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Summary 

Antimicrobial resistance is one of the biggest health threats for both 
humans and animals. This justifies the need for a conceptual 
framework that provides an integrated assessment of the measures and 
strategies that can be applied within livestock supply chains to reduce 
the risks of human exposure to resistant pathogens. The aim of this 
study is therefore to provide a comprehensive supply chain-based 
conceptualisation that describes the main measures and strategies to 
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reduce the risks of human exposure to resistant pathogens. The 
conceptual framework presented in this study makes a distinction 
between on-farm and beyond-farm decision-making contexts. The on-
farm decision-making context focuses on the strategies that can reduce 
antimicrobial use. The beyond-farm decision-making context focuses 
on the prevalence of (pathogenic) microorganisms. The focus of this 
framework is on Western European food production systems. A panel 
consisting of Dutch policy makers on antimicrobial issues assessed 
various aspects of the framework, including correctness, completeness 
and consistency. It is concluded that the conceptual framework 
provides a sound theoretical basis for economic decision-support for 
policy makers to reduce the risks of human exposure to resistant 
pathogens originating from livestock supply chains. 
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Introduction 

Farmers worldwide use antimicrobial agents. Aside from therapeutic 
treatment of clinically diseased animals, antimicrobial agents are used 
for prophylactic purposes (i.e. disease prevention), metaphylactic 
purposes (i.e. administration to clinically healthy animals that belong 
to the same flock or herd) and growth promotion (1, 2, 3). The World 
Health Organization (WHO) has published recommendations based on 
a systematic review of the evidence for a link between antimicrobial 
use (AMU) in livestock production and the risks of human exposure to 
resistant pathogens, which poses a threat to continued AMU in 
veterinary medicine (e.g. 4, 5, 6, 7, 8, 9, 10, 11). This has resulted in 
various efforts to reduce inappropriate and excessive AMU in 
livestock production, with the European Union (EU) ban of the use of 
antimicrobial growth promoters, active since 2006, as the main 
European measure. Despite the efforts made to combat inappropriate 
AMU, the overall level of AMU remains relatively high, which 
provides favourable conditions for the selection, spread and 
persistence of antimicrobial resistance (AMR). Within the context of 
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AMU in livestock production in Western Europe, farmers are 
primarily responsible for the use of antimicrobial agents. However, 
farmers make such decisions together with or by consulting a 
veterinarian. Policy, supply chain initiatives and slaughterhouses can 
set limitations and requirements on AMU (e.g. concepts or brands). 
Hence, farmers operating within such concepts and brands have to 
meet these requirements. In that respect, all resources available should 
be allocated so that both the risks of human exposure to resistant 
pathogens and the costs of the measures and strategies are minimised. 

Previous studies have analysed the problem of AMR. There are 
studies that have tested associations between veterinary AMU and 
human exposure by using genomics (12, 13), studies that addressed 
the occurrence of AMR (14, 15), examined unintended consequences 
of AMU (3, 16) and assessed the prevention of AMR (17, 18), as well 
as studies that discussed alternative ways to prevent and combat 
zoonotic diseases in order to lower AMU (19, 20, 21, 22). In addition, 
Hudson et al. (23) reviewed potential transmission routes of AMR 
bacteria/genes in agriculture to human infection. From these studies, it 
can be concluded that AMR is a complex agricultural problem. These 
types of problem require a conceptual framework to provide an 
integrated assessment of, in this case, the risks of human exposure to 
resistant pathogens (24, 25, 26), which can combine both theoretical 
and empirical findings regarding the problem (27). First, such a 
framework should provide a systematic overview of the main factors 
and decision alternatives (i.e. potential measures) that contribute to the 
problem. Moreover, it should provide a solid basis for the formulation 
of appropriate policy and analysis questions and clarify the right 
questions regarding cost and risk trade-offs, all in the appropriate 
economic decision-making context. Such a framework can support the 
process of finding and analysing potential measures and strategies for 
reducing the potential risks of human exposure to resistant pathogens 
by considering the (farm) economic consequences of applying the 
measures and strategies (including to whom the additional costs 
accrue). Such an integrated conceptualisation of the problem of AMR 
is currently missing. 
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The aim of this study is to provide a comprehensive supply chain-
based conceptualisation that describes the main measures and 
strategies to reduce both AMU and the prevalence of (pathogenic) 
microorganisms, and consequently the risks of human exposure to 
resistant pathogens. The focus of the framework is on pig and poultry 
production in Western Europe. These supply chains are major 
contributors to global meat production (1), and pig and poultry meat 
are major reservoirs of food-borne pathogens and commensal 
organisms (1, 28, 29, 30). 

Conceptual framework 

The conceptual framework described in this paper distinguishes the 
on-farm and the beyond-farm decision-making contexts regarding 
potential actions to reduce the risks of human exposure to resistant 
pathogens. The on-farm decision-making context focuses on reducing 
AMU, whereas the beyond-farm context focuses on reducing the 
prevalence of (pathogenic) microorganisms, which can be either 
resistant or non-resistant. 

On-farm decision-making context 

The on-farm decision-making context is shown in Figure 1, and 
consists of four different layers: decision-makers, decision areas, 
treatment decisions and decision objects. The first layer makes a 
distinction between two types of decision-maker. The first group of 
decision-makers are the policy makers, including (supra-)national 
governments and other semi-governmental authorities. These 
stakeholders have the power to develop, implement and enforce laws, 
policies, rules and regulations. Hence, they determine the decision 
space of farmers, who are the other decision-makers included in the 
on-farm decision-making context. Within this decision space, farmers 
can apply various measures and strategies to reduce AMU. Various 
service providers and farm advisors (including veterinarians and feed 
representatives) can support farmers in making decisions, but the 
farmer holds the primary responsibility for all on-farm decisions. In 
that respect, it is important to understand the behaviour of farmers, 
which is determined by aspects such as: awareness; beliefs and 
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attitudes; knowledge, skills and experience; and objectives. Various 
economic theories have confirmed the importance of behaviour, e.g. 
the theory of planned behaviour (31) and the Von Neumann and 
Morgenstern expected utility theorem (32). In practice, financial 
motives dominate the decision-making of farmers, as shown by 
Gocsik et al. (33). Therefore, it is assumed that an economically 
rational farmer aims to maximise their income (34) by minimising the 
increase in production costs resulting from the applied measures and 
strategies to reduce AMU (Fig. 1). 

