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[bookmark: _Toc332522544][bookmark: _Toc336574144]Executive Summary
The report focuses on antimicrobial use (AMU) and antimicrobial resistance (AMR) in livestock and farmed aquatic species in low and middle income countries (LMICs). This aspect of the human-animal interface has been selected as the focus of the report for three reasons: the human aspect is being covered in other scoping work; the animal species targeted make up the largest animal biomass globally; and these species are significant in the production of food and other livestock products where antimicrobials may be used. The expertise of the authors also reflects a strong interest in the livestock sector and the surveillance of pathogens and disease in these animals and the associated food systems. Skills represented were policy, economics, social science, epidemiology, microbiology, surveillance, pharmacology and the environment. With regards to antimicrobials, the report focuses on antibiotics which are considered to present the greatest concern in terms of resistance changes and potential human health impacts.
The analysis identified gaps in knowledge, data regarding antimicrobial use and resistance, and activities across the livestock and aquatic food systems, taking into account the interface with the pharmaceutical industry and the wider environment. It has explored the manufacture, distribution and compounding of antimicrobials used in livestock and aquatic species and potentially spilling over into food and the environment. It has also looked at the microorganisms – pathogenic and commensal – affected by this antimicrobial use and questioned how antimicrobial resistance (AMR) is currently monitored in order to identify both gaps and potential solutions. Finally, it has also looked at the importance of antimicrobial use (AMU) in livestock and farmed aquatic species in terms of managing pathogenic disease and improving the productivity of food production systems. Productivity changes will affect the accessibility and affordability of livestock-derived foods, and the environment through changes in greenhouse gas emissions. The authors consider AMR in livestock and aquatic species to be an AMU/AMR complex, with multiple dimensions and multiple outcomes in terms of food production, pathogen management, AMR change and consequent environmental and human health impacts. Interpretation of AMR findings requires a more complete understanding of the inputs to the system, AMU, and residues of AM in the environment and animal products.
The analysis highlighted an absence of quality data and information across the livestock and farmed aquatic food systems in general and, in particular, data on use of antimicrobials and the occurrence of AMR in these systems. This conclusion supports findings from other studies and agrees with the emphasis of the Fleming Fund to focus on developing surveillance activities in LMICs. The report goes further than other studies in advocating the need for a phased approach to surveillance leading towards the generation of predictive models to support policy formulation by LMICs. It recommends that national level surveillance by the LMICs is supported by, and supports, global-level activities, policy and private-sector actions. 
The analysis also highlights the need for research on human behaviour across the livestock and farmed aquatic food systems, including the drivers and motivators for the use of AMs and the role of human behaviour in exposure to AMR risks. Human behaviour has to be placed in a context of the rules and enforcement, which includes legislation and policing as a framework with actual actions being strongly guided by a mix of private standards and market access and social and cultural norms. In addition to intergovernmental standards, there are very powerful examples of the use of private standards to manage antimicrobials in the food system. Countries with high levels of AMU in terrestrial and aquatic farmed species are successful in exporting products with no detectable residues. There are also examples of local value chains that have high quality products. Understanding this “institutional environment” and the relative importance of public policy, private company strategy and individual incentives will be critical in achieving sustainable AMU. 
The AMU/AMR complex should be approached according the specific circumstances of the country and regions – a single formula approach will not be appropriate to all circumstances. People need to be educated and trained to assess the roles of livestock and aquatic species in their society and the interactions of these animal systems with the pharmaceutical industry. They also need to be able to assess the resources – human, financial and logistical – available to develop a surveillance system for the AMU/AMR complex that would provide information on AMU, AMR levels, livestock pathogens and livestock productivity. Such an approach requires guidelines and menus of activities that will allow educated and skilled practitioners to develop systems that are country and context specific within the framework of intergovernmental standards. The educational process needs to take into account the (1) Importance of understanding flows through the livestock and aquatic systems with a focus on AMs, pathogens and AMR; (2) Surveillance which uses technology appropriate for the context and that is cost-effective and sustainable; (3) Interventions that can manage immediate problems with a focus on hygiene and waste water management; (4) Communicating surveillance and intervention needs to government officials in control of resources, the private sector and wider society; and (5) Ensuring that mechanisms are in place for best practice in AMU through improved AM stewardship which will be reflected in strategic and specific [targeted and contextual] use of AMs.
The priority areas / key recommendations are:
1. Monitoring inputs - what is going into the system in terms of AMs, detailed in terms of the AM product (class and compound), quantity used, the species, production systems and stage of life targeted. AMU monitoring should be undertaken in the same systems where AMR monitoring is also being carried out.
2. Surveillance – establishing systems that generate information on the three outcomes of AMU – food production, pathogen management and AMR. For LMICs these should be based around regional groupings, that prioritise effort to areas of likely greatest risk such as emerging intensive systems and extensive systems that lack any sort of control.
3. Interventions and the environment - more research needed to better understand the impact of interventions, such as applying alternative methods of animal husbandry to improve health and reduce AMU, and what is going on 'out there', 'downstream'. 
4. Wider society - Policy and political interaction with large corporate suppliers and buyers to influence culture and behaviour. Greater engagement with pharmaceutical, agri-food and food companies that have power to influence and change animal production methods.
This huge challenge needs to start with basic building blocks and with a focus on areas of likely highest risk, which will be specific to a country or region. Surveillance, research and interventions must all be designed to be applicable to the context of the specific situation in each LMIC. Assessments of interventions made in the AMU/AMR complex need to determine impacts on (1) accessibility and affordability of food, (2) the management of pathogens in livestock systems and (3) the management of AMR critically important for human health.
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Livestock 	taken in its broadest sense of terrestrial species – cattle, sheep, goats, poultry and pigs and aquatic species that are farmed 
Metaphylaxis
· when antimicrobials are administered to clinically healthy animals belonging to the same flock or pen as animals with clinical signs
· infections are treated before their clinical appearance
Prophylaxis
· when antimicrobials are administered to a herd or flock of animals at risk of a disease outbreak
· A measure taken to maintain health and prevent disease
· A measure to protect against infection
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[bookmark: _Toc336574151]Introduction
The report brings together the experience of experts in antimicrobial use (AMU), antimicrobial residues and antimicrobial resistance (AMR). Their knowledge covers areas of policy, economics and social science, epidemiology and surveillance, modelling, microbiology and veterinary pharmacology. The focus of the work has been on AMU in livestock and aquatic species recognising that these animals are a significant biomass at global level (Rushton and Bruce, 2016) and are reported to be a major user of antimicrobials, particularly in the intensive production systems (Van Boeckel at al, 2015). We recognise that there is major use of antimicrobials in human medicine, and we are aware that this area is being covered in depth in a linked scoping report. We recognise that companion and sporting animals also receive antimicrobials, which may have importance in AMR as they have greater contact with people, yet the number and the biomass of these animals in comparison to the farmed species is relatively small. In addition, the resources available for monitoring and surveillance of AMU and AMR in livestock and aquatic species is very small in comparison to humans (Rushton, under review) and does not reflect the importance of these species in the use of land and water resources and their influence on the health and wellbeing of people through the production of livestock products (food and non-food such as hides and fibre).
Each expert was asked to identify critical gaps in knowledge of AMU, AM residues and AMR in the lower and middle income countries (LMICs), in the context of the differing livestock and farmed aquatic food systems established in these countries and how these systems interact with the pharmaceutical industry. Each gap was used to identify where technologies or expertise exist elsewhere that are currently not being used in LMICs and where there is a need for further research. Our primary focus was on antibiotics, rather than the wider spectrum of antimicrobial medicines[footnoteRef:2]. The reason for this focus is the growing concern around managing bacterial pathogens and the rise of antibiotic resistance in these organisms with adverse consequences for human health. [2:  The term ‘antimicrobial’ is used throughout the report and is taken to mean ‘antibiotic’ i.e. antibacterial medicines.] 

[bookmark: _Toc332522549][bookmark: _Toc336574152]Livestock and aquatic food system
The food system, in which livestock[footnoteRef:3] and aquaculture are major components, exists to provide accessible and affordable food for people. It is strongly connected to the pharmaceutical sector through relationships that can be: direct with livestock producers and major companies; through feedmills that provide medicated feed; and through the veterinary system which covers veterinarians, animal health workers and pharmacies (see Figure 1).  [3:  Companion and sporting animals are not included in the report. It is recognized they are part of the antimicrobial use and AMR complex, yet they need a separate set of actions and policies that go beyond livestock and aquatic species. In this report the term livestock includes poultry.] 

[bookmark: _Toc332474305][bookmark: _Toc336574196]Schematic representation of the food system and its interaction with the pharmaceutical sector.
[image: ]
The food system has flows of inputs, including pharmaceuticals, and flows of outputs which include animals and animal products and ultimately food for consumers. These physical product flows are generally in one direction, in the direction of the consumer. There is also a flow of money from the consumer back across the food system for the payment of these products. The pricing of products will reflect a mix of the costs of various inputs required to produce them, and a payment for the characteristics of the product in terms of quality. The latter may well reflect how the animals have been raised, managed and fed. These price signals, when well directed, will guide how farmers should keep their livestock and aquatic species, and also how they should feed them. In addition farmers may be guided by rules that are laid down by the companies they supply, such as the processors, the caterers and retailing groups. In informal situations these rules will be set by cultural norms. Where they are formalized and generate private standards there could well be market exclusion of producers who do not comply with the rules. Similarly, groups of livestock and aquaculture farmers or large corporate agricultural businesses will be able to apply pressure on their input suppliers to produce feed, pharmaceuticals and veterinary services that they require to maximise profit and/or which are being demanded by consumers and society. There will also be a legislative framework with associated laws and enforcement systems. This mix of international public standards, private standards, market inclusion/exclusion and public legislation and enforcement form the institutional environment in which livestock and aquaculture producers operate.
With regards to the use of antimicrobials in livestock and aquaculture in LMICs, the challenge is to understand the way in which the pharmaceutical sector behaves and interacts with the food system, what prices are charged for the antimicrobials, and how the food system itself uses, and provides information on antimicrobial use. The latter will be guided by scientific information on the effectiveness of the antimicrobials to manage disease, their usefulness in improving animal production efficiency and the potential dangers they pose through residues and antimicrobial resistance changes. These positives and negatives all relate ultimately to the health of humans who the livestock and aquaculture food systems support. More accessible and affordable protein sources can improve human nutrition in a well-balanced diet, whereas high levels of AM residues and AMR can negatively affect human health and create significant costs in lost productivity and healthcare.
The report will examine the issues around changing levels and patterns of AMR and their importance in terms of impact on human and animal health guided to some extent by the risk factors that Toutain et al. (2016) identified. These risk factors range from biological issues such as clearance time of antimicrobials in the animals and the decay rates in the environment, through to the way people behave within the system with regards manufacture and distribution of antimicrobials, the use of antimicrobials in animals and the management of residues. A summary of the critical issues is shown in Figure 2.
[bookmark: _Toc332474306][bookmark: _Toc336574197]Antimicrobial use and risk factors in the emergence of antimicrobial resistance in the livestock food system (Reproduced from Toutain et al, 2016, Frontiers in Microbiology “The Gut Microbiome Turnstile Exchange Model”)
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An ideal scenario would be that the antimicrobial drugs are fully consumed and fully absorbed from the gut with no excretion as active metabolite in the bile but as an inactive metabolite in urine - the animal is a dead end for the drug.
[bookmark: _Toc332522551][bookmark: _Toc336574153]Aim and structure of the report
The report will present what is known about the livestock and aquaculture food systems and their use of antimicrobials in LMICs. Through this process it will identify where there are gaps in knowledge on antimicrobial use, residues and resistance. The gaps in knowledge will cover issues around the biology of the resistance mechanisms, the pathogens that carry resistance traits or genes, the monitoring and surveillance systems for AMU, residues and AMR, and the social and economic environment in which livestock and aquaculture food production, processing, marketing and consumption take place. 
Where gaps are identified there are possibilities for interventions, some of which exist in OECD countries but would need to be adopted and adapted for application in the LMICs, and others which still require research and development in both OECD country and LMIC settings. In addition, the generation of surveillance data should ultimately lead to improved knowledge of the critical factors with regards AMR of importance to animal and human health and allow for the development of models with predictive capacity.
The report is structured in three main sections that cover: 1/ the gap identification, 2/ a review of the needs in the surveillance systems and 3/ a discussion of other mitigating actions which could be taken i.e. potential interventions and research needs beyond the surveillance system. A concluding section provides an overview of the priority areas for future intervention and research.
[bookmark: _Toc332522545]

[bookmark: _Toc336574154]Situation analysis and identification of gaps
Experts were asked to identify gaps in knowledge and activities on AMU, AM residues and AMR across the pharmaceutical supply chain and the livestock and farmed aquatic animal food systems. The series of tables below summarise the expert feedback and identify existing work, ongoing improvements, gaps and the importance of addressing these gaps. This information is grouped in the following five thematic areas: 
(1) Antimicrobial supply chain; 
(2) Livestock and farmed aquatic species populations, production, production systems, use of antimicrobials; 
(3) People involved in AMU – farmers, animal health advisors and the veterinary services;
(4) Monitoring of AMU, AMR and AM residues; 
(5) Wider societal level, covering the environment, modelling and public and private stakeholders.
[bookmark: _Toc336574155]1. Antimicrobial supply chain
Detailed information on the supply of antimicrobial agents  for livestock and farmed aquatic species in LMICs is largely unavailable to the public sector at both national and global levels and to the general public. Of the 54 LMICs (out of a total of 74) who responded to an OIE survey on antimicrobial use in animals (2015), just over half provided some quantitative data on AMU, yet the majority of these countries could not provide specific details of use by AM class, compound, species and production system (Figure 3).
[bookmark: _Toc336574198]Information on AMU in LMICs (OIE survey data, 2015)
	Qualitative vs quantitative data
	Quantitative data quality (1 lowest, 3 highest)

	
	


* Options 1-3 indicate levels of detail on AMU from 1 being basic to 3 being more refined.

