that makes batch production relevant.

Less expected, we found that for most actions, the variable “I think it has an effect” has a negative and significant association with the decision to implement the action. We stress that we cannot draw conclusions on causality, but we would have expected the opposite, namely a positive correlation between a belief in that it has an effect and choosing an action. We have two possible explanations for the negative correlation. One reason for the negative correlation is that there is a great deal of confusion about the effects of the individual actions because multiple actions are often implemented simultaneously. Another possible reason is linked to the lack of time line in the data. Rather than looking at the result as farmers implementing a Salmonella control action even though they believe it does not have an effect, we could interpret the result as showing that farmers who are or have been implementing a given action have experienced that it does not reduce Salmonella prevalence. As the data do not allow us to distinguish between farmers who are implementing a given action and farmers who have done so in the past and thereby have an experience regarding its effectiveness, we cannot dig more into that possible reason (we thank an anonymous referee for suggesting this association). Further studies, possibly involving detailed interviews are needed to dig deeper into this apparent paradox.

Addressing RQ3, the overall picture was that perceptions of costs and effects and herd characteristics had a non-systematic effect on the implementation of 12 listed Salmonella reducing actions. A few central effects are nevertheless worth highlighting. First, farmers who believe that an action has a Salmonella-reducing effect or that it increases productivity are more likely than other farmers to choose that particular action. This suggests that the expected effectiveness of the action either on Salmonella prevalence or productivity is an important determinant for the choice of action. Also, we found that farmers who have been in Salmonella level two or three within the last 5 years were more prone to use acidified feed, acidified drinking water, and home mixed feed.




GENERAL DISCUSSION

The aim of the study was to investigate whether the Danish Salmonella action plan — and in particular the penalty scheme — had an effect on pig farmers' efforts to control Salmonella in their herds. The estimated average costs and estimated benefits of Salmonella control together with the observation that the period in which the farmers stay in level two or three is rather short (2–3 months), leads us to conclude that the pig farmers are provided with economic incentives to implement actions aiming to reduce Salmonella prevalence. Further, when the farmers were asked, they expected an increase in the general prevalence of Salmonella if the penalty scheme were terminated (47).

This study revealed large variations between farmers regarding perceived effects and perceived costs of Salmonella-reducing actions. Therefore, from a policy design perspective, the approach with freedom to choose which action to implement is preferred over mandatory Salmonella control actions. On the other hand, the uncertainty surrounding the perceived costs and effectiveness of the individual actions places a great deal of risk on the farmers' shoulders. Figure 1 illustrates a theoretical case with increasing marginal costs and decreasing marginal benefits of Salmonella control. It highlights the difficulty for a farmer to optimize Salmonella control when effects of actions and thereby costs of the actions are uncertain. The optimal level of Salmonella control is given by the intersection between the marginal benefit curve (represented by the downward sloping laddered curve) and the upward sloping marginal cost curve, which is positioned somewhere between the “small control costs” and “large control costs” curves. When the position of the marginal cost curve is uncertain, it becomes difficult to determine the optimal level of control.


[image: Figure 1]
FIGURE 1. Illustration of optimal Salmonella control problem with uncertainty about costs of Salmonella control.


Based on the heterogeneity in farmers' perceptions of costs and effects and the fact that farm characteristics vary with respect to e.g., feeding system and eligibility of section-wise production, we claim that individual herd effects are important to acknowledge when regulating a zoonosis like Salmonella. One of our puzzling results is that it is more likely for farmers who have not implemented a given Salmonella control action to believe that the action has an effect on Salmonella. This could indicate that farmers who have used the actions are less convinced of the effectiveness, and/or that implementation of the actions may have been driven by other motives than Salmonella control.

The logistic regression analysis indicated that farmers who have used a specific action were more likely to believe that this action increases productivity. This result reflects that the perceived net costs of implementing an action are lower than the running expenses (as they are adjusted for productivity gains), and hence that effect b from the theoretical model tends to be important. Direct and indirect costs of the actions (effect c from the theoretical model) tends to have a negative – but statistically insignificant – effect on farmers' propensity to implement the actions.

Due to the high uncertainty about costs and effects of the individual actions, farmers might find it optimal to use only low net cost actions and then hope this is effective enough to stay out of Salmonella level two or three, or even being willing to accept to have infrequent and short time periods with high prevalence. We have not addressed the important time dimension in the farmer's decision problem. However, it is likely that actions in most cases are only necessary to implement for a shorter period for the Salmonella level to decrease. Therefore, it is unlikely that farmers in the longer run are better off with permanent penalties compared to using reducing actions for a shorter time period. A limiting aspect of the analysis is that we have mainly included control actions that can be applied to temporary interventions to reduce Salmonella prevalence. A different set of questions that could address the strategic considerations of disease management in herd management will be valuable to include in a future study. The importance of veterinarians is emphasized in a report by Olsen and Christensen (47), where eight farmers out of 10 state that they base their choice of Salmonella control on advice from their veterinarian.

We suggest that an important task for future research is to combine studies aiming at investigating which action is most effective to lower the Salmonella infection level when pigs enter the abattoir with social science studies as ours investigating to what extent pig farmers have sufficient economic incentives and other motivations to control in-herd Salmonella prevalence. Also, valuable information could be obtained in future studies where more details about potential differences in perceptions and in Salmonella control practices across different types of production.