 
Fig. 1 

The on-farm decision-making context 

AM: Antimicrobial 

The second layer of Figure 1 comprises the decision areas of the 
farmer. Two decision areas, i.e. the farm and the animals raised for 
food, and three decision types, i.e. strategic, tactical and operational 
decisions, are distinguished. Strategic decisions are long-term 
decisions with a time horizon of 5–10 years that involve relatively 
large investments, which affect the production costs over several 
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years; these imply long-term and (often) risky financial commitments. 
Tactical decisions are midterm decisions within a time horizon of a 
year or a production cycle, and generally involve lower investment 
costs. Hence, tactical decisions involve fewer financial risks compared 
with strategic decisions. Operational decisions are day-to-day 
decisions made by the farmer that fit within the strategic and tactical 
decision-making context. Table I describes the main economic 
decision issues related to reducing AMU for both pig production (35, 
36, 37) and poultry production (38) by distinguishing the decision area 
and the type of decision (Table I). 

Table I 

Catalogue of economic decision issues that can be taken on-farm 
in order to reduce antimicrobial use 

Type of 
decision 

Decision areas 

Farm Animal 

Strategic Location of the farm 
Farm layout 
Outside (i.e. external 
biosecurity/keeping diseases 
outside the farm); Inside (i.e. 
internal biosecurity/avoiding 
spread of diseases on-farm) 
Farm management 
Production management; Farm 
management concept 

Animal characteristics 
Animal genetics; Health status 
(e.g. specific pathogen free 
animals) 
Disease management 
Animal management operations 

Tactical Farm layout 
Maintenance of buildings; 
Cleaning and decontamination 
protocol; Pests and vermin 
control; Avoiding introduction of 
diseases on dispatch to the 
slaughterhouse 
Farm management 
Farm visit by consultant; 
Evaluation of animal health; 
Monitoring and evaluating 
nutrition (i.e. quantity, quality and 

Animal characteristics 
Number of animals; Stocking 
density 
Disease management 
Scheduling periodic activities; 
Individual or group treatment; 
Use of antimicrobial agents; Use 
of preventive measures 
(including vaccination, 
analgesics, zinc oxide and 
copper); Use of natural products 
(including organic acids, 
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access); Checking water and 
water supply system (including 
quantity, quality and access); 
Checking the climate control 
system (including temperature, 
airflow, humidity and air quality); 
Checking other factors (including 
litter quality) 

phytogenic substances, natural 
growth promoters, herbs, 
probiotics, prebiotics and 
enzymes); Use of feed 
additives; Selection of animal 
breeder; Supply and dispatch 
frequency (e.g. all-in all-out 
principle) 

Operational Adaption to and implementation 
of strategic and tactical decisions 

Daily observation, monitoring 
and treatment 

The location of the farm, the farm layout and the farm management 
are three important issues regarding the decision area of the farm. 
Decisions regarding the location of the farm are strategic decisions. 
Several environmental features (including the density and proximity 
of neighbouring farms, and the type and size of the neighbouring 
farms) characterise the location of the farm. Those features are 
important determinants of both the frequency of occurrence and the 
magnitude of disease outbreaks (39). Therefore, the location of the 
farm determines the external disease risk. The farm layout consists of 
the internal and external biosecurity measures, in which the focus is 
on avoiding the introduction and spread of diseases on the farm. The 
farmer controls all activities through the farm management. 

Within the decision area ‘food animals’, a distinction is made between 
animal related decisions (i.e. decisions with respect to the animal 
itself) and decisions related to disease management. 

The third layer of Figure 1 incorporates decisions regarding the 
treatment of animals. Three treatment possibilities are distinguished: 
vaccination, therapeutic treatment with antimicrobial agents and non-
antimicrobial treatments. Treatment decisions have major impacts on 
the prevalence of and ratio between resistant and non-resistant 
(pathogenic) microorganisms. In many cases, veterinarians must 
decide whether food animals can be treated with an antimicrobial 
agent and, if so, which antimicrobial agent and by what route of 
administration (e.g. in feed or in drinking water). The cost of the drug 
and the severity of the disease often determine the type of 
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antimicrobial agent that is used. It is assumed that non-antimicrobial 
treatments are beneficial for preventing AMR emergence. However, it 
is likely that the replacement of AMU with non-antimicrobial 
treatments will increase production costs, particularly in the short-
term, because non-antimicrobial treatments are generally more 
expensive than antimicrobial agents. 

The fourth layer of Figure 1 reflects on the various stages of the 
decision object, i.e. the food animals. The basic disease risk is 
determined by the entire complexity and variety of decisions that are 
taken with respect to the farm and food animals. The disease risk is 
adjusted when food animals are vaccinated. All measures and 
strategies, antimicrobial-related or not, have both short-term and long-
term effects. The application of those measures and strategies can 
affect, either directly or indirectly, the technical and economic 
performance of the farm. In that respect, the application of on-farm 
measures and strategies can affect both production costs and the risks 
of human exposure to resistant pathogens. 

Beyond-farm decision-making 

Livestock supply chains usually consist of the following stages: farm, 
transport, slaughterhouse, processor, retailer and consumer. Compared 
with the on-farm decision-making context, more stakeholders are 
involved in the beyond-farm stage. Asymmetry in costs and benefits 
among supply chain actors and other stakeholders is quite common in 
livestock supply chains (40). Moreover, there is a high level of 
interdependency among the various stakeholders within the supply 
chain (41). 