These data returns are unsurprising given that richer countries are themselves still at an embryonic stage in collecting, capturing and analysing detailed AMU in the livestock sector. For example in the USA the FDA only recently has data on sales of antimicrobials yet have little information on how these AMs are used in the livestock sector. A similar situation exists in much of Europe, where sales of antimicrobials are the most available data source for governments and farm-level decision making on AMU is only rarely incorporated into monitoring systems. 
In general there are probably better data in the pharmaceutical industries, with companies knowing what they manufacture and to whom these products are targeted. There are also some organisations that represent groups of companies such as Health for Animals (formerly IFAH)[footnoteRef:4] and CEESA[footnoteRef:5]. However, the decisions made within private companies are not readily communicated to those outside. It is also difficult to find information about on-going research activities in the pharmaceutical industries about AMU and AMR for animal systems. A summary of the gaps in knowledge of AM supply is shown in Table 1.  [4:  http://healthforanimals.org/]  [5:  http://www.ceesa.be/] 

[bookmark: _Toc332522509][bookmark: _Toc336574183]Summary of gaps in knowledge of the pharmaceutical (AM) supply.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Supply of pharmaceuticals (AMs) – manufacture, import and export and distribution
	Privately available data on the pharmaceutical companies through a market research information source – source and quality of this information is unknown (http://www.researchandmarkets.com/categories/animal-healthcare-veterinary) 
The nine large pharmaceutical companies have a platform called CEESA (European Animal Health Study Centre) which is a non-profit international association based in Belgium. CEESA collects raw sales data on the animal health market (CEESA international sales survey -CISS) in 45 countries (including USA and Europe, unlikely to be LMICs). Data are not accessible  (https://www.ciss-ceesa.com/index.php).
	No specific activities were identified, albeit 85 pharmaceutical companies and nine industry associations signed a declaration on combating AMR in January 2016 (http://amr-review.org/industry-declaration) they are still at an early stage and might need guidance as to where to direct their efforts. There was no mention of sharing data in the public domain.
Private analysis;

	So far very limited engagement of the pharmaceutical companies with public sector and almost complete absence of data sharing;
AM supply levels into LMICs are unknown (manufacture and sales for animal use);
Class and compounds available largely unknown;
Distribution networks are poorly understood;
Incentives for sales unknown and likely vary considerably (Morgan et al., 2011);
Poor understanding of compounding of imported AM ingredients
	Information provides a basis for design of AMR surveillance programmes (WHO, 2013) and interpretation of AMR findings;
Distribution networks are critical for information dissemination to prescribers and users of AMs



Table 1 covers the manufacture of antimicrobials by companies that have official registration and approval of products for sale in the livestock sector. There is also illegal manufacture and distribution of antimicrobials. In some countries there is the compounding of products with imported AMs before retail, with little information on whether these are registered and what species and production focus they are targeting. These grey and black areas of manufacture, mixing and distribution are poorly studied and their contribution to the larger AMR challenge is poorly understood. 
In addition to the problems of limited or no access to private sector data and activities, in many countries the import and export data, registration of products, recommendations on use and collection of sales of antimicrobials are located in different government departments. Information-sharing gaps exist between departments, such as departments for trade, health and agriculture, which creates weaknesses in legislation and policing and opportunities for poor practice.
In terms of total mass, much of the antimicrobials used in the livestock sector are delivered in feed (Marshall and Levy, 2011), and these are often added during the feed milling process. There are organisations that represent the feed industry and an umbrella organisation, the International Feed Industry Federation (http://ifif.org), which has strong interests and activities on sustainability, regulatory and international standards, and education and best practice. They work closely with FAO, OIE and Codex Alimentarius and there is an awareness of potential issues around antimicrobial use, yet it is not a specific focus on their most recent annual reports. The gaps identified in antimicrobial distribution through feed in LMICs are shown in Table 2.
[bookmark: _Toc336574184]Summary of gaps in knowledge of the pharmaceutical (AM) supply through the feedmills
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Supply of pharmaceuticals (AMs) through medicated animal feed - feedmills
	It is known that in many countries commercial animal feed rations are supplemented with antimicrobials as growth promoters (Sneeringer et al., 2015; National Research Council (US), 1980). 
	Recent banning of antimicrobial growth promoters (AGPs) in feed in LMICs, for example Thailand;
Codex have the PPMs for acceptable levels in feed which have not been updated for some time;
Ongoing improvements in the private sector with regards feedmills GMP

	Quantities of AM added to animal feed (at mill, but also added aftermarket);
Reasons for additions of AMs to feed (how much is therapeutic/ metaphylactic/prophylactic versus AGP);
Labelling of feed is poorly regulated and in some places not labelled;
Registration of AMs placed in feed;
GMP and HAACP implementation at the feedmill unknown.
	Antimicrobials in feed are likely to quantitatively represent the major contribution to overall antimicrobial consumption in animal production, particularly with increasingly intensive livestock systems (Van Boeckel et al., 2015)


Similar to the pharmaceutical industry, the registration and monitoring of the feed industry can fall under different government departments creating potential gaps in the policing of activities across national and local government bodies. This creates problems with regards to monitoring of the quality of feed in terms of pathogens and antimicrobials.
[bookmark: _Toc336574156]2. Livestock and aquatic species – populations, production, production systems, use of antimicrobials
The livestock and aquatic farmed species food systems are generally poorly described in LMICs in terms of the numbers of animals and types of production (Sansoucy, 1995), albeit there have been attempts from the international organisations to improve these data (Robinson et al, 2011; Steinfeld et al, 2006, Sere and Steinfeld, 1996). More recent classification systems, however, do not mirror how livestock data are collected and captured in countries, which tends to be on the basis of a species and product focus. These newer classification systems also do not follow how livestock populations tend to be organised, which normally includes separation of breeding animals from other stock. For example, a chicken population is divided into breeding birds, broilers (meat) and layers (eggs) by the industry yet all these stages and types of production are simply grouped together as ‘landless livestock’ in the Sere and Steinfeld classification. The difference between the academic overview of the livestock sector and the view of the people involved in running and organising the animals in the sector, leads to problems of accuracy in population numbers and also poor understanding of linkages across different sub-populations of the same species (e.g. broiler versus layer chickens, dairy versus beef cattle). 
Despite international efforts to enumerate and characterise livestock populations, maps have been generated from algorithms based on FAOSTAT data rather than collection of data at field level and are therefore open to doubt. Relatively recent work in South America would indicate that there are differences between estimates of livestock populations at local, national and international levels (Rushton and Viscarra, 2004). These problems have encouraged OIE to look more carefully at the collection of livestock population and production data through its WAHIS system. Improvements in this area need to draw on experiences from EU[footnoteRef:6] and USA[footnoteRef:7] and some of the countries with very good local data gathering systems such as India and Vietnam. [6:  http://ec.europa.eu/eurostat/statistics-explained/index.php/Agricultural_production_-_animals]  [7:  https://www.agcensus.usda.gov/Publications/2012/Online_Resources/Ag_Atlas_Maps/Livestock_and_Animals/] 

The reason these data are important is that they help to contextualise AMU, both in terms of the quantity of use relative to the animal biomass and the species and production systems in which they are used. Without knowledge of the animal populations in which the AMs are used it is difficult to interpret AMU, AM residue or AMR data or to construct appropriate, targeted interventions to control AMR. Population and production data are also essential for deriving appropriate denominators for measures of AMU, such as mg/kg measures. For example, the population estimates from FAOSTAT have been combined with AMU data from OECD countries to generate estimates of AMU in LMIC (Van Boeckel et al, 2015; Laxminarayan et al, 2015; Krishnasamy et al, 2015). These estimates for LMICs make assumptions about the relationship between AM quantities used and animal biomass, extrapolating from the relationships observed in OECD countries. Some of these papers go further to make predictions about the impact of change in AMU in livestock based on data from changes in livestock systems in OECD countries between the 1950s and 1990s. The validity of extrapolation of these data to a change in AMU in LMICs is doubtful and not fully justified because the production systems and contexts are very different in the high-income countries for which AMU data are available. Data on both animal populations and AMU are essential for the development of national and international policies for the containment of AMR (Institute of Medicine (US), 2012), and although the initial modelling work that has been done provides a useful advocacy message, it is far from adequate for policy making. Table 3 details the important gaps in this area.
[bookmark: _Toc332522510][bookmark: _Toc336574185]Summary of gaps in knowledge of the livestock populations, production and production systems.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Animal population, production & production system information
	National Statistics Departments;
Departments of Agriculture;
FAOSTAT;
WAHIS (World Animal Health Information System by the OIE);
Some private sector data and analysis;
Diversity of classification of animal production systems between countries;
ESVAC system for development of denominator data
	FAO is currently updating small-scale livestock data collection; 
OIE’s World Animal Health Information System
(WAHIS) is updating livestock population data collection;
LMICs probably responding to changing data requests at national level

	Published data from different sources for the same populations do not always agree; Inadequate collection and analysis of data of intensive livestock and aquaculture production systems with FAOSTAT manual out of date; 
Need for adequate classification systems to mirror how the animals are bred, raised and used;
Criteria for deciding what production types are to be monitored are needed;
Information on slaughter needs to be standardised i.e. standard definition of ‘Kgs of livestock product’ per species and product;
Classification of major categories of production systems do not coincide with workings of the sector
	The size of animal population and the magnitude of production is needed to accurately scale estimates of AMU (Benedict et al., 2012), to stratify and contextualise AMU and appropriately target interventions.
Standardisation of methodologies is a key requirement for establishing meaningful inter-country comparisons. (Cunney et al., 2003)
Provides data for deriving a denominator for measures of AMU



There is very little information available on the use of antimicrobials in different species and production systems in LMICs and the impacts of this use on productivity and AMR. It is also difficult to ascertain from publicly available information the extent to which AMs are being used for therapeutic purposes versus for productivity improvements and growth promotion. 
In the area of livestock production, data and information on growth response to adding antimicrobials to the diet of intensively raised animals was well documented in the 1950s with some repeat experimentation in the 1990s (see Rushton et al, 2014 for details). These studies have been linked and extrapolated with a suggestion that removal of antimicrobials will have minimal impacts on livestock productivity (Laxminarayan et al., 2015), yet the link between the results from 1950s and 1990s appears invalid as the livestock genetics, housing and nutrition management changed considerably over the intervening 40 years. The extrapolation of the results, derived from data collected in 32 OECD countries, to LMICs is also questionable. Most available literature on productivity changes pre-dates 2006, when the EU introduced a ban on the use of antimicrobials as growth promoters. However, recent experimental data regarding differing levels of AMU in pigs indicates a significant change in weight gain with low dose application of AMs and very little modification in AMR (Johnson et al., 2015) and other earlier work indicating gains in young pigs yet no gains in the older animals (Dritz et al. 2002). Recent work also indicates that treating prophylactically and metaphylactically can prevent having to use AMs at higher doses which are more likely to adversely affect commensal bacteria and have spillover into the environment, generating resistance factors (results from a trial are in the process of being published). This observation needs to be supported with further careful work across more species, with different classes and compounds and farm and transport scenarios.
The level of antimicrobial dose is a complex trade-off between prevention of emergence of resistance in pathogens important to animal health versus exposure of bacteria in the environment that may lead to AMR emergence that is important to humans. Give a large bacterial inoculum, an inappropriate low dose will potentially select for resistance in the animal pathogens (zoonotic or otherwise). Prevention and treatment failure leads to use of more antibiotics of different classes and potentially higher doses that induces additional AMR selection pressure both in the treated animals and in the environment. Administration of an insufficient dose, including using poorly formulated products, is considered an inappropriate use and may well contribute to emergence of resistance in bacteria. Although lower doses also have a lower magnitude and duration of selection pressure against pathogens and the broader microbial community that is exposed to the antibiotics. 
In general, more research is needed to understand how to effectively calibrate the dose of antibiotic used with the size of the bacterial population. Assuming suitable diagnostics are available, it may be possible to use a lower dose to control a pathogen early in the disease process with less opportunity for collateral pressure for emergence and amplification of resistant populations. In theory the size of the dose and the timing of treatment administration need to relate to the inoculum size with lower doses being appropriate in early infection because of the lower bacterial load. The declaration of clinical disease is associated with higher bacterial load which requires higher doses. With more accurate assessments of animal health problems and responses that are tailored to managing disease in an efficacious and efficient manner for all aspects of animal health, welfare, food production and AMR changes the notion of metaphylaxis needs to be modified to early curative treatment. Again this needs to be fully tested with the development of farm level solutions where diagnostics and response match the circumstances.
The livestock sciences literature tends to overlook the link between animal husbandry and antimicrobial use, residues and resistance. As an example a special edition of the Livestock Sciences on “Sustainable Development of Animal Production Systems” failed to recognize the use of antimicrobials and the concerns around AMR emergence from these systems (Van der Zijpp, 2011). To better understand the link between husbandry and AMU, residues and AMR, there is a need to first examine the critical risk points in animal production lifecycles, in order to identify when they are most vulnerable to infection and most likely to receive an AM. Annex 1 includes figures to indicate where critical stages occur for chickens, pigs and cattle. Such an approach could be applied to undertake situation-specific assessment of critical risk points in livestock and aquatic production systems in LMICs. 
Table 4 provides a summary of the gaps in knowledge about the use of AMs in livestock production and Annex 1 further information on what is known in different livestock species.
[bookmark: _Toc336574186]Summary of gaps in knowledge around AMU in livestock production, research and application with reference to productivity changes, AMU and AMR.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Quantity of AMU
	Sales and import data in HICs and some LMICs;
Data capture at farm-level has been initiated mainly in some OECD countries (OIE survey)