CONCLUSION

We found that Danish farmers are provided with economic incentives to reduce Salmonella prevalence at the herd level – as a consequence of the relation between the estimated costs (industry averages) and the estimated benefits of Salmonella control in terms of avoided penalties. The farmers' link a variety of costs with Salmonella control but it was noteworthy that variations in perceived costs could not explain the farmers' choice of Salmonella reducing actions. The hygiene and management related actions are not only implemented to reduce Salmonella prevalence in pig herds and are likely to be maintained even with a removal of the penalty scheme. On the other hand, feed and water related actions are mainly motivated by Salmonella reductions and are more likely to be discarded without a penalty scheme. While the incentives provided by the present action plan and in particular the penalty scheme are sound, the uncertainty about costs and effects of Salmonella control actions hamper the effectiveness of the penalty scheme as a regulatory tool.
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Salmonella Salmonella Salmonella Total

level 1 level 2 level 3
Piglet production 811 58 20 889
Finisher pig production 1,856 208 101 2,255
Integrated production 87 23 5 115
Other production 422 72 34 528
Total 3,176 451 160 3,787
Invited in the survey 140 130 130 400
Respondents 52 45 a8 145
Breeding herds invited 40
Breeding herds respondents 18
Respondents total 163

Herds with more than 60 finishers in stock festimated to deliver more than 200 finishers in a year) were included. A total of 3,787 herds of which 400 were invited in the survey. Also 40
breeding herds were invited. They are listed separately as they do not deliver pigs for slaughter and are not assigned Salmonella levels. Data are from first haif of 2018. ‘Other production’
includes e.g. herds with only sows and no weaners or only weaners without sows or finisher production.
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Detailed information about cost estimates can be found in Table 3.
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Shift of level Days Herds

From3to 2 56.3 966
From3to 1 703 1,054
From2to 1 66.0 3,049

Own calculations based on data from the Danish Zoonosis Register. Data from 2011 to
2018. Only the 5,074 herds that have been in the dataset for at least 5 years from 2011
through 2018 are included in the calculation.
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Action
Buy pigs from herds with low Salmonefla level

Allin-all out/systematic shifting of batches

Extra good hygiene when new batches are
introduced

Feed with organic acid
Using fermented dry feed
Using fermented wet feed

Rough milled feed

Feed with high barley content
Home mixed feed

Acidified drinking water

High hygiene for workers, visitors, dogs, cats,
tools.

Rodent control

Own calculations based on literature.

Description of types of costs

More expensive piglets. Some pig farmers include in their contracts that piglet selers pay the penalty if
the finishers are subject to penalty at the abattoir (44). Costs not estimated.

Only some stables are sultable for allin-all out shifts. It requires that finisher stable is divided into
sections. We assumed that all new of renovated stables use this action as it has productivity gains (42).
Costs are not estimated as it will not be implemented in stables that are not build for it already and for
new buildings, the action will be implemented for productivity reasons.

Additional labor costs. We have assumed that a herd with 200 finishers at a time in each section use 2h
additional cleaning between batches with hourly rate at 25.6 Euro/h (45). Additional expenses to material
electricity and a high-pressure cleaner are estimated to 13.4 Euro/batch or 34 Eurocents/finisher.

Direct expenses for adding organic acid to the feed for a finisher are estimated to 1.28 Euro per finisher.
Costs not estimated due to lack of data.

Costs of using fermented wet feed by using a fermentation tank. Reduced (better) feed conversion ratio
is expected but still net costs of 40 cents per finisher due to investments in fermentation tank etc. (43)
Costs depend on how roughly milled the feed is and whether home-mixed or readymade feed is used.
‘The costs are mainly related to increased feed conversion ratio. We have estimated the costs to 1.21
Euro per finisher based on results from Jorgensen et al. (26) and Sloth et al. (40).

Costs due to increased feed conversion ratio. Estimated costs of 94 cents per finisher pig based on
Jorgensen et al. (27).

Costs of using home mixed feed depend highly on whether the farmers has the facilies to do so.
Hence, the costs are difficult to convert to variable costs per finisher. Costs are not estimated.

Direct expenses for buying acids that is added to the drinking water. In some cases also capital costs are
needed for investing in a mixer. Additional capital costs might be needed if the pipes must be changed to
anon-corosive material. If pipes are not changed, then we estimate that costs for a finisher are 1.32
Euroffinisher. Otherwise, costs are higher.

Primarily, labor costs. For an average farm with an extra use of labor of 10min per day this is estimated
to be 28 cents/finisher.

Subscription costs for private rodent control company to supervise and eradicate rodents on the farm.
Costs depend on farm size. Costs estimated to 13 Eurocents/finisher for an average farm.
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A total of 149 farmers answered this question.
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Have extra rodent control 95 21

One hundrred and forty eight of the producers answered both questions and the shares
shown in the table are shares out of 148 producers.
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One hundred and forty two of the producers answered this question.
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Description No. of herds Salmonella status [percent of herds]

Level 1 Level 2 Level 3
Highest Saimonella level in 2018 8,459 85% 1% 4%
Highest Salmonella level (2011-2018) 5,074 43% 29% 28%

Level 1: sero-prevalence <40, level 2 sero-prevalence between 40 and 65, level 3: sero-prevalence >65. Data: 2011-2018. Only the 5,074 herds that have been in the dataset for at
least 5 years from 2011 through 2018 are included in the latter calculation. Own calculations based on data from the Danish Zoonosis Register.
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