Figure 2 shows the main stages of a common livestock supply chain. 
This study is limited to the retail level when discussing potential 
measures and strategies (i.e. measures and strategies at consumer level 
are out of scope). Although improper storage and/or improperly 
prepared food at consumer level add to the level of prevalence (42), 
there are no policy measures based on the supply chain that can 
control food preparation by consumers. 
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Fig. 2 

The beyond-farm decision-making context with factors and 
measures that can affect the prevalence of (pathogenic) 
microorganisms 

Policy makers, including governments and other (semi-)governmental 
health authorities, determine the decision space of the supply chain 
actors. However, actors are free to make their own decisions within 
those boundaries (Fig. 2). 

The flowchart presented in Figure 2 starts with the transport of food 
animals from farm to slaughterhouse. These food animals, intended 
for human consumption, leave the farm with a given pathogenic 
‘load’, determined by the prevalence of (pathogenic) microorganisms 
and the ratio of antimicrobial resistant and non-resistant (pathogenic) 
microorganisms. The ratio of antimicrobial resistant and non-resistant 
(pathogenic) microorganisms is assumed to remain unaltered, 
especially after slaughter. At each stage of the chain, the prevalence of 
(pathogenic) microorganisms can be affected, either negatively, by 
factors that increase the prevalence (e.g. cross-contamination), or 
positively, by measures that decrease the prevalence (e.g. 
decontamination treatments). An overview of these factors and 
measures is presented in Table II for both pig and poultry production. 
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Table II 

Factors and measures beyond the farm that can affect the 
prevalence of (pathogenic) microorganisms in pig and poultry 
production 

Factors and 
measures 

Pig production Poultry production 

Factors 
influencing 
prevalence (43) 

Transport 
Stress incidents; Vehicle 
cleanliness in transit; Crate 
density and space allowance; 
Physical hazards during 
transport; Length of time in 
transit and number of rest 
stops; Facilities for in-transit 
monitoring; Driving and 
vehicle conditions 
Slaughterhouse 
Lairage conditions; Sanitary 
and hygienic protocols 
Processor 
Sanitary and hygienic 
protocols 
Retailer 
Sanitary and hygienic 
protocols; Storage conditions 

Identical to pig production 

Measures to 
counteract 
(pathogenic) 
microorganisms 
(47, 48) 

Slaughterhouse/processor 
Physical decontamination 
treatments (including scalding 
and singeing, chilling, water 
spraying, steam and 
ultraviolet light); Chemical 
decontamination treatments 
(including organic acids and 
other chemical treatments) 

Slaughterhouse/processor 
Physical decontamination 
treatments (including water-
based treatments, irradiation, 
ultrasound, air chilling and 
freezing); Chemical 
decontamination treatments 
(including organic acids, 
chlorine-based treatments, 
and phosphate-based 
treatments) 
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During the transport of food animals from farm to slaughterhouse, 
various physical, microbial and environmental hazards may adversely 
affect the quality of the microbial flora in the animals (43). 
Additionally, the stress level can be increased by adverse 
transportation conditions; this potentially causes increased pathogen 
multiplication in carrier animals, as a result of which other animals 
can be exposed (43). In subsequent stages of the supply chain, the 
prevalence of (pathogenic) microorganisms can increase through 
improper storage conditions (44). Contaminated carcasses or food 
products can contaminate each other via cross-contamination (45). 
Good sanitary and hygienic processes are the basis for controlling 
microbial contamination and avoiding cross-contamination (46). 
However, total prevention of microbial cross-contamination is out of 
reach under commercial conditions, even when the best hygiene 
measures are applied (46). Therefore, there is a need for specific 
targeted measures. 

An overview of the intervention possibilities for poultry carcasses 
beyond the farm was provided by Loretz et al. (47). In addition, 
Loretz et al. (48) described the intervention possibilities for pig 
carcasses. Examples of possible interventions are physical treatments 
(including hot water spraying, irradiation, steam treatment, ultrasound, 
ultraviolet light, air chilling or freezing) and chemical interventions 
(including lactic, acetic and organic acids, and chlorine-based or 
phosphate-based treatments). These interventions differ in terms of 
effectiveness and welfare effects. In addition, there may be a legal ban 
on certain interventions, e.g. the EU ban on the use of organic 
acids (49). At the retail level, there are no intervention possibilities to 
reduce the prevalence of (pathogenic) microorganisms. However, 
inappropriate storage conditions can increase the prevalence (50). 

Monitoring and surveillance are possible throughout the supply chain. 
A generally accepted example of a widely applied monitoring and 
surveillance approach is the Hazard Analysis and Critical Control 
Points (HACCP) approach. This preventive approach involves the 
identification and control of potential food safety hazards. 
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Compliance, effectivity and governance 

The implementation of measures and strategies to reduce the risks of 
human exposure to resistant pathogens is not straightforward and may 
come with considerable additional costs, originating from increased 
production costs, reduced output or a combination of both. This could 
pose a temptation for stakeholders not to comply with (legal) 
obligations. Such risks of (partial) non-compliance might reduce the 
effectiveness of measures and strategies. Various authors have used 
compliance models that describe the decision-making process within 
firms (51, 52, 53, 54, 55, 56). According to Rugman and Verbeke 
(57), and Henson and Caswell (58), responses in terms of compliance 
depend on the following aspects: 

– Expected economic benefits. Generally, there will only be a 
natural tendency to comply with policies when the total costs 
of compliance are lower than the (commercial) benefits of 
non-compliance (59). 