	OIE guidance on collecting and capturing data
	Farm level use;
Species and production system use unknown;
Main points in production cycle uncertain
	Information needed to target interventions be they surveillance, control or prevention

	Impact of AMU on livestock production and productivity - research and application
	Production response (yield, efficiency) to growth promotion practices arise from 1950s data with limited work in 1990s – all from OECD countries;
A recent research project reports significant increase in weight in pigs with low dose application of AMs (Johnson et al. 2015)
	No specific activities were identified
	Production response to growth promotion AMU in pigs and poultry in LMICs has not been studied (Hao et al., 2014);
What drives growth promotion is not understood – physiological, preventive impacts?
No economic costs available on impact of making changes
	Food supply changes – food security for LMICs (Godfray et al., 2010; Johnson et al. 2015)

	
	Animal and herd level research is focused on efficiency gains based on market prices with no account of other impacts on health and the environment – mainly in OECD countries 
	Lower feed conversion ratios (FCR) and higher output per animal are being achieved through genetic and dietary modification
	Need to identify critical points for AMU in the life of terrestrial animals or aquatics;
Alternative livestock and aquaculture systems are needed to reduce AMU;
Changes in overall level of FCR with changes in AMU need to be studied;
Link between husbandry and AMU is poorly described. Lack of research around husbandry issues and sanitation and how alternations in husbandry could result in lower use of AM;
Economic costs and benefits of AMU change at the farm level and use of alternatives need to be studied;
Sector wide impacts of AMU change need to be studies, building on empirical data
	Food supply changes– food security for LMICs;
Sustainable production with lower input requirements (McKenzie and Williams, 2015)

	Individual animal, herd or flock treatment with AMs
	Pharmacokinetic models exist (Cazer et al., 2014); 
Dosing rates, bioavailability, clearance rates of AMs researched in OECD countries;
EMA/CVMP and FDA/CVM guidelines for EU and USA, respectively
	Continuing experimentation on AMs for livestock, primarily in OECD countries (Toutain et al., 2016; Lees et al, 2015), FARAD in the US  www.farad.org/
	No obvious application of pharmacology principles in LMICs;
Levels of AMU per animal or unit of product unknown;
Better understanding needed of relative AMR risk associated with low dose metaphylaxis to prevent fulminant infections versus high dose curative treatments (impact on commensals and environment);
Smart ways of administration of AMs in order to understand and possibly reduce the impacts on pathogen and commensal flora;
Competition for food between animals may well lead to under-dosing of some in a herd or flock;
Influence of light on feed consumption in poultry
	Alternative ways to raise livestock and aquatics without the need for AMU;
Efficient use of AMs – use only when necessary and in most effective quantities;
Environmental management;
Control of AM residues in food  (Landers et al., 2012)
Dose rates at which AMR is more/less likely to emerge (Johnson et al, 2016)

	
	Some information on when AMU is most likely during the life of animals and fish
	No specific activities were identified
	Critical periods of infection and vulnerability of animals and fish in LMICs need to be documented;
Alternative methods of managing these vulnerable periods need to be explored
	Focus of research, training and education in LMIC;
Design of surveillance programmes and targets



Within the discussion of dose rates for animals it is important to recognise that the genetics of the bacteria are likely to contribute to how a given bacteria will respond to acquisition of a multidrug resistance plasmid and/or MDR genes (Johnson et al, 2015; Zhang et al., 2015). While some bacterial strains having acquired resistance gain a survival advantage in the presence of antimicrobial drug, the mutation or plasmid may incur a fitness cost in the absence of the drug. Some bacteria may benefit from “compensatory mutations” to accommodate for the fitness cost. Overall, the observable variance in fitness cost of acquiring a resistance is probably dependent on the specific plasmid or gene and growth conditions (Johnson et al, 2015). Therefore, some bacterial strains cope well with antimicrobials, others do not. Some bacterial strains are preadapted, for example carrying resistance genotypes or appropriate efflux pumps, and are able to survive AM exposure. Many AMs target actively dividing cells however under poor nutrient conditions bacteria may not be actively dividing, for example Bovine TB. The differences are probably dependent on the specific plasmid, genes and growth conditions. 
From the recent work it would appear that although horizontal gene transmission between bacteria is difficult to predict, exposure to higher concentrations of antibiotics increases the probability compared to lower doses (Johnson et al, 2015). This implies that dose matters both in terms of pathogen management and AMR changes. Depending on the antibiotic and how ‘low dose’ is defined, low dose applications can have limited impact on selection for resistance traits compared with high doses (Subbiah et al., 2016). If low dose applications provide a significant production benefit without a significant selective effect on The danger is that if low dose applications are removed, an increase in demand for high doses might result because pathogen management gets out of control leading to clinical disease and deaths. The key message is that preventing entry and establishment of pathogens that lead to disease is a very effective mechanism to manage AMR changes. Where this becomes difficult due to feed and water hygiene and overall sanitation and management then low dose applications may help to manage disease and limit AMR.
[bookmark: _Toc336574157]3. People involved in the AMU - Farmers, animal health advisors and the veterinary services 
In many countries the livestock and farmed aquatic species food systems are generally supported by the veterinary services[footnoteRef:8] (public and private), on which they depend for advice on animal health and AMU. Many LMICs also have many people who would be considered part of the informal sector. These people may be hawkers of livestock products who have mobile stalls or established shops. There will also be people in communities who are recognised as having expertise in animal health and who play a role in recommending treatments for animals. In some countries these people are recognised as veterinary paraprofessionals or community animal health workers and may even receive official training in clinical diagnosis and treatment. The characteristics of the layer of professionally qualified veterinarians, in the public and private sector, vary by country and regions within countries. Most of these people will be clustered in urban centres and close to more intensive livestock production systems where the demand for their skills and knowledge is greatest.  [8:  Defined by OIE as “the governmental and non-governmental organisations that implement animal health and welfare measures and other standards and recommendations in the Terrestrial Code and the OIE Aquatic Animal Health Code in the territory. The Veterinary Services are under the overall control and direction of the Veterinary Authority. Private sector organisations, veterinarians, veterinary paraprofessionals or aquatic animal health professionals are normally accredited or approved by the Veterinary Authority to deliver the delegated functions.”] 

Research on the prescription of medicines indicates that cultural norms have a greater impact than guidelines and policy in a human health context (Charani et al., 2014). Similar observations were made in the use and prescription of antibiotics in a dairy producing area of Peru (Redding et al, 2013), and in Vietnam it was observed that male chicken farmers used more antibiotics than women (Carrique Mas et al., 2015). The latter study also observed the influence of economic incentives for sale of the drugs. There were varying degrees of trust in the knowledge of people involved in the prescription and use of medicines for animal health problems. These studies illustrate the importance of human behaviour in AMU and that in order to influence this process it is first necessary to understand the cultural, social and economic context in which individual AM treatment decisions are made.
Table 5 provide a summary of the knowledge and gaps in the area of the people involved in AMU at the animal level.
[bookmark: _Toc332522511][bookmark: _Toc336574187]Summary of the people involved in prescribing and administering AMs for livestock and aquatic species.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Farmers and farm-level AMU
	Compared with developed countries, the range and types of antimicrobials available in many LMICs is extremely diverse, including antimicrobials which are regarded as of critical importance for human medicine (WHO, 2011a). Data capture at farm-level has been initiated mainly in OECD countries (OIE, Survey)
Anecdotally most usage on farms is believed to be prophylactic (i.e to prevent rather than to treat disease) with evidence from Vietnam that most is used for prevention in chicken farms (Carrique Mas et al., 2015)
	Minor social and economic research 
	Level of farmer knowledge about correct use of AMs, managing residues and AMR at farm-level in LMICs needs to be raised;
Better understanding needed of drivers and motivators for AMU and incentives to reduce AMU and the influence of corporate suppliers (medicines, feed);
Labelling of feed, additives is needed and increased transparency over feed ingredients
	Cultural and behavioural change around AMU in livestock production could significantly reduce AMU (De Briyne  et al., 2013; Charani et al., 2014);
Managing AMU in animals to reduce input costs, residues and potential AMR (Rushton, 2015)

	Animal health advisors
	Evidence from specific research projects (from example Redding et al, 2013)
	No specific activities were identified
	Level of knowledge of advisors on types and differences between AMs, appropriate use and choice of AMs, management of residues and AMR; 
Incentives for advisors to prescribe AMs need to be better understood and, if necessary, modified;
Education of advisors needs to be aligned to policy objectives
	Managing AMU in animals so that they are used only to the extent necessary and residues and resistance are minimised (Landers et al., 2012)

	Veterinary services (public and private)
	Limited and patchy public and private sector veterinary coverage of the livestock and farmed aquatic species (Holden, 1999; OIE WAHIS, 2016)
	Engagement of countries in use of the OIE’s PVS tool and gap analysis;
Investment from World Bank in veterinary capacity
	Poor resourcing of veterinary services in surveillance and interventions;
Investments needed to strengthen veterinary capacity (including animal health advisors – focus on education in appropriate use of AMs, management of residues and AMR, motivation), research and service delivery;
Veterinary curriculum content aligned with policy development
	Management of AMU across the food system (Landers et al., 2012)


[bookmark: _Toc336574158]4. Monitoring of AMU, AMR and AM residues
AMU, AMR and AM residues can all be monitored on an ongoing basis and are necessary elements to any surveillance system for AMR.
[bookmark: _Toc336574159]Monitoring AMU and AMR
There have been initiatives to stimulate the collection and capture of data on AMU, including country-level efforts led by OIE. These link to the data presented in Figure 3 and information presented in Table 1 on the pharmaceutical supply. In general there is a weakness on the capture of AMU data at species and production-system level. 
The monitoring of AMR in LMICs is largely restricted to one-off research projects rather than the development of longitudinal databases. There are intergovernmental standards and models for how AMR surveillance can be carried out over longer time periods to understand trends and these developments have tended to focus on the EU, US, Canada and Japan. It is important that new approaches to monitoring are “global” to allow comparisons and conclusions to be drawn based on standardised methodologies for meaningful inter-country comparisons (Cunney et al., 2003). 
Table 6 presents the knowledge and gaps in the areas of data collection on AMU and AMR.
[bookmark: _Toc336574188]Knowledge and gaps in the monitoring of AMU, AMR and issues on sampling.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Monitoring of AMU at national level
	OIE-led global co-ordination of national data collection on AMU by member countries (OIE, Code) . This is establishing a standardised methodology for AMU data collection with global acceptance.
	Training of government staff in data capture by OIE;
Ongoing work on data capture at farm-level in some OECD countries.
	Poor resourcing for data collection and capture;
Capture of data on AMU at all levels is lacking;
Absent or poor data on quantities used, in what species and what production systems;
Absent or poor data on classes and compounds available and used; 
Different standards for human and vet AMR data collection
	Design of surveillance programmes, formulating policy interventions and setting targets  (WHO, 2013);
Interpreting and contextualising AMR

	Monitoring of AMR in livestock and farmed aquatic food systems
	Limited to discrete research projects in LMICs;
Surveillance programmes are emerging in OECD countries (e.g. National Antimicrobial Utilisation Surveillance Program (NASUP) in Australia; data gathered by EU’s ESVAC database)
	National Action Plans (NAPs) in response to WHO global action plan (GAP)
	Poor resourcing for sample taking, diagnostics;
Scientific oversight and coordination lacking;
Standardised methodology with global acceptance is needed;
Integration of AMR monitoring with information on livestock population, production and pharmaceutical supply and AMU;
National level database development is needed;
Social and economic analysis of AMR impacts in needed to support policy decision-making;
Linkage of AMR findings to feasible interventions;
Establish what traits of AMR should be monitored, as it is not a single entity but a complex set of attributes.
	Understanding the importance of AMU in emergence of AMR critical for human and animal health (van de Bogaard and Stobberingh,1999; Marshall and Levy, 2012) 
Monitoring the impact of AMU changes on food supply and AMR levels (Marshall and Levy, 2012);
Guidance to private sector;
General policy advice on AMU and regulation (WHO, 2013).