– Driver of compliance. Firms can be stimulated to comply with 
policies by providing financial incentives (e.g. grants for 
antibiotic-free meat production), or through sanctions in cases 
of non-compliance (e.g. financial penalties for using 
antimicrobial agents that are more likely to cause resistance). 

– Strength of enforcement authorities. Firms always consider the 
likelihood of getting caught in cases of non-compliance. In that 
respect, penalties, monitoring and control could enforce 
compliance (60). 

The development of an appropriate mix of the above-mentioned 
aspects helps in regulating compliance. Two views of regulation are 
distinguished: one from the public side and one from the private 
side (58). On the public side, Henson and Caswell (58) distinguished 
direct ex-ante regulation (i.e. standards, inspection, product testing 
and other programmes to ensure good food quality) from product 
liability (i.e. ex-post regulation, to discourage production of food of 
insufficient quality). Product liability is not easy to implement owing 
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to existing problems with food traceability (61). On the private side, 
Henson and Caswell (58) distinguished self-regulation (i.e. internal 
control systems that assure product quality where the firm sets, 
monitors and self-certifies control parameters) and certification (i.e. 
external setting of quality standards). Certification can be attractive, 
because consumers are willing to pay more for products when food 
safety is enhanced (62, 63). Governmental authorities can stimulate 
and facilitate private initiatives of self-regulation and certification by 
providing (financial) incentives. 

Non-compliance is a critical risk factor when the prevailing aim is to 
reduce the risk of human exposure to resistant pathogens, which can 
necessitate reduced AMU with coinciding increased food production 
costs. The risk governance literature has looked at engaging people at 
different levels (64). However, ensuring accountability, and 
establishing trust between stakeholders at different levels, is rather 
complex (65, 66). Hence, minimising non-compliance requires 
additional costs, e.g. improved governance, monitoring and control; 
moreover, these costs accrue to different stakeholders. Such additional 
costs should be included in future quantitative analyses. 

Validation of the framework 

In addition to literature research, expert knowledge was used to 
validate the conceptual framework presented in this study. Given the 
logistical and budgetary constraints, the panel consisted only of Dutch 
policy makers. The panel included policy makers from the Dutch 
Product Boards for Livestock, Meat and Eggs, the Dutch Ministry of 
Economic Affairs, the Dutch Animal Health Service, The Netherlands 
Food and Consumer Product Safety Authority and the Dutch 
Agricultural and Horticultural Organisation (one policy maker from 
each organisation). The panel therefore consisted of policy makers 
from the main organisations involved in the Dutch food production 
system. The framework has therefore been validated from the Dutch 
perspective, but the results can be generalised to other Western 
European countries because the Dutch food production system is 
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strongly export-oriented, and the Dutch perspective is therefore 
greatly determined by the approach of customer countries. 

The experts were asked to provide feedback on the framework, 
voluntarily and anonymously, during two organised meetings. First, 
the panel received the framework electronically. Thereafter, an in-
person meeting was organised, which started with a presentation about 
the framework. Afterwards, the panel assessed the framework on 
aspects such as correctness and completeness. The outcome of the first 
meeting was that the figures showing the on-farm and beyond-farm 
decision-making contexts were too complex. Hence, the figures were 
adapted after the first meeting. The modified framework was 
presented during a second in-person meeting. The expert panel 
addressed minor remarks, including the suggestion of simplifying 
some elements in Figures 1 and 2. According to the feedback received 
from the panel, the framework was adapted and finalised after the 
second meeting. 

Conclusions, discussion and future outlook 

The aim of this study was to provide a comprehensive supply chain-
based conceptualisation that describes the main measures and 
strategies to reduce AMU, and consequently to reduce the risks of 
human exposure to resistant pathogens. This paper framed the on-farm 
and beyond-farm decision-making contexts to assess potential risks of 
human exposure to resistant pathogens. The conceptual framework as 
presented is limited to the conditions in Western European food 
production systems. The possibilities of tackling potential human 
exposure to resistant pathogens are more complex in middle-income 
and low-income countries because such countries are likely to have 
resource issues, lack of governance and different agricultural 
structures. Measures to reduce both AMU and potential human 
exposure to resistant pathogens will therefore be different in some 
respects, at both farm and supply chain levels. 

The conceptualisation presented in this study can be used as a 
qualitative basis for future bio-economic modelling and other 
quantitative analyses. Specifically, such analyses need to include 
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potential risks and benefits associated with AMU. The need for impact 
assessments in future research has already been emphasised by 
Rushton (67), who addressed the fact that such assessment analyses 
have the ability to identify bottlenecks in the management of AMU 
and potential impacts in terms of residues or AMR emergence. 
Assessment analyses therefore must include evaluations of potential 
interventions for reducing AMU and can reveal potential unintended 
consequences (67). 

The preferred tool for impact assessment analyses is the comparison 
between the benefits of veterinary AMU on the one hand, and both the 
financial costs and risks of AMR emergence on the other hand (67). 
However, there are different categories of costs, i.e. variable and fixed 
costs. Variable costs differ according to the level of production and 
are farm-specific (68). Fixed costs are less easily attributed to 
individual activities and usually involve investments which have been 
made to last for several production cycles (68). The need to invest in 
fixed assets to tackle AMR emergence is emphasised by Tisdell (69). 
In addition, it should be remarked that although veterinary AMU is 
common, the institutional environments in which antimicrobials are 
used differ (1), which again affects the efficacy of measures. 

Results of future analyses can contribute to the process of developing 
new policy guidelines to support economic decision-making on 
reducing AMR to reduce the risks of human exposure to resistant 
pathogens. The conceptual framework presented in this study is a 
qualitative basis for such future impact assessment analyses. 

Acknowledgements 

The research leading to these results has received funding from the 
European Community’s Seventh Framework Programme (FP7/2007-
2013) under Grant Agreement No. 613754. This research was made 
possible by the Ecology from Farm to Fork Of microbial drug 
Resistance and Transmission (EFFORT) consortium, and especially 
by Jaap Wagenaar (Utrecht University and Wageningen Bioveterinary 
Research, Utrecht and Lelystad, The Netherlands), Hilde van 
Meirhaeghe (Vetworks, Poeke, Belgium) and Manon Houben (Royal 



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 16 

  16/26 

GD Animal Health, Deventer, The Netherlands), who provided useful 
comments and suggestions for an earlier version of the paper. The 
authors gratefully acknowledge the anonymous policy makers who 
reviewed the framework. 

Preliminary results of this study were presented at the 10th 
International European Forum on System Dynamics and Innovation in 
Food Networks (15–19 February 2016, Innsbruck-Igls, Austria), at the 
98th Dies Natalis Celebration: the digitalisation of nature (9 March 
2016, Wageningen, The Netherlands) and the 16th International 
Conference on Production Diseases in Farm Animals (20–23 June 
2016, Wageningen, The Netherlands). 

References 

 1. Rushton J., Pinto Ferreira J. & Stärk K.D.C. (2014). – 
Antimicrobial resistance: the use of antimicrobials in the livestock 
sector. OECD Food, Agriculture and Fisheries Papers, No. 68. 
OECD Publishing, Paris, France, 43 pp. 
https://doi.org/10.1787/5jxvl3dwk3f0-en. 

 2. Shea K.M. (2004). – Nontherapeutic use of antimicrobial 
agents in animal agriculture: implications for pediatrics. Pediatrics, 
114 (3), 862–868. https://doi.org/10.1542/peds.2004-1233. 

 3. McEwen S.A. & Fedorka-Cray P.J. (2002). – Antimicrobial 
use and resistance in animals. Clin. Infect. Dis., 34 (Suppl. 3),  
S93–S106. https://doi.org/10.1086/340246. 

 4. Zirakzadeh A. & Patel R. (2005). – Epidemiology and 
mechanisms of glycopeptide resistance in enterococci. Curr. Opin. 
Infect. Dis., 18 (6), 507–512. 
https://doi.org/10.1097/01.qco.0000186849.54040.2a. 
  



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 17 

  17/26 

 5. Mayrhofer S., Paulsen P., Smulders F.J.M. & Hilbert F. 
(2006). – Short communication: antimicrobial resistance in 
commensal Escherichia coli isolated from muscle foods as related to 
the veterinary use of antimicrobial agents in food-producing animals 
in Austria. Microb. Drug Resist., 12 (4), 278–283. 
https://doi.org/10.1089/mdr.2006.12.278. 

 6. Stine O.C., Johnson J.A., Keefer-Norris A., Perry K.L., 
Tigno J., Qaiyumi S., Stine M.S. & Morris Jr. J.G. (2007). – 
Widespread distribution of tetracycline resistance genes in a confined 
animal feeding facility. Int. J. Antimicrob. Agents, 29 (3), 348–352. 
https://doi.org/10.1016/j.ijantimicag.2006.11.015. 

 7. Carattoli A. (2008). – Animal reservoirs for extended 
spectrum β-lactamase producers. Clin. Microbiol. Infect., 
14 (Suppl. 1), 117–123. https://doi.org/10.1111/j.1469-
0691.2007.01851.x. 

 8. Silbergeld E.K., Graham J. & Price L.B. (2008). – Industrial 
food animal production, antimicrobial resistance, and human health. 
Annu. Rev. Public Hlth, 29 (1), 151–169. 
https://doi.org/10.1146/annurev.publhealth.29.020907.090904. 

 9. Srinivasan V., Nam H.-M., Sawant A.A., Headrick S.I., 
Nguyen L.T. & Oliver S.P. (2008). – Distribution of tetracycline and 
streptomycin resistance genes and class 1 integrons in 
Enterobacteriaceae isolated from dairy and nondairy farm soils. 
Microb. Ecol., 55 (2), 184–193. https://doi.org/10.1007/s00248-007-
9266-6. 

 10. Depoorter P., Persoons D., Uyttendaele M., Butaye P., De 
Zutter L., Dierick K., Herman L., Imberechts H., Van Huffel X. & 
Dewulf J. (2012). – Assessment of human exposure to 3rd generation 
cephalosporin resistant E. coli (CREC) through consumption of 
broiler meat in Belgium. Int. J. Food Microbiol., 159 (1), 30–38. 
https://doi.org/10.1016/j.ijfoodmicro.2012.07.026. 
  



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 18 

  18/26 

 11. Van Boxstael S., Dierick K., Van Huffel X., Uyttendaele 
M., Berkvens D., Herman L., Bertrand S., Wildemauwe C., Catry B., 
Butaye P. & Imberechts H. (2012). – Comparison of antimicrobial 
resistance patterns and phage types of Salmonella Typhimurium 
isolated from pigs, pork and humans in Belgium between 2001 and 
2006. Food Res. Int., 45 (2), 913–918. 
https://doi.org/10.1016/j.foodres.2011.05.025. 

 12. Kehrenberg C., Schulze-Tanzil G., Martel J.-L., Chaslus-
Dancla E. & Schwarz S. (2001). – Antimicrobial resistance in 
Pasteurella and Mannheimia: epidemiology and genetic basis. Vet. 
Res., 32 (3–4), 323–339. https://doi.org/10.1051/vetres:2001128. 

 13. Catry B., Laevens H., Devriese L.A., Opsomer G. & de 
Kruif A. (2003). – Antimicrobial resistance in livestock. J. Vet. 
Pharmacol. Therapeut., 26 (2), 81–93. https://doi.org/10.1046/j.1365-
2885.2003.00463.x. 