	Sampling strategy
	Currently sampling strategies not randomised. 
	Activities in the EU and USA for standardisation
	No country has a sampling scheme to ensure randomisation of sample selection. 
Global surveillance system on AMR lacks prioritisation of animals at time of slaughter versus on-farm or retail sampling 
	To minimise design effect (which has a net effect of reducing the statistical power).
Slaughterhouse and slaughter-points are more cost-effective than visiting individual farms



Standardization of methods and terminology as described in the OIE Manual are important for a monitoring system, but achieving a consensus will be difficult and time consuming.  In terms of methods for AMR testing, an example of the challenges is the suggestion that CDC will not adopt protocols or standards from Europe. In response to these institutional difficulties the suggestion would be to aim for a common standard that is used, and that a panel of test isolates be assembled as a reference data set. This panel can be used to validate findings from any given protocol that might be employed (for example, MICs are the recommended standard, but disc sensitivity assays are much easier to employ). In theory, it will be possible to use results from the standardized isolate panel to estimate coefficients to normalize data across different platforms. Even when the same protocols are being used, results from a standard isolate panel would allow estimates of the magnitude of laboratory variance. The scope of the datasets that should be collected with along with the range of sensitivity tests that also need to be defined’. An update of the OIE Terrestrial Manual (Chapter 3.1.) on Laboratory methodologies for bacterial antimicrobial susceptibility testing is foreseen. 
Similar difficulties can be encountered with terminology. Within the EU-funded research project, RISKSUR (http://www.fp7-risksur.eu), a subproject aimed to identify gaps and opportunities for improvement in the European surveillance landscape (Bisdorff et al, under review). Thirteen existing animal health surveillance systems were reviewed which revealed that there was inconsistent use of terminology. This hindered the ability to make comparisons between countries, which was only achieved once a terminology working group was established to determine what was meant and how the different terms could be compared.
Monitoring of AMR might involve many different combinations of bacteria and AM and many different test methods, which is a multi-dimensional challenge. When monitoring systems are being developed in LMICs with scarce resources it is necessary that they are limited and targeted. The elements of a monitoring system which should be considered are outlined in Table 7.
[bookmark: _Toc336574189]Knowledge and gaps in microbiology required for the monitoring of AMR.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Bacterial species to monitor
	Several guidelines have been issued by the EU and WHO (EFSA, 2012a,b; WHO 2015), 
Recent legislation (Decision 2013/652/EU) has defined bacterial species to monitor - non-typhoidal Salmonella (NTS), Campylobacter jejuni, commensal Escherichia coli, ESBL- or AmpC- or carbapenemase-producing E. coli (ECDC, 2016).  
	E. coli monitoring seems to be included in most systems;
Some countries in the EU also monitor Enterococcus and MRSA.
The OIE standards on antimicrobial resistance surveillance provide guidance and the Terrestrial chapter  is currently under revision.  
	Harmonisation of bacterial species to be monitored needed; 
Agreements needed on bacterial species to monitor in terrestrial livestock for LMICs.
Bacteria that may be isolated from aquaculture production need to be included however no consensus currently exist on the choice of species. (e.g. Aeromonas spp. Pseudomonas spp., Vibrio spp., Flavobacterium spp., Edwardsiella spp. )
Guidelines needed for monitoring of AMR in fish/shrimp -  E. coli is not a normal inhabitant of fish/shellfish, but rather a result of faecal contamination.
	Monitoring of the same bacterial species allows for comparisons between countries. 


	Antimicrobial panel selection
	Currently the EU testing includes 14 antimicrobials representative of 12 antimicrobial classes.  (ECDC, 2016)
	Discussion in academic circles on the selection in order to have a compromise between priorities in human and animal production
	Currently no agreed universal antimicrobial panel.
Guidance needed for countries wanting to test beyond the panel for additional antimicrobials or additional bacterial types.
	Globalisation of the antimicrobial market demands a standardisation of the antimicrobial panel;


	Standardisation of testing methods for phenotypic resistance
	Wide range of methods available. Minimal Inhibitory Concentrations (MICs) are considered to be the international reference methods to measure phenotypic resistance (Jorgensen and Ferraro, 2009).
	No specific activities were identified
	There are variations on experimental breakpoints due to different testing protocols;
For each a breakpoint needs to be determined, different methods available (ECDC, 2016);
Not clear what constitutes a wild-type strain (fully susceptible);
The standardization of the interpretation of phenotypic testing is a major challenge.
Link of experimental breakpoints to clinical breakpoints 
	Standardising the test methodology will reduce variability as much as possible (Cunney et al., 2003)
Consistency in application of standards over time will allow valid inferences about trends to be made.

	New technologies for detecting genotypic resistance
	New genotypic technologies (PCR amplification, gene arrays and whole genome sequencing (WGS)) have become more affordable (Zankari, 2013). 
Genotypic technologies are currently being used in outbreak investigations to elucidate gene flow between species and to identify sources of AMR genes and organisms.
	PCR amplification of AMR genes and even WGS beginning to emerge in mainstream laboratories in HMIC. 
More advanced technological developments will involve the quantitative testing of the whole resistome in sample matrix, as opposed to individual bacterial isolates.
	The adoption of these technologies for routine surveillance will take longer given the likely challenges in achieving consensus on methodologies and inherent difficulties in interpreting the data generated from these systems. Logistical challenges may complicate adoption in LMICs

	Useful to understand the dissemination of resistance within and between geographic regions and hosts.



[bookmark: _Toc336574160]Monitoring of AM residues
Monitoring of AM residues in food and the environment is an important component of an integrated approach AMR. The biological implications of AM residues are as yet not fully understood although it is suspected that a significant amount of antimicrobial drugs or their active residue are present in LMIC livestock food products and these pose a human safety issue. Residues in the environment have the potential to further select for AMR in bacteria in the environment on a large scale; however this scientific area is poorly explored.
[bookmark: edit]Antimicrobial residues are parent drugs or their active metabolites that remain in the tissues or in products such as meat, milk and eggs from treated animals. Almost all drugs administered intentionally or unintentionally to animals result in trace residues remaining in food products (Asredie and Engdaw, 2015). The administration of antimicrobials in farms animals, both therapeutically and for growth promotion, may result in antimicrobial residue in tissues, milk or eggs. These residues are usually present in very small amounts and most of them do not create public health problems as long as their toxicological significance is below a predetermined threshold (Paturkar et al., 2005). If present in high concentrations, however the residues can have important public health and economic implications such as: allergic reactions, selection of resistant pathogenic and non-pathogenic bacteria, toxicity and carcinogenicity of certain food products (Asredie and Engdaw, 2015). This is also reflected by the impact of antibiotic residues in the immediate environment after therapeutic treatment of farm animals (Liu et al., 2016).
The most important cause for occurrence of antimicrobial residue in animal tissues is an insufficient period of time given for the drug to be eliminated from the body of the animal before slaughter or harvesting of food, such that the residue exceeds the maximum residue limit (MRL).  Maximum residue limits for residues of veterinary drugs are the maximum concentrations of residues legally permitted in or on a food, as determined by internationally recognised standards based on evidence (WHO, 2008).  It is therefore important that veterinarians, producers and farmers respect the prescribed withdrawal times prior to slaughter or harvesting of food products (Asredie and Engdaw, 2015). 
Several tests are available to screen for antibiotic residues.  These are widely used in food samples in OECD countries and the three most important screening approaches are:  immunoassays, microbiological tests and biosensors (Cháfer-Pericás et al., 2010).  Their main advantages are: short analysis time, high sensitivity and selectivity for immunoassays; simplicity and low cost for microbiological tests; and automation and the possibility of in situ analysis for biosensors. Furthermore, the availability of commercial kits is increasing and they are cheap; generic ELISAs cost about US$15 and indicate presence or absence of residues. 
AM residues in food should be limited if there is adherence to licensing and manufacturing recommendations. Residues limits and withdrawal times published by the manufacturers are only applicable when manufacturers’ unaltered drug formulation and recommendations are followed. However, within the farming communities in LIMCs, there is evidence of a lack of awareness or non-compliance with appropriate dose and duration of treatment (Redding et al, 2013). There could also be a lack of awareness of the effect of farmers’ own AMU practice on residue concentrations (in milk and meat) because in the absence of residue testing there are no penalties from milk companies or loss of meat at abattoir (Redding et al., 2013). Unpublished data from Africa also indicate that a majority of households in a pastoral area do not observe withholding periods. This absence of feedback to farmers on the detection of residues is likely to contribute to a continuation of bad practices. Conversely, residue testing and the provision of feedback to farmers could significantly tighten the management of these medicines, at least towards the end of the production cycle. Table 8 summarises the knowledge and gaps in the area of AM residues.
[bookmark: _Toc336574190]Knowledge and gaps in the monitoring of AM residues.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Monitoring of AM residues
	Monitoring of AM residues in livestock food products exported to OECD countries (EU, 2016)
	NAPs in exporting countries, usually limited to the products being exported
	Unknown levels of AM residues in national food supply in LMICs, even when they are testing exported food
	Protect domestic consumers from adverse consequences of AM residues in food (Dagg et al., 2006; Lees and Toutain, 2012)

	
	FDA and EU have an environmental assessment of AMs in agriculture plus VICH (http://www.vichsec.org)
Occasional scientific reports
	No LMICs are full members of the harmonization process on vet AMs being led by VICH. Some are joining the outreach forum (India, South African, Uganda Thailand)
	Unknown levels of residues in the environment
	Bioavailable AMs in environment may pose risk of AMR development/ persistence and public health consequences (Marshall and Levy, 2012; Ferri et al., 2015)



[bookmark: _Toc336574161]5. Wider societal aspects
The livestock and farmed aquatic species production systems provide food for consumers and benefits across wider society. The management of these systems is shared between individuals, private companies and governments. This management needs to ensure production of food that is safe and that is accessible and affordable for the general population. It also needs to take into account that some aspects of food production will impact on the wider environment and manage the potential adverse consequences. This includes management of discharge of AM residues and resistance factors into the environment, which could in turn become a source of resistance for bacteria infecting animals or humans.
[bookmark: _Toc336574162]Role of the environment
The environment microbiome is a much larger consortium than the gut of a limited number of veterinary patients. Animal and human commensal microbiota constitute a potential “turnstile” for exchanges between the two resistomes (Toutain et al., 2016). The risk of contamination of the environment with veterinary AMs depends on which drug classes are the most used, and in particular on: 
· their formulations (oral versus parenteral);
· their routes of excretion of the active drug and metabolites (faeces or urine);
· the rate of degradation of the parent drug and active metabolite in the environment;
· the absence or provision of systems to ensure degradation or recycling of active residues before release in the environment.
Sources of AMs contaminating the environment include waste, sludge or manure (Heuer et al., 2011). While the focus is usually on poultry and pigs (and a somewhat less on ruminants), the impact of aquaculture may be underestimated. The water environment is directly exposed to the AMs used in aquaculture and several AMs remain stable in this environment for weeks or months (Thiele-Bruhn, 2005). There is the additional concern about movement of resistance factors from gut commensals of treated animals into the environment and stability therein.
The bioavailability of antimicrobials can vary depending on the method of administration. For example, oral administration can impose significantly greater selective pressure on the gut bacterial community compared with per os administration (although this will vary by antibiotic). For example, tetracyclines can have low bioavailability (fraction of the dose absorbed) with as low as 5 and 15% in pigs and no higher than 5% in poultry (Pollet et al., 1983). The unabsorbed fraction transits in the high-density distal compartment of the digestive tract with the potential to selection pressure that can last longer than the duration of the actual treatment (Hansen et al., 2002). This is also true for oral penicillin to some extent. Low ampicillin bioavailability in pigs (5%), leads to effects that can be detected for several weeks compared to control values after treatment (Bibbal et al., 2007). Even systemic administration (subcutaneous or intramuscular) can have significant impacts on the gut flora when antibiotics are eliminated via the digestive tract by biliary or gut clearance thanks to efflux pumps in the gut wall. This is the case for tetracyclines as well as some of the fluorquinolones.
Sarmah et al (2006) provide a good overview of the volumes and types of antimicrobials used in the US, EU, Australia and New Zealand in the late 1990s and early 2000s. This was produced at an early stage of the banning of AGPs in Europe. Concerns are raised about the AMs appearing in the environment and the resulting changes in microflora and the persistence of the AM in the soil, plants etc and the possibility of a change in AMR. Regulations in the US are in place for livestock holdings with large numbers of animals from both an environment and a water safety perspective, but not from an AMR perspective. The routes of potential contamination are highlighted in the Figure 4.
[bookmark: _Toc336574199]Potentials flow of antimicrobials from a livestock system through manure and effluent (taken from Sarmah et al, 2006)
[image: ]
In the LMICs the overall management of these systems is generally weak in terms of policy and in particular with regards to the impacts, positive and negative, of AMU in livestock and farmed aquatic species and environmental contamination with AMs (see Table 9).
[bookmark: _Toc332522512][bookmark: _Toc336574191]Gaps at the wider societal level relating to AMU, AM residues and AMR, covering environmental impacts
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Effluent management
	In the USA National Pollutant Discharge
Elimination System (NDPES) for units with over 1000 AUs;
Similar in the EU. 

	No specific activities were identified, despite a call for the international harmonisation of guidelines regarding which environmental isolates, stains etc. are to be phenotypically or genotypically screened (Berendonk et al., 2015).
	Wastewater and effluent management is needed; Potential to implement standardization of resistance testing in effluent and related water, soil samples etc. which would be comparable between countries (Kahlmeter, 2014);
Audit of legislation on effluent management, and its enforcement; 
The initial interfaces to tackle are water and water treatment in order to protect resources of anthropogenic importance.
	Reduce environmental contamination with AMs and/or AMR elements (Thanner at al., 2016); Protect against potential contamination of water for domestic use;
Likely the major source of contamination of the biotic and abiotic sylvatic environment (Arnold et al., 2016). The difficulties of dealing with this AMR at the site or region can be complicated by geography or ecosystem heterogeneity (Singer et al. 2006).



It is noted that bacteria within the environment have been using antimicrobials for millennia to defend against competing bacteria, this has resulted in a vast diversity of antimicrobials which we exploit but also a vast diversity of AMR. New classes of AM have been identified (Ling et al., 2015) recently but the concern is that the AMR genotypes are already present in the environment. The addition of high concentrations of AM residues helps rapidly select for the strains that contain the best AM defences.
To comprehensively understand the public health risks associated with AMR, data is required from all the components/systems/environments where it has been found to date i.e. human, livestock and the wider environment (including wildlife species). The environment (including wildlife species) is the least studied and least understood of these components. Although the full public health risk potential associated with AMR from the environment and wildlife has yet to be documented or realised, there is the real threat that the sinks for AM residues and resistant bacteria in the environment (including wildlife) may become a source of AMR presenting a threat to human and food producing animal health. There is also some evidence that bacterial diversity has impacts on plant productivity (Mehrabi et al., 2016).
With respect to the broader impacts of antimicrobial contamination in the environment, the effects are likely to be concentration dependent. Consequently, with the exception of cases where high concentrations of bioavailable antibiotics are expected in the environment such as immediate food animal production environments and effluent from pharmaceutical plants, limited resources may be better directed towards the targets of AMU, pathogen management and AMR at the animal level. 
[bookmark: _Toc336574163]Productivity and food supply
The main reason for AMU in livestock is to control pathogens to reduce the production losses they cause through morbidity and mortality and to improve growth rates and efficiency of feed conversion into more valuable livestock products. If AMs consistently improve production of affordable and accessible food products, then the implications are large in terms of human welfare because lower food prices relative to other goods in society ensure that low-income communities have affordable food prices while also freeing more consumer resources for a wealthier segments of LMICs. As mentioned in the section above on the impacts of AMU on livestock production, research in this area has been limited over the last two decades, therefore models of the potential wider food system impacts of changes in AMU are fraught with extrapolations, at worst, from research carried out between 30-50 years ago and, at best, from small scale studies under experimental conditions in OECD countries. The major policy shifts in AMU that have been implemented mainly in EU countries have not been followed with detailed work on food system changes and implications to societal welfare. Table 10 presents the knowledge and the gaps in the area of AMU and the productivity of food systems.
[bookmark: _Toc336574192]Knowledge and gaps in the understanding of how changes in AMU might impact on livestock productivity and food supply
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Food supply research
	Large-scale models of livestock food supply exist in some countries – mainly OECD countries;
USDA-ERS have conducted two different studies on changes in AMU in the USA (Mathews, 2001; Sneeringer et al., 2015)
	Ongoing work at international level (IFPRI) which focus largely on global food supply issues;
Data are being collected in agribusiness companies on livestock production with reduced AMU – these data are not accessible;
Swedish experiences are being documented;
MINAPIG project[footnoteRef:9] in the EU has documented productivity changes at farm level associated with reduced AMU alongside adjusted husbandry on pig farms – awaiting publication; [9:  http://www.minapig.eu. ] 

Data will be available from the monitoring The Netherlands has done since reducing AMU in recent years
	Models rarely take into account technical issues around livestock growth rates, efficiency changes;
Do not take into account impacts of AMU on food supply;
Better understanding of interaction between AMU and other husbandry measures – reducing AMU, when combined with other husbandry adjustments, will not necessarily cause productivity to fall but such approaches are not well described even in OECD countries
Understanding changes in pathogen burden with changes in AMU
	Understanding social and economic impact of changes in livestock (Thornton, 2010) and aquatic food product supply, equipping policy-makers with vital information about any trade-offs between reduced AMU, productivity and food supply;
Understanding other environmental impacts of reduced livestock productivity, for example substitution of protein sources, altered greenhouse gas emissions;




[bookmark: _Toc336574164]Modelling AMU/AMR dynamics
Models of AMR dynamics have attempted to capture aspects of the flow of resistance from antimicrobial usage in livestock, to dissemination of AM residues and AMR in the food chain and environment, to the ultimate risk to the human population. These tend to be mechanistic and small-scale models which oversimplify reality, for example ignoring commensals and the environmental resistome (Thanner et al, 2016). There is a need for systems dynamic models that connect the dissemination of AMR across temporal and spatial scales, from livestock usage to environmental impacts and the risk to humans. Such modelling work has to be supported by improved statistical techniques in order to get appropriate levels of causal inference (Singer et al, 2014). Such refinements, albeit complex, are needed if the reality of the AMU/AMR complex is to be represented in a manner that is useful for decision making and to move away from heuristics. The models need to be multi-dimensional and generate multiple outcomes of food production and productivity, pathogen level changes and AMR changes. Table 11 presents the critical details.
[bookmark: _Toc336574193]Knowledge and gaps in methodological issues associated with modelling of AMU/AMR dynamics.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Models of AMR dynamics capturing the flow of resistance from AM usage in livestock, to dissemination in the food chain and environment, to the ultimate risk to the human population.
	Small scale mechanistic models of dynamics such as within-host treatment (Spicknall et al., 2013) and dissemination within farm environment (eg Græsbøll et al., 2014). Conceptual models or statistical association models.
	Numerous conceptual models of the dissemination pathways of AMR have been published (for example Thanner et al., 2016; Williams-Nguyen, 2016) but remain to be developed into parameterised mechanistic models. Statistical models of environmental dissemination are being developed (eg Amos et al., 2015).
	More models need to be developed that aim to represent the dynamics of AMU through to AMR risk to humans. 
Social and economic models needed that predict impacts of changes in AMU on pharmaceutical sector, farm sector and food supply;
Resilience models needed to examine food supply (based on Toutain et al., 2016)
	Understanding impact of changes in AMU on AMR, food supply and wider environment, is critical to informing policy decision-making
(Landers et al., 2012)



[bookmark: _Toc336574165]Government policy, regulation and private standards
In general there is a lack of tight drug dispensing regulation and structured gathering of data and intelligence on antimicrobial use, residues and AMR by governments in LMICs. Some countries have no regulation for the provision and use of AMs in cattle, chickens and pigs raised for domestic production, and Maron et al (2013) report similar issues in other LMICs. Anecdotal evidence from South America suggests that some of the main meat producing companies have combined efforts to manage AMU yet there was no supporting documentation. 
There is evidence to suggest that the government policies in some countries can have an impact on their geographical neighbours and their trading partners. For example some countries will be the regional manufacturing and distribution hub for pharmaceutical products, others may be a point of distribution for replacement production animals, birds and fish. However, obtaining data and documentation on antimicrobial consumption and resistance policies of these countries can be difficult yet can have impacts on neighbouring countries.
This stark picture of anecdotal observations with no empirical evidence and documentation is generally the case in LMICs. Wealthier countries such as Chile and Thailand have emerging systems of data collection and capture that are driven by government policy and private company strategy. These countries have very successful export-driven livestock and farmed aquatic species sectors, which have overcome some major epidemic influenza viral disease in salmon and poultry respectively. Standards imposed by import markets (governments and/or private customers) are adopted by the private exporting companies and have driven positive change in these countries.
Table 12 provides a summary of the gaps and knowledge in the area of government policy, legislation and private strategy. 
[bookmark: _Toc336574194]Knowledge and gaps in government policy, regulation and private company strategy.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Regulatory issues
	Codex alimentarius;
OIE codes; 
OIE PVS tool ;
Public/Private initiatives (VICH)
	
	Not being applied consistently in LMIC;
Existing international regulations need updating
	

	Policy
	Active AMU policy development in OECD countries, including setting of reduction targets, banning of some agricultural use of AMs critically important to human medicine
	Global engagement on AMR is a major focus of government and international organisation work, including the WHO GAP and OIE’s data collection initiative
	Absence of analysis of policy conflicts, particularly regarding potentially negative impacts of changes of AMU on food supply and management of AMR in the food system
	Achieving a balance between food security and control of AMR (Hao, 2014)

	Corporate industry
	Some major international food and pharmaceutical corporations participate in TAFS forum (http://www.tafsforum.org/ )– interface between science and food business – which has AMR as an interest area with papers available;
Large food and retail companies are increasingly demanding information from suppliers on AMU; 
Some ‘antibiotic free’ labelling initiatives in OECD countries;
LMICs with export markets tend towards higher standards, including tighter controls on AMU and product testing for AM residues
	Changes in requests for information on AMU across the food system are having impacts on AMU at livestock and aquatic species levels.
	Corporate responsibility charters on AMs should be encouraged;
Domestic markets in LMIC tend to have a lower level of control of AMU than export-led production in the same country – this ‘two tier’ approach needs to be addressed
	Private industries have a major role to play in the management of AMs across society, are powerful and influential and can drive positive change



[bookmark: _Toc336574166]Consumers
One of the main beneficiaries of AMU in livestock is the consumer, with greater access to livestock food products and also other livestock goods such as wool, feathers and leather. Some of these consumers will also be negatively affected by changing patterns of AMR, though what proportion of this can be attributed to AMR that has emerged from AMU in animals is uncertain. In general consumer awareness of the issues associated with AMU and AMR is low, in part due to a relatively low understanding of the biological, social and economic issues involved and also because such levels of complexity can be relatively inaccessible. In LMICs, where educational levels may be lower in the wider community, this communication challenge will be amplified. Table 13 presents the knowledge and gaps on consumer awareness.
[bookmark: _Toc336574195]Knowledge and gaps in consumer awareness.
	Activity
	Existing
	Ongoing improvements
	Gaps
	Importance

	Consumer awareness
	Movement towards demanding higher standards and transparency in some countries and within certain socio-economic groups, particularly if there is an export-led parallel food production system (e.g. Thailand) though it is not necessarily that strong. Perhaps driven by the industry and fears of a food safety crisis
	No specific activities were identified
	Low level of consumer knowledge of AM use in production of food and associated hazards (AMR, residues);
Need to raise awareness of AMU in the food system - education of consumers
	Consumers have a key role in using AMs appropriately and placing pressure on both public and private sectors for action to preserve AMs for critical human use



[bookmark: _Toc336574167]Summary of situation analysis
There are major gaps in knowledge about AMU, AM residues and AMR in the livestock and aquatic food systems of the LMICs. There is a general weakness of the monitoring and surveillance system, which generates the following problems:
A lack of information on antimicrobials used in each species and production system and the application practices of vets and farmers will hinder investigation and understanding of AMU and AMR
There is a general lack of data and information on the antimicrobial residue testing in foods of livestock and aquatic origin in LIMCs
At the farm and individual animal level there are weaknesses and gaps in understanding the drivers for AMU and in the education and training of people on AMU, which is also hindered by a lack of clarity from international guidelines. This results in:
Inadequate veterinary staffing levels given the numbers of livestock and livestock producers
Poor levels of resourcing to carry out diagnostic testing required for pathogen detection, and if necessary targeted prescription of appropriate AMs
From a technical perspective there are major gaps in class and compounds used and their importance on bacterial clearing and on AMR implications:
It is vital that the type and quantity of AMs being used are known and that this is linked to species and systems, their management of wastes from the systems and scientific knowledge on pharmacokinetics
Lack of clear international guidelines on clinical breakpoints 
Much is discussed internationally on the need for a change in AMU, specifically a reduction in AMU, yet there has been little information found on the impacts of change in terms of AMR, food production and pathogen management. In LMICs there is no focus on this area with the result that:
Interventions that reduce the reliance of livestock and aquatic farmed species production systems on antimicrobials exist yet are not costed
Trials on the adoption and adaptation of AMU reduction interventions have not been carried out and documented in LIMCs
There is a lack of information on how to modify levels of antimicrobial use without impact on livestock and aquatic farmed species productivity change
In summary, data across the livestock and farmed aquatic species food systems in LMICs are either absent or of low quality. There is an absence of data on pharmaceuticals available and used in animals and the motivations and drivers for AMU. Therefore any data generated on AMR levels across LMICs food systems currently has to be interpreted through extrapolation of AMU from other countries which are unlikely to be directly applicable to LMIC production systems. Overall this weakness in data demands investment in surveillance systems that capture AMU, AM residues and AMR in order to guide other AMR mitigation actions. The following section will provide guidance on the aspects of surveillance which need to be developed in LMIC, and the subsequent section provides suggestions as to where other interventions could be made.