 14. Aarestrup F.M., Seyfarth A.M., Emborg H.-D., Pedersen 
K., Hendriksen R.S. & Bager F. (2001). – Effect of abolishment of the 
use of antimicrobial agents for growth promotion on occurrence of 
antimicrobial resistance in fecal enterococci from food animals in 
Denmark. Antimicrob. Agents Chemother., 45 (7), 2054–2059. 
https://doi.org/10.1128/AAC.45.7.2054-2059.2001. 

 15. Normanno G., La Salandra G., Dambrosio A., Quaglia 
N.C., Corrente M., Parisi A., Santagada G., Firinu A., Crisetti E. & 
Celano G.V. (2007). – Occurrence, characterization and antimicrobial 
resistance of enterotoxigenic Staphylococcus aureus isolated from 
meat and dairy products. Int. J. Food Microbiol., 115 (3), 290–296. 
https://doi.org/10.1016/j.ijfoodmicro.2006.10.049. 

 16. Aarestrup F.M. & Wegener H.C. (1999). – The effects of 
antibiotic usage in food animals on the development of antimicrobial 
resistance of importance for humans in Campylobacter and 
Escherichia coli. Microbes Infect., 1 (8), 639–644. 
https://doi.org/10.1016/S1286-4579(99)80064-1. 



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 19 

  19/26 

 17. Roca I., Akova M. […] & Vila J. (2015). – The global 
threat of antimicrobial resistance: science for intervention. New 
Microbes New Infect., 6, 22–29. 
https://doi.org/10.1016/j.nmni.2015.02.007. 

 18. Gustafson R.H. & Bowen R.E. (1997). – Antibiotic use in 
animal agriculture. J. Appl. Microbiol., 83 (5), 531–541. 
https://doi.org/10.1046/j.1365-2672.1997.00280.x. 

 19. Pastoret P.-P. (2009). – Emerging diseases, zoonoses and 
vaccines to control them. Vaccine, 27 (46), 6435–6438. 
https://doi.org/10.1016/j.vaccine.2009.06.021. 

 20. Ezema C. (2013). – Probiotics in animal production: a 
review. J. Vet. Med. Anim. Hlth, 5 (11), 308–316. Available at: 
https://academicjournals.org/article/article1381909524_Ezema.pdf 
(accessed on 10 February 2020). 

 21. Rojo-Gimeno C., Postma M., Dewulf J., Hogeveen H., 
Lauwers L. & Wauters E. (2016). – Farm-economic analysis of 
reducing antimicrobial use whilst adopting improved management 
strategies on farrow-to-finish pig farms. Prev. Vet. Med., 129, 74–87. 
https://doi.org/10.1016/j.prevetmed.2016.05.001. 

 22. Postma M., Stärk K.D.C., Sjölund M., Backhans A., 
Beilage E.G., Lösken S., Belloc C., Collineau L., Iten D., Visschers 
V., Nielsen E.O. & Dewulf J. (2015). – Alternatives to the use of 
antimicrobial agents in pig production: a multi-country expert-ranking 
of perceived effectiveness, feasibility and return on investment. Prev. 
Vet. Med., 118 (4), 457–466. 
https://doi.org/10.1016/j.prevetmed.2015.01.010. 

 23. Hudson J.A., Frewer L.J., Jones G., Brereton P.A., 
Whittingham M.J. & Stewart G. (2017). – The agri-food chain and 
antimicrobial resistance: a review. Trends Food Sci. Technol., 
69 (Part A), 131–147. https://doi.org/10.1016/j.tifs.2017.09.007. 
  



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 20 

  20/26 

 24. Liehr P. & Smith M.J. (1999). – Middle range theory: 
spinning research and practice to create knowledge for the new 
millennium. Adv. Nurs. Sci., 21 (4), 81–91. 
https://doi.org/10.1097/00012272-199906000-00011. 

 25. Jabareen Y. (2009). – Building a conceptual framework: 
philosophy, definitions, and procedure. Int. J. Qual. Methods, 8 (4), 
49–62. https://doi.org/10.1177/160940690900800406. 

 26. Schut M., Klerkx L., Rodenburg J., Kayeke J., Hinnou L.C., 
Raboanarielina C.M., Adegbola P.Y., van Ast A. & Bastiaans L. 
(2015). – RAAIS: Rapid Appraisal of Agricultural Innovation 
Systems (Part I): a diagnostic tool for integrated analysis of complex 
problems and innovation capacity. Agric. Syst., 132, 1–11. 
https://doi.org/10.1016/j.agsy.2014.08.009. 

 27. Imenda S. (2014). – Is there a conceptual difference 
between theoretical and conceptual frameworks? J. Soc. Sci., 38 (2), 
185–195. https://doi.org/10.1080/09718923.2014.11893249. 

 28. World Health Organization (WHO) (2014). – Antimicrobial 
resistance: global report on surveillance. WHO, Geneva, Switzerland, 
232 pp. Available at: 
https://apps.who.int/iris/bitstream/handle/10665/112642/97892415647
48_eng.pdf;jsessionid=3421CD7B808674EEED992C59A66F0E32?se
quence=1 (accessed on 22 March 2020). 

 29. Weese J.S. (2010). – Methicillin-resistant Staphylococcus 
aureus in animals. ILAR J., 51 (3), 233–244. 
https://doi.org/10.1093/ilar.51.3.233. 

 30. Leverstein-van Hall M.A., Dierikx C.M., Cohen Stuart J., 
Voets G.M., van den Munckhof M.P., van Essen‐Zandbergen A., 
Platteel T., Fluit A.C., van de Sande‐Bruinsma N., Scharinga J., 
Bonten M.J.M. & Mevius D.J. (2011). – Dutch patients, retail chicken 
meat and poultry share the same ESBL genes, plasmids and strains. 
Clin. Microbiol. Infect., 17 (6), 873–880. 
https://doi.org/10.1111/j.1469-0691.2011.03497.x. 



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 21 

  21/26 

 31. Ajzen I. (1991). – The theory of planned behavior. Organ. 
Behav. Hum. Decis. Process., 50 (2), 179–211. 
https://doi.org/10.1016/0749-5978(91)90020-T. 

 32. Von Neumann J. & Morgenstern O. (1944). – Theory of 
games and economic behavior. Princeton University Press, Princeton, 
NJ, United States of America, 776 pp. 

 33. Gocsik É., van der Lans I.A., Oude Lansink A.G.J.M. & 
Saatkamp H.W. (2015). – Willingness of Dutch broiler and pig 
farmers to convert to production systems with improved welfare. 
Anim. Welf., 24 (2), 211–222. 
https://doi.org/10.7120/09627286.24.2.211. 

 34. Kay R.D., Edwards W.M. & Duffy P.A. (2011). – Farm 
management, 7th Ed. McGraw-Hill, New York, United States of 
America, 480 pp. 

 35. Groot M., Kleijer-Ligtenberg G. & van Asseldonk T. 
(2010). – Natural swine health: a guide to keeping your pigs healthy 
with herbs and other natural products. Institute for Food Safety 
Wageningen University and Research Centre (RIKILT–Wageningen 
UR), Wageningen, the Netherlands, 44 pp. Available at: 
http://edepot.wur.nl/194290 (accessed on 22 March 2020). 

 36. Bokma-Bakker M.H., Vermeer H.M., Houwers H.W.J., 
Eijck I. & Leeijen J. (2014). – Via diergezondheidsmanagement naar 
minimalisering van antibioticagebruik: weetjes en praktische tips voor 
de biologische varkenshouder. Livestock Research Wageningen UR, 
Wageningen, The Netherlands, 50 pp. Available at: 
https://library.wur.nl/WebQuery/wurpubs/fulltext/321285 (accessed 
on 22 March 2020). 

 37. Houben M. & van der Wielen J. (2015). – Finishing pigs 
and health: a practical guide to healthy pigs and healthy meat. 
Roodbont Publishers B.V., Zutphen, The Netherlands, 96 pp. 
  



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 22 

  22/26 

 38. Groot M., van Asseldonk T. & Puls-van der Kamp I. 
(2011). – Natural poultry health: a guide to keeping your flock healthy 
with herbs and other natural products. Institute for Food Safety 
Wageningen University and Research Centre (RIKILT–Wageningen 
UR), Wageningen, The Netherlands, 40 pp. Available at: 
http://edepot.wur.nl/194291 (accessed on 22 March 2020). 

 39. Rivas A.L., Smith S.D., Sullivan P.J., Gardner B., Aparicio 
J.P., Hoogesteijn A.L. & Castillo-Chávez C. (2003). – Identification 
of geographic factors associated with early spread of foot-and-mouth 
disease. Am. J. Vet. Res., 64 (12), 1519–1527. 
https://doi.org/10.2460/ajvr.2003.64.1519. 

 40. Michalski M., Afifi R., Montes J.L. & Fischer B.D. (2013). 
– Asymmetries in supply chain management: differences between 
Poland and Spain. J. Manag. Policy Pract., 14 (6), 42–72. Available 
at: 
https://pdfs.semanticscholar.org/0264/ba41e7bfa35c58f8bc15eb37e6b
1a35fb4da.pdf (accessed on 10 February 2020). 

 41. Ziggers G.W. & Trienekens J. (1999). – Quality assurance 
in food and agribusiness supply chains: developing successful 
partnerships. Int. J. Prod. Econ., 60–61, 271–279. 
https://doi.org/10.1016/S0925-5273(98)00138-8. 

 42. Doyle M.P., Busta F. […] & Vogel L. (2006). – 
Antimicrobial resistance: implications for the food system: an expert 
report, funded by the IFT Foundation. Compr. Rev. Food Sci. Food 
Saf., 5 (3), 71–137. https://doi.org/10.1111/j.1541-4337.2006.00004.x. 

 43. Southern K.J., Rasekh J.G., Hemphill F.E. & Thaler A.M. 
(2006). – Conditions of transfer and quality of food. In Animal 
production food safety challenges in global markets (S.A. Slorach, 
ed.). Rev. Sci. Tech. Off. Int. Epiz., 25 (2), 675–684. 
https://doi.org/10.20506/rst.25.2.1693. 
  



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 23 

  23/26 

 44. Quintavalla S. & Vicini L. (2002). – Antimicrobial food 
packaging in meat industry. Meat Sci., 62 (3), 373–380. 
https://doi.org/10.1016/S0309-1740(02)00121-3. 

 45. Pérez-Rodríguez F., Valero A., Carrasco E., García R.M. & 
Zurera G. (2008). – Understanding and modelling bacterial transfer to 
foods: a review. Trends Food Sci. Technol., 19 (3), 131–144. 
https://doi.org/10.1016/j.tifs.2007.08.003. 

 46. Buncic S. & Sofos J. (2012). – Interventions to control 
Salmonella contamination during poultry, cattle and pig slaughter. 
Food Res. Int., 45 (2), 641–655. 
https://doi.org/10.1016/j.foodres.2011.10.018. 

 47. Loretz M., Stephan R. & Zweifel C. (2010). – 
Antimicrobial activity of decontamination treatments for poultry 
carcasses: a literature survey. Food Control, 21 (6), 791–804. 
https://doi.org/10.1016/j.foodcont.2009.11.007. 

 48. Loretz M., Stephan R. & Zweifel C. (2011). – Antibacterial 
activity of decontamination treatments for pig carcasses. Food 
Control, 22 (8), 1121–1125. 
https://doi.org/10.1016/j.foodcont.2011.01.013. 