[bookmark: _Toc336574168]Developing surveillance systems for the AMU/AMR complex
In the public health context, ‘surveillance’ has been defined as ‘the continual scrutiny of all aspects of occurrence and spread of a disease/infectious agent’, and involves the ‘systematic collection, analysis, interpretation, and dissemination of health data that is pertinent to effective control’ (Lemon et al., 2006). A similar definition often promoted by WHO is ‘the ongoing systematic collection, analysis and interpretation of outcome-specific data, closely integrated with the timely dissemination of these data to those responsible for taking public health action to prevent and control disease or injury’ (Thacker, 2000).
A surveillance system cannot be expected to suddenly emerge. It needs careful planning and iterative development. A good surveillance system should have well-defined objectives, and the following attributes: (1) simple, (2) flexible, (3) acceptable, (4) sensitive, (5) positive predictive value, (6) representative, (7) timely, and (8) adequately resourced (9) with results that are comparable between laboratories (adapted from CDC, 1998) to which can be added that results are comparable across populations at risk and livestock sectors that are being targeted. In addition a ‘supranational’ surveillance system should be harmonized as much as possible so results that are comparable between countries. The development of such a surveillance system should make explicit the following issues: (1) what is the population under surveillance? (2) what is the period of time of the data collection? (3) what information is collected? and (4) who, how and how often is the information transferred, stored, shared, analysed and reported?
In the context of AMR, the authors feel that the terminology ‘AMR surveillance’ does not convey the full extent of the inter-related data which need to be collected and analysed in order to fully understand the issues. It may even mislead the effort down the path of focussing solely on monitoring the occurrence of resistance in bacteria. A surveillance system that is going to be suited to assisting decision makers to limit and control AMR will, in fact, need to be much broader than simply looking at AMR, since in order to interpret AMR and design appropriate actions a lot more contextual information will be needed. Therefore the authors suggest the use of the terminology ‘surveillance systems for the AMU/AMR complex’ as an all-encompassing alternative.
Given the global trans-boundary nature of AMU and AMR, a ‘global’ surveillance system for the AMU/AMR complex using standardised methodologies should provide advantages compared with bespoke national-based surveillance systems, given the increasing global trade of antimicrobials, animals and food, as well as human travel. 
The first thing to address is the scope of the surveillance system. Clearly a ‘supranational’ comprehensive surveillance system that includes people (communities, hospitals) and animal production is an ambitious (although highly desirable) objective towards which we should aim. Integrating a human-animal surveillance system is, however, extremely challenging and even in developed countries such as the European Union, the human surveillance system (EARS-Net) is very focused on invasive pathogens in hospital settings (i.e. it does not even include communities). It would probably be more realistic to start off with a surveillance system focused on animal production, which in itself brings a high level of complexity. In any case, to develop an integrated human-animal surveillance system, co-ordination with public health/medical authorities is a pre-requisite for defining what animal reservoirs and what resistance types need to be investigated globally and in each country.
Many will adopt a two-step approach to surveillance of highlighting the need to measure the prevalence of AMR in each livestock species, their production systems and associated value chains and to capture differences within-, between-countries, as well as between livestock sectors over time. Secondly, ongoing measurement of AMR will lead to an ability to assess changes and indicate the emergence of issues that endanger human and animal health and also success of policies. However, as mentioned above, this focus on AMR alone is only the outcome from the use of antimicrobials in livestock and farmed aquatic species. A surveillance system that generates an ability to guide difficult decisions on policy will need to also capture AMU, the nature and size of the livestock sectors, the AM residues and additional outcomes of AMU such as management of pathogens and changes in food productivity. The productivity changes need to be placed in context of accessibility and affordability of livestock food products and potential impacts on the wider environment. Figure 5 indicates the coverage of surveillance required to generate data and information that is adequate to improve decision making around the AMU/AMR complex.
[bookmark: _Toc332474312][bookmark: _Toc336574200]Input and output relationship for antimicrobial use, AMR and productivity in the livestock food system.
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The structure of the system describing AMR and its link to AMU initially has to be based on conceptual models reflecting our current understanding of the biology of resistance. The dynamics of the system should consider AMR emergence, selection, spread, persistence and reduction. AMR emergence is commonly considered to be a natural phenomenon that is impossible to fully prevent (SDa, 2016). The main focus of interventions is currently aimed at limiting spread of AMR, avoiding persistence and general reduction in AMU. Quantification in terms of occurrence (mostly prevalence) can be achieved with the use of surveillance information. As the knowledge of the system becomes more complete, models can be developed that are able to represent the AMU/AMR complex in livestock. Ultimately for the surveillance system to add value, it needs to collect, capture and analyse data across the livestock food systems, and generate information that informs decision making at all levels around the use of antimicrobials in the livestock production systems (See Figure 2).
[bookmark: _Toc332474313][bookmark: _Toc336574201] Relationship between a sustainable AMU/AMR complex surveillance system for the livestock food sector and decision making on antimicrobial use in livestock.
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The capture of data on AMU is therefore a vital element in an AMR surveillance system. This is because knowledge of the inputs into the systems in which AMR is detected will contextualise the findings, aid interpretation and allow evidence-based intervention strategies to be designed to control and contain AMR. Ideally the monitoring of AM residues from the same production systems (animal products and environment) should also be integrated into the surveillance system for the AMU/AMR complex.
Five stages can be defined for developing a surveillance system and integrating surveillance results into a hazard mitigation cycle, as follows:
1. Identification of key parameters and indicators that allow the quantification of AMU, AM residues and the occurrence of AMR, or changes thereof (trends)
2. Design of data collection activities to collect the data pertaining to the parameters of stage 1, using globally harmonised and standardised data formats and testing methods. Specific questions include:
a. Which antimicrobials are of interest for AMU data collection, AM residue testing and AMR testing activities?
b. Which organisms (pathogens, commensals)?
c. Which livestock and aquatic species, production systems or aspect of the food system?
d. Which environments and wildlife (if any)? See Vittecoq et al. (2016) and Arnold et al. (2016)
e. What sampling points in the antimicrobial use chain? At which interface should be the monitoring/surveillance take place? Along the following scale domestic-domiciliated-sylvatic? 
f. Ecological or ecosystem models for direct or indirect transmission.
g. What other drivers are relevant, e.g. human culture, beliefs and behaviour?
h. What economic aspects?
i. What governance aspects?
3. Implementation and maintenance of a data collection system (monitoring), allowing the development of datasets. Analyses and interpretation of the data are required to understand the processes occurring within the system.
4. Utilization of the monitoring data to address specific questions and hypotheses about AMR in animals, environment and humans. Specific questions include:
a. AMR prevalence, incidence?
b. Relationships between AMR and risk factors including AMU?
c. Relationships between antimicrobial use and livestock food system productivity?
d. Impact of agricultural AMU change on AMR? 
e. Impact of AMU change on food availability and price?
f. Estimates of the social and economic value of changes in AMU in livestock (risk-benefit estimation)?
5. Turning the explanatory models into predictive models to understand and – ultimately – prevent/start planning for future emergence or spread of AMR.
Only a few high-income countries have completed stages 1-3 and there are only a few robust explanatory models for specific bacteria-substance-resistance combinations available today (Toutain et al., 2016). More generic models remain very vague and have not been validated. And all countries are still a long distance from the predictive models required for stage 5. As stages 4 and 5 are dependent on valid and robust data sets, the main focus of development in LMICs initially should be collecting these data. 
In the first instance, basic knowledge of the type and quantity of AMs being used, and in which species and production systems, needs to be acquired at national and global levels. This will require collaboration between governments and private sector suppliers of AMs to the livestock production sectors in LMICs, in many cases involving large global pharmaceutical interests. Obtaining the necessary degree of co-operation and transparency will be challenging but is necessary to provide a foundation for the surveillance system. Embedding corporate social responsibility about AMU and the prevention of AMR, in recognition of the public good attached to these medicines and role of the pharmaceutical industry in stewardship, will be an important component among others.
In terms of AMR and residue surveillance, this would require not only increased capacity in diagnostic labs in LMICs, but also investment in careful surveillance design in order to maximize the quality of information obtained per investment. More data on AMR occurrence are not necessarily better if not systematically collected and tested using standardised methods or if essential information about the sample origin and context (e.g. AMU) are lacking.
In addition to assisting in the development of national capacity in LMICs, the Fleming Fund investments need to support the development of systems for data collection, collation and interpretation at a regional and global level to permit the stage 4 and 5 process, leading to predictive capacity for answering critical questions and quantifying important relationships across the pharmaceutical and livestock food sectors and in the populations of animals and pathogens affected. 
A range of assessment tools have been developed by international agencies to support countries in capacity self-assessments in various areas, including laboratory and veterinary services capacities (e.g. the OIE’s PVS tool). The purpose of such tools is to identify areas where improvements are needed, and also to help set priorities for investments. An extension of the PVS tool or the development of something similar would be useful in the context of antimicrobial usage and resistance monitoring and surveillance. The provision of capacity building support needs to be in line with the local needs. After the establishment of the initial stage of development, further progress should be facilitated by capacity building support. This can again be better tailored to the local needs if a staged approach is used. An example of this approach is currently used in the context of global eradication of foot-and-mouth disease (FMD). In this programme, countries are conducting self-assessments and are grouped in different stages along the progressive control pathway (PCP[footnoteRef:10]) until they reach official disease status[footnoteRef:11]. The assessments are conducted in the framework of regional programmes because trans-border trade means that FMD cannot be tackled in isolation, which is a similar situation – to some extent – to AMR control. [10: http://www.fao.org/ag/againfo/commissions/eufmd/commissions/eufmd-home/progressive-control-pathway-pcp/en/]  [11:  http://www.oie.int/animal-health-in-the-world/official-disease-status/)] 

Annex 2 provides detailed information on AMR monitoring, which demonstrates the relative imbalance in the current surveillance of the AMU/AMR complex in livestock and farmed aquatic species. Similar details are needed to guide the development of AMU and AM residues monitoring, plus guidelines on how to bring these data together in order to create a coherent surveillance system for the AMU/AMR complex which could provide information on food production, pathogen management and AMR. 
[bookmark: _Toc336574169][bookmark: _Toc332522547]Specific actions for surveillance of the AMU/AMR complex
In terms of surveillance the following investments are recommended:
1. Specific country issues – establish national monitoring and surveillance systems in LMICs, with international support and orientated around regional country groupings (along similar line to the EU approach)
a. Collection and documentation of data on the pharmaceutical supply to the livestock and farmed aquatic species food systems, using consistent and standardised data formats including;
i. Products, AM classes and compounds – types and quantities used
ii. Species in which AMs are used; rationale; typical applications (dose, frequency, duration of use for given use)
iii. Production systems in which AMs are used
iv. Reasons for use
v. Pricing of AMs
vi. Education and training on AM use at veterinary, animal health advisor and farmer level
b. Support on the collection, analysis and interpretation of livestock and aquatic farmed species populations and production systems to derive denominator data working with:
i. LMICs statistical and agriculture departments
ii. Research and industry organisations working on livestock and fish modelling and production system analysis
iii. FAOSTAT and OIE WAHIS
c. Develop bacteria-substance-resistance (‘drug-bug’) combinations that are critical based on data on pharmaceutical supply and high risk production systems. I.e. the most meaningful bacterial and resistance combination for surveillance. Initiate AMR surveillance around these drug-bug combinations, focussing on highest use sectors and critical points in the life cycles of livestock and farmed aquatic species. Harmonise (existing) standards for AMR testing and support LMICs to implement standard practices.
d. Protocols for testing healthy animals for detection of the common AMR which for LMICs should be a priority
e. Develop manageable protocols for AM residue sample taking and testing to include food and the environment
f. Where possible the develop and implementation of protocols in the use of clinical isolates for the detection of rare and emerging genes (or phenotypes)
g. Link AMU, AM residue and AMR surveillance information to interventions.
2. Generic issues – LMICs, international research and development collaborations on:
a. Data collection and capture tools and publishing standardised data formats, supporting the work initiated by OIE. Need for harmonisation of medical and veterinary standards to begin with on zoonotic pathogens and commensals. Need for harmonisation on which bacterial species to monitor, an antimicrobial panel selection, and an agreement on which testing methods for phenotypic testing for AMR to use. 
b. Database development for 
i. AMU utilising the experiences of OECD countries and supporting initiatives of OIE and supported by FAO, cross-agency collaboration and co-ordination to avoid duplication of effort and confusion.
ii. AMR for veterinary pathogens supporting FAO initiatives and with contributions of OIE 
iii. AMR gene sequences
c. Data analysis and interpretation procedures using epidemiological, mathematical, economic and social science skills
d. Modelling – development of methods to model the extreme complexities of the AMU/AMR complex, leading to predictive systems relating changes in AMU in livestock and farmed aquatic species food systems to the food supply, AM residues and AMR levels in the environment, animals and people (Toutain et al., 2016).
e. Adoption of consistent terminology - The Fleming Fund could support tripartite initiatives to ensure compatibility of databases and standardised documentation, to ensure data are available and comparable (see RISKSUR[footnoteRef:12]) [12:  http://www.fp7-risksur.eu ] 

A good surveillance system has to be supported by control and prevention actions and interventions that are socially acceptable, economically profitable and politically feasible. The following section discusses the wider interventions to manage the AMU/AMR complex in the livestock and aquatic food systems.