 49. European Parliament & Council of the European Union 
(2004). – Regulation (EC) No. 853/2004 of the European Parliament 
and of the Council laying down specific hygiene rules for the hygiene 
of foodstuffs. Off. J. Eur. Union, L 139, 151 pp. Available at: 
https://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2004:139:0055:0
205:en:PDF (accessed on 10 February 2020). 

 50. Arvanitoyannis I.S. & Stratakos A.C. (2012). – Application 
of modified atmosphere packaging and active/smart technologies to 
red meat and poultry: a review. Food Bioproc. Tech., 5 (5),  
1423–1446. https://doi.org/10.1007/s11947-012-0803-z. 
  



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 24 

  24/26 

 51. Baron P. & Baron B. (1980). – A regulatory compliance 
model. J. Contemp. Business, 9 (2), 139–150. 

 52. McKean R.N. (1980). – Enforcement costs in 
environmental and safety regulation. Policy Anal., 6 (3), 269–289. 

 53. Sproull L.S. (1981). – Response to regulation: an 
organizational process framework. Adm. Soc., 12 (4), 447–470. 
https://doi.org/10.1177/009539978101200404. 

 54. French M.T. & Neighbors D.M. (1991). – A model of firm 
costs of compliance with food labeling regulations. In Economics of 
Food Safety (J.A. Caswell, ed.). Springer, Dordrecht, the Netherlands, 
299–325. https://doi.org/10.1007/978-94-011-7076-5_14. 

 55. Henson S. & Heasman M. (1998). – Food safety regulation 
and the firm: understanding the compliance process. Food Policy, 
23 (1), 9–23. https://doi.org/10.1016/S0306-9192(98)00015-3. 

 56. Loader R. & Hobbs J.E. (1999). – Strategic responses to 
food safety legislation. Food Policy, 24 (6), 685–706. 
https://doi.org/10.1016/S0306-9192(99)00073-1. 

 57. Rugman A.M. & Verbeke A. (1998). – Corporate strategies 
and environmental regulations: an organizing framework. Strateg. 
Manag. J., 19 (4), 363–375. https://doi.org/10.1002/(sici)1097-
0266(199804)19:4<363::aid-smj974>3.0.co;2-h. 

 58. Henson S. & Caswell J. (1999). – Food safety regulation: an 
overview of contemporary issues. Food Policy, 24 (6), 589–603. 
https://doi.org/10.1016/S0306-9192(99)00072-X. 

 59. van der Meulen B. & Bremmers H. (2012). – Eight 
commandments for securing competitive food supply chains in the 
European Union. In Better Business Regulation in a Risk Society (A. 
Alemanno, F. den Butter, A. Nijsen & J. Torriti, eds). Springer, 
New York, United States of America, 83–98. 
https://doi.org/10.1007/978-1-4614-4406-0_5. 



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 25 

  25/26 

 60. Bremmers H.J., Haverkamp D.J., Sabidussi A. & Omta 
S.W.F. (2008). – Towards innovative environmental management in 
the agro-food industry. Appl. Stud. Agribusin. Commer., 2 (1–2),  
7–14. https://doi.org/10.19041/Apstract/2008/1-2/1. 

 61. Pouliot S. & Sumner D.A. (2008). – Traceability, liability, 
and incentives for food safety and quality. Am. J. Agric. Econ., 90 (1), 
15–27. https://doi.org/10.1111/j.1467-8276.2007.01061.x. 

 62. Dickinson D.L. & Bailey D. (2002). – Meat traceability: are 
US consumers willing to pay for it? J. Agr. Resour. Econ., 27 (2), 
348–364. https://doi.org/10.22004/ag.econ.31128. 

 63. Hobbs J.E., Bailey D., Dickinson D.L. & Haghiri M. 
(2005). – Traceability in the Canadian red meat sector: do consumers 
care? Can. J. Agric. Econ., 53 (1), 47–65. 
https://doi.org/10.1111/j.1744-7976.2005.00412.x. 

 64. Johansson A., Denk T. & Svedung I. (2009). – 
Institutionalization of risk and safety management at the local 
governmental level in Sweden. J. Risk Res., 12 (5), 687–708. 
https://doi.org/10.1080/13669870802689290. 

 65. Gilmour J., Beilin R. & Sysak T. (2011). – Biosecurity risk 
and peri‐urban landholders: using a stakeholder consultative approach 
to build a risk communication strategy. J. Risk Res., 14 (3), 281–295. 
https://doi.org/10.1080/13669877.2010.528560. 

 66. Drott L., Jochum L., Lange F., Skierka I., Vach J. & van 
Asselt M.B.A. (2013). – Accountability and risk governance: a 
scenario-informed reflection on European regulation of GMOs. J. Risk 
Res., 16 (9), 1123–1140. 
https://doi.org/10.1080/13669877.2012.743161. 

 67. Rushton J. (2015). – Anti‐microbial use in animals: how to 
assess the trade‐offs. Zoonoses Public Hlth, 62 (Suppl. 1), 10–21. 
https://doi.org/10.1111/zph.12193. 
  



Rev. Sci. Tech. Off. Int. Epiz., 39 (3) 26 

  26/26 

 68. Rushton J. (2008). – Economic analysis tools. In The 
economics of animal health and production (J. Rushton, ed.). CAB 
International, Wallingford, United Kingdom, 65–106. 
https://doi.org/10.1079/9781845931940.0065. 

 69. Tisdell C. (2008). – Economics of controlling livestock 
diseases: basic theory. In The economics of animal health and 
production (J. Rushton, ed.). CAB International, Wallingford, United 
Kingdom, 46–49. https://doi.org/10.1079/9781845931940.0046. 

__________ 


	Reducing risks of human exposure to antimicrobial resistance originating from livestock supply chains
	Introduction
	Conceptual framework
	On-farm decision-making context
	Beyond-farm decision-making

	Compliance, effectivity and governance
	Validation of the framework
	Conclusions, discussion and future outlook
	Acknowledgements

	References