[bookmark: _Toc336574170]Wider interventions
Surveillance can only be effective if the information generated can be linked to prevention and control interventions (Häsler et al., 2011). In the case of managing AMR levels there is much discussion about the need to reduce levels of AMU, even when such use is considered appropriate. As identified through the situation analysis in this study, such actions to reduce AMU are often not specific and fail to acknowledge the need to balance management of infections, animal welfare and sustainable food supplies. Nor is there sufficient understanding about which antimicrobials should be used and when, in order to limit infection burdens and AMR levels that are critical to people. At the microbiological and physiological level, understanding of the impacts of AMU on the microbiome is still emerging. At a societal, cultural and behavioural level research is rudimentary and by nature will be very country-specific and not necessarily translatable from one study area to another. 
The use of antimicrobials in animals, be they livestock, companion or sport animals, is ultimately for the benefit of humans. Livestock produce meat, fish, eggs, milk and fibre, plus are important as a store of wealth and in many parts of the LIMCs provide draught power and manure. The way livestock are kept has changed drastically since the 1930s in the USA, 1950s in Europe and 1980s in developing regions. There has been an increasing reliance on methods of production that create greater efficiencies which in economic terms largely relates to increases in production per unit of labour and per unit of capital used. These systems require animals to be housed in controlled environments at high densities and, in the case of animals for fattening, to have relatively short lives.
Ensuring livestock are healthy is critical to stabilize the supply of livestock products, as the farm level production systems are part of complex food systems supplying urban based consumers who are completely dependent on these food supply chains. The components of a health system are reliant on the exclusion of major pathogens, the robustness of the animals (genetic, nutritional) and the treatment of unhealthy animals. Antimicrobials are a necessary part of these production systems, providing an ability to prevent infectious disease and also curing animals with disease. The level of reliance on antimicrobials can be altered through better management of the exclusion of pathogens, through food and water hygiene and basic sanitation of the housing systems in which the animals are kept. The immune status of the animals can also be modified relatively quickly through use of vaccines and by allowing young animals time to develop their immune system in a less challenging environment, or more slowly through breeding for disease-resistance traits. The systems can also be modified by changing the way animals are kept – their husbandry. It is possible to change densities of animals, to modify ages at weaning, to provide greater care at critical points in their growth and reproductive cycles and to reduce stress through better animal handling. The use of antimicrobials versus other forms of intervention to maintain healthy animals is a balance and will be driven by the availability and costs of alternative intervention types, as well as by current levels of knowledge and dissemination of that knowledge (see Figure 7).
[bookmark: _Toc332474307][bookmark: _Toc336574202]Relationship between livestock product supply and the use of antimicrobials.
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To provide an example of the potential balance between the different options available in the livestock production systems: An investment in potable water for a chicken flock alongside guaranteeing that the feed used comes from a feedmill with approved HACCP standards of preparation will reduce the need to add antimicrobials in water and feed to generate safe water and feed. This will reduce the levels of gastrointestinal infections and in turn reduce the need for prophylactic and curative treatments of a flock. The investments required are for the supply of potable water and a system of distribution at farm level, plus that the feedmills are capable of sourcing their raw ingredients from high quality sources and can process the feed to a high hygienic level. It requires the coordination of the farmer, water supplier, feedmills and advisors to make the technical aspects achievable. In addition, the markets for the livestock product need to provide incentives and information on the need for this to take place. Part of this can be through a legislative process, in combination with private standards and control over market access to manage the process.
[bookmark: _Toc336574171]Specific actions for wider interventions 
Priority areas for wider research and development interventions include:
1. Antimicrobials
a. Ranking of antimicrobial classes by their impact on the interface between animal and human health taking into account:
i. Estimated tonnage sold in LMICs 
ii. Where possible estimation of the risk of inappropriate dose administration
iii. Empirical estimates for how different antimicrobials and administration practices impact on the microbiome and abundance of resistant enteric bacteria in food animals and environment.
b. Development of Eco-friendly antimicrobials based on:
i. Acceptably high oral bioavailability
ii. Sustained high plasma concentrations
iii. Preferential renal clearance with limited biliary or intestinal excretion to protect gut microbiome.
iv. Develop inventive formulations as lipophilic inactive prodrugs that can be well absorbed and converted to more hydrophilic daughter active metabolite
c. Determination of the fate and the management of antimicrobial active residues in the environment:
i. Hydrolysis, 
ii. Photodecomposition (however contribution negligible compared to other processes). 
iii. Can antimicrobial degradation can be accelerated? 
iv. Can antimicrobial residues be sequestered (e.g. via absorption)?
v. Can antimicrobial residue on animal waste from LMI countries be better managed or regulated to limit possible contamination of the environment?
d. Development of guidelines based on clinical breakpoints for treatment with a specific drugs for each animal species infected by a each bacterial species which includes (see Kahlmeter, 2014)
i. The pharmacokinetics of the drug in the species at recommended dose rates, 
ii. The range of doses received by individual animals in the case of collective treatment (taking into account competition, loss of mobility that would allow consumption of medicated food or drinking water)
iii. The exposure levels necessary to ensure high probability of bacteriological cure for metaphylactic and therapeutic treatments of infected animals (this knowledge is only obtainable from sophisticated data analysis)
iv. The range of Minimal Inhibitory Concentrations for the non-resistant (wild type) and for resistant field strains. These data are archived by national or private diagnostic labs or by some drug companies (surveillance data).
2. Livestock and aquatic farmed production systems
a. Develop safe feed and water practices for livestock and farmed aquatic species, to increase infection control, nutritional status and general health, with a mixture of:
i. Adaptation of what is known from OECD countries
ii. Primary research for specific production systems LMICs
b. Develop farm-level hygiene standards for livestock and farmed aquatic species production systems
i. Adaptation of what is known from OECD countries
c. Research and develop vaccines for diseases known to be major stimulators of antimicrobial use, utilising links with existing work of:
i. OIE  prioritisation exercise, H2020, BBSRC and private companies
d. Genetic improvement of livestock and fish stocks with attention to the impact of disease resistance on productivity. Some work is being carried out by the International Livestock Research Institute (ILRI) supported by BBSRC
e. Develop husbandry practices that reduce the requirement of AMU in livestock and farmed aquatic species, building on the work of projects such as MINAPIG 
f. Research pig and poultry growth rate response to AMs in LMICs to determine if there are differences in animal productivity and food supply
3. Sector level
a. Research human behaviour with regards to AM distribution, sales, prescribing and use by the pharmaceutical sector, veterinarians, animal health advisors and farmers
b. Mathematical modelling of the impact of changes in AMU in livestock on AMR, AM residues and food supply
i. Should be linked to on-going surveillance for the collection of data to generate empirical estimates for model parameters
4. Industry level – pharmaceutical, agribusiness, food and catering companies
a. Engagement and development of corporate social responsibility charters on antimicrobial manufacture, distribution and use
b. Engagement of the feed industry with regards the monitoring of antimicrobial additions to feed, labelling, education and awareness and the testing of feed on pathogens and antimicrobial levels
c. Research on the importance of shareholder awareness-raising about the importance of socially responsible antimicrobial use and management of AMR
d. Release and publication of dossiers presented for licensing approval of pharmaceuticals for use in livestock and farmed aquatic species
e. Limit marketing efforts for antibiotics that have more impact on AMR when suitable, less impactful alternatives are available
f. Research needed on the illegal and compounding component of pharmaceutical manufacture, mixing and distribution in LMICs in order to understand their importance and potential implications on AMR, pathogen management and food supply
5. National governments in LMICs and international organisations
a. Support in the harmonisation of policy and legislation on drug manufacture, distribution and licensing 
i. Public sector - OIE with member countries
ii. Private sector - ISO on GMPs for pharmaceutical manufacture and distribution
b. Develop platforms for the sharing of data on AM import/export, registration and use between ministries of trade, health, agriculture and the environment.
c. Develop guidelines for public sector food supplies (schools, army, hospitals, aid relief) to request information on antimicrobial use and management from agriculture producers and food suppliers
d. Research the quality of education and training on AMs, AMU and AMR at veterinary, pharmacy and farmer levels in LMICs
e. Policy analysis regarding the effectiveness of AMR mitigation through public policy and private standards.
f. Research on consumer attitudes and consumer awareness of AMU in food production in LMICs


[bookmark: _Toc336574172]Conclusions and Recommendations
It is over two years ago that a call was made to create an intergovernmental panel for antimicrobial resistance[footnoteRef:13] (Woolhouse and Farrar, 2014) and more recently the challenges of AMR have been expressed as a quintessential One Health issue (Robinson et al, 2016). These calls have highlighted the need for a multi-government, multi-sectorial and multi-species approach. In addition to supporting these aspirations, this report calls for more innovative ways to view surveillance, the need for resources to address major gaps in knowledge on the use of antimicrobials in livestock and aquatic farmed species and for the inclusion of the private pharmaceutical, agricultural and food companies as key players in finding answers quickly to the problems of AMR. It intends to move the debate on to the wider institutional environment in which antimicrobials are used and request a more nuanced use of economics, one that moves beyond neo-classical models of reality to include institutional and behavioural economics in order to better manage the common good of antimicrobials (Rushton, 2014). [13:  Note that in September 2016, world leaders held a special AMR session and have adopted a resolution on AMR at the United Nations General Assembly.] 

The situation analysis identified gaps in knowledge and activity across the livestock and aquatic food systems, taking into account the interface with the pharmaceutical industry and the wider environment. It has explored the manufacture, distribution and compounding of antimicrobials used in livestock and aquatic species and potentially spilling over into food and the environment. It has also considered the microorganisms – pathogenic and commensal – affected by this antimicrobial use and questioned how AMR is currently monitored in order to identify both gaps and potential solutions. Finally, it has also looked at the importance of AMU in livestock and farmer aquatic species in terms of managing disease and improving the productivity of food production systems. Productivity changes of any sort will affect the accessibility and affordability of livestock foods, and the environment through potential changes in greenhouse gas emissions and effluents. 
The authors consider the issues around AMR and the livestock and aquatic species should be viewed as an AMU/AMR complex due to the multiple dimensions and multiple outcomes in terms of food production, pathogen management, AMR change and consequent environmental and human health impacts. Interpretation of AMR findings requires a more complete understanding of the inputs to the system, AMU, and residues of AM in the environment and animal products.
The analysis has highlighted an absence of quality data and information across the livestock and farmed aquatic food systems in general and, in particular, data on use of antimicrobials and the occurrence of AMR in these systems. This is observed globally and specifically in LMICs. This conclusion supports findings from other studies and agrees with the emphasis of the Fleming Fund to focus on developing surveillance activities in LMICs. The report goes further than other studies in advocating the need for a phased approach to surveillance leading towards the generation of predictive models to support policy formulation by LMICs. It recommends that national level surveillance by the LMICs is supported by, and supports, global-level activities, policy and private-sector actions. 
The analysis also highlights the need for research on human behaviour across the livestock and farmed aquatic food systems, including the drivers and motivators for the use of AMs and the role of human behaviour in exposure to AMR risks. Human behaviour has to be placed in a context of the rules and enforcement which includes legislation[footnoteRef:14] and policing as a framework, with actual actions being strongly guided by a mix of private standards, market access and social and cultural norms (Rushton, 2014; Wolf, accepted). There are very powerful examples of the use of private standards to manage antimicrobials in the food system. Countries with high levels of use of antimicrobials in terrestrial and aquatic farmed species are successful in exporting products with no detectable residues. There are also examples of local value chains that have high quality products (http://www.freshstudio.vn). Understanding this “institutional environment” and the relative importance of public policy, private company strategy and individual incentives will be critical in achieving sustainable AMU. In a LMIC context there has to be a balance between the need for accessible and affordable livestock products, the management of pathogens in livestock systems and the management of AMR critically important for human health (see Sneeringer et al, 2015 for a recent analysis in the USA; Mathews, 2001).  [14:  These incorporate intergovernmental standards.] 

Looking across all the gaps identified in the situation analysis, common themes emerge and actions have been identified which focus on similar areas. Some of the key findings include:
· At almost all levels there is a need for research to better understand the fundamental mechanisms for the development of AMR, and how AMU in animals (different species and production systems) impacts on AMR of public health significance; 
· There is a need for monitoring of AMU, AM residues and AMR, all fundamental building blocks of a surveillance system for the AMU/AMR complex;
· There is a need to raise awareness of risks associated with AMU and AMR amongst the entire spectrum of people involved, from farmers to the general public to large corporate suppliers and buyers to the governments in LMICs, and to facilitate a change in culture and behaviour around the management of AMs;   
· The gaps and proposed actions listed often apply to both HIC and LMIC. 
The AMU/AMR complex should be approached according the specific circumstances of the country and regions, which while they need to be in line with intergovernmental standards, a single formula approach will not be appropriate to all circumstances.  People need to be educated and trained to assess the roles of livestock and aquatic species in their society and the interactions of these animal systems with the pharmaceutical industry. They also need to be able to assess the resources – human, financial and logistical – available to develop a surveillance system for the AMU/AMR complex that would provide information on AMU, AMR levels, livestock pathogens and livestock productivity. Such an approach requires guidelines and menus of activities that will allow educated and skilled practitioners to develop systems that are country and context specific within the framework of intergovernmental agreements. The educational process needs to take into account the (1) Importance of understanding flows through the livestock and aquatic systems with a focus on AMs, pathogens and AMR; (2) Surveillance which uses technology appropriate for the context and that is cost-effective and sustainable; (3) Interventions that can manage immediate problems with a focus on hygiene and waste water management; (4) Communicating surveillance and intervention needs to government officials in control of resources, the private sector and wider society; and (5) Ensuring that mechanisms are in place for best practice in AMU through improved AM stewardship which will be reflected in strategic and specific [targeted and contextual] use of AMs.
Importantly, it is crucial that decision-makers and funders recognise that it is not going to be possible to manage AMR by applying one approach in all countries and circumstances. The pathways to the development and dissemination of AMR with health significance are extremely complex and the authors feel strongly that interventions and research will need to be country-specific and even situation-specific. Another important observation is that overall surveillance and mitigation actions need to be developed within a structure of rules and enforcement (institutional environment) that are effective and sustainable in order to safeguard the communal good that antimicrobials represent. This requires a combination of interventions that go beyond the technical and that consider culture and behaviours at many levels in society (corporate, professional, individual) that underlie existing AMU practices in LMICs. The OECD countries are leading the way on the technical aspects but are only just beginning to explore the social elements that are essential for ensuring good AM stewardship (Charani et al., 2014).
The process of investment requires careful planning of resources and human capacity development to establish and sustain surveillance systems that can monitor both inputs - AMU, livestock species and food system - and outputs - pathogenic species, AMR and AM residues. These inputs and outputs provide a context for examining changes in use and impacts on food production, pathogen burden and AMR in order to inform policy making in public organisations and strategies employed in private companies and individuals. The surveillance has to be linked to interventions that are politically feasible, socially acceptable and economically viable, and work is required to adapt possible solutions to suit LMIC settings. In this process public policy needs to be aligned to the strengths and weaknesses of private company actions, strategies and market access and the social and cultural norms of individuals. Any programmes also need to be specific in terms of species, production system and the age of animals with regards to AMU and the potential links to AM residue generation and AMR changes.
The authors considered adopting a risk analysis approach to each of the issues highlighted, which could be helpful to disentangle and understand each component part. Yet the AMU/AMR complex is a multi-dimensional problem with a number of hazards and a range of consequences. A simple linear approach will be a very crude representation of reality for decision making and only a starting point for planning a surveillance system. The hazards range from the antimicrobial itself, which can pass from manufacture through distribution to food animals and then into the environment and humans. In the process the antimicrobial can have consequences such as reduced pathogen presence and improved productivity –positive consequences – and/or AMR resistance evolution in pathogenic, commensal and/or environmental bacteria - negative consequences. The true impact will be uncertain as these AMR selection events could take place in an animal, a human, plants and/or the environment with potential feedback loops if commensal bacteria are then part of a land fertilization process, for example. There is a time dimension, a spatial dimension and the hazards are multiple and are not clearly understood. The problem, therefore, lends itself more to systems dynamic modelling supported by data collection at identified critical points of interaction in order to understand hazards and the positive, neutral and negative consequences of changes in AMU. The complexity is challenging, and of concern, yet with current and emerging technologies in sampling, diagnostics, epidemiological, economic and social analysis, modelling of the AMU/AMR complex should become possible. 
Whilst government policy and regulation are important, it is crucial to recognise that the main people involved in decision-making over the use of antimicrobials are part of the private sector, working either within a company, a small business or for themselves, and with the vast majority of people acting to some extent as independent consumers of livestock products. This implies that many human actions will be driven through a process of personal information shaped by cultural and social norms; private standards and access to markets; as well as being influenced by a framework of legislation and public policing. The private standards, social and cultural norms can be affected through policies that extend outside human and animal health into areas of business, transport, communication and education. The majority of risk managers will be private companies and individuals, and although their collective action may be shaped by public policy there will be insufficient resources in LMIC to ensure that public civil servants can either implement or oversee these actions. Similarly the most powerful communication routes will be through existing information channels from trusted sources. There will be situations where government are neither the main nor the most trusted source of information. Communication strategy needs to be developed on a context-specific basis and informed by social science.
In addition to these complexities of unpicking the AMR puzzle is the need to recognize some more immediate actions. The report includes very specific actions that are needed with regards monitoring and surveillance and also the associated actions to manage antimicrobials in a more nuanced fashion – i.e. public and private sector working together to understand the factors driving AMU and the economic viability of alternatives. The support required to better understand and manage associated environmental issues we recognize as being a research oriented activity at this moment. 
A relatively easy step in what needs to be a generational change in how people view antimicrobials is to ask when, where and how AMs are used and report this information back to those involved in the supply and use of these valuable medicines. This process of data collection has been successful in causing people think about what they are doing and modify their behaviour in a number of places, with examples from industry initiatives in European countries and also signs that LMICs have responded at governmental level to the OIE’s 2015 AMU data collection survey. This gives a powerful message that “Holding up a mirror up will stimulate behavioural change”. This is a small but incredibly important step which all countries could now take.
The priority areas / key recommendations are:
1. Monitoring inputs - what is going into the system in terms of AMs, detailed in terms of the AM product (class and compound), quantity used, the species, production systems and stage of life targeted. AMU monitoring should be undertaken in the same systems where AMR monitoring is also being carried out.
2. Surveillance – establishing systems that generate information on the three outcomes of AMU – food production, pathogen management and AMR. For LMICs these should be based around regional groupings, that prioritise effort to areas of likely greatest risk such as emerging intensive systems and extensive systems that lack any sort of control.
3. Interventions and the environment - more research needed to better understand the impact of interventions, such as applying alternative methods of animal husbandry to improve health and reduce AMU, and what is going on 'out there', 'downstream'. 
4. Wider society - Policy and political interaction with large corporate suppliers and buyers to influence culture and behaviour. Greater engagement with pharmaceutical, agri-food and food companies that have power to influence and change animal production methods.
This huge challenge needs to start with basic building blocks with a focus on areas of likely highest risk. Surveillance, research and interventions must all be designed to be applicable to the context of the specific situation in each LMIC. Future assessments of intervention for the AMU/AMR complex in LMICs need to determine impacts on: 
1. Accessibility and affordability of food;
2. Management of pathogens in livestock systems; and
3. Management of AMs and AMR critically important for human health.
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[bookmark: _Toc336574174]Annex 1 – critical points of the production cycle – chickens, pigs and cattle
Chickens raised to lay eggs are known as layers. These birds are hatched from eggs that are produced from specialized breeding flocks. The day old chick, a period of 72 hours after hatching and corresponding to the yolk sack disappearance, is a period when the bird will be moved to a premise for rearing. In the early stages of life the bird will receive vaccinations to boost immunity during adult life and there can be as many as 19 vaccinations. The early stage of life, up to around 20 days, are a time of greatest vulnerability. The bird will be ready to begin laying at around 16 weeks of age and will again be moved to new premises and systems to begin laying. The period of rearing has stress points and antimicrobials will be used to manage disease and reduce mortality. Once the bird is in lay there will be little incentive to move or have major animal health interventions as these will affect the egg laying. For production systems that are linked to food systems that check for antimicrobial residues in eggs there will be a market access problem if antimicrobials are used during laying. Critical periods of antimicrobial use in these birds are early life and during laying if there is no residue checking (see Figure 2).
[bookmark: _Toc332474308][bookmark: _Toc336574203]Stages of life of a layer chicken.
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The stages of life for the chickens raised for meat, known as broilers, are different. The eggs are again produced from specialised breeding flocks and are hatched with a day old chick period that is used to transport the birds for placing in units for fattening. The first twenty days of life the bird is vulnerable and some vaccines will be applied for the fattening period. However, the vaccinations are limited as the bird will have a short life of between 30 to 45 days. Antimicrobials will be used as prophylasis treatments and in some countries for growth promotion. Once past the twenty day period the bird will be fattened. There will be at least two or three changes of feed during the phases of life and in many cases the feed will be medicated. Use of antimicrobials in early period of life will not be detected with residue testing, which will only be effective in detecting misuse of AM within the last fifteen to twenty days of life (see Figure 3). 
[bookmark: _Toc332474309][bookmark: _Toc336574204]Stages of life for the broiler chicken.
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In the pig life stages there is a critical early period between birth and weaning. In commercial systems this period has been reduced to between 20 and 25
[bookmark: _Toc332474310][bookmark: _Toc336574205]Stage of life for pig for slaughter
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[bookmark: _Toc332474311][bookmark: _Toc336574206]Stages of life for a dairy calf that becomes a dairy cow.
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	Species & system
	Growth promotion
	Preventive
	Curative
	AMR risk
	Comments

	
	
	
	
	Local
	Wider *
	

	Cattle
	
	
	
	
	
	

	Calves







	
	Yes, around weaning to prevent pneumonia (tetracycline, sulfas used) included in feed. 

	Yes, injectable antibiotics used (at higher concentrations when sick.
Antibiotics also used for treatment of diarrhea. (Constable, 2004)
	The cause for the high prevalence of cefotaximase-producing Escherichia coli reported in dairy calves is unknown but may be partly due to the selective pressure of antimicrobial residues in waste milk (milk unfit for human consumption) fed to the calves (Brunton et al., 2012)
	
	Studies to minimize antimicrobial use in calves pre-weaning have been carried out, and managed to reduce use just for diarrhea (Berge et al.)

	Veal calves
	
	Yes, around slaughter time, to avoid development of abscesses in liver when a high % of their diet consist of grain (tylosin via feed, not used in humans)
	
	Increased MRSA prevalence (Graveland, 2012)
	Transmission of MRSA via the air from farms (Graveland, 2012;  Vandendriesche, 2013)
	 

	Dairy
	
	Yes, dry cow therapy, application by animal
	Yes, application by animal. 
-Mastitis is the most common reason for antibiotic use in dairy herds and thus, antimicrobial resistance of mastitis pathogens has received recent attention.
- Application for treatment of infections such a mastitis, lameness, respiratory illnesses, scours. 
Production gains through medicated milk replacements.
· 
	Yes. 
- Resistance to tetracylines (Rajala-Schultz, 2004).

- In Sweden bacteria associated with acute clinical mastitis for the most part are susceptible to antimicrobials used in therapy but resistance to penicillin in S. aureus is not uncommon. (Bengtsson et al. , 2009)
	Possibly
-Antimicrobial residues in milk (Brunton, 2012) 
-
 Antibiotics in dairy cows contribute to increased AMR (Oliver and  Murinda, 2012)
	- Some change on dry cow therapy with teat plugs for cows with no detectable sub-clinical mastitis.
- Antimicriobials in waste milk work currently ongoing. 
- Trial study to use lactoferrin to fight antibiotic-resistant mammary gland pathogens.  (Lacasse, 2008)
- no support for emerging resistance amongst mastitis pathogens to antibacterial drugs (Oliver et al., 2011; Oliver and Murinda, 2012)

	Dual purpose
	
	
	
	
	
	No information

	Beef/ Feedlot
	Yes
- Antimicrobial use for growth promotion in food animal production is now widespread. (Krishnasamy et al, 2015)
	Yes, during transport
	Yes
- practice of administering antibiotics to animals close to the time of slaughter (Omeiza et al., 2012)
	Yes.

Study showed most commonly to tetracycline (21.7%, 155/716 of isolates) or sulfisoxazole (12.4%, 89/716 of isolates) (Dargatz et al, 2016)
	Possibly
	

	Poultry
	
	
	
	
	
	

	Breeding flocks
	
	
	Yes, Salmonella Enteritidis and Thyphimurium treated with antimicrobials. (Reynolds, 1997)
	Yes
	Yes through movement of birds 
	Practice of AGP recommended until recently and likely to have been taught
Companies and governments now pushing to drop AGPs

	Layers
	
	Yes during early phase
	Yes, dependent on residue regulation
	Yes

	Yes
-study was able to demonstrate the presence of antimicrobial residues in eggs destined for human consumption. (Ezenduka et al., 2011)
- however study by Adesiyun et al. (2005)concluded that the presence of antimicrobial residues, particularly sulfonamides, in table eggs could be of public health significance to the consumer.

	Practice of AGP recommended until recently and likely to have been taught
Companies and governments now pushing to drop AGPs

	Broilers
	Yes
	Yes, application by batch
	Yes, application by batch
	Yes
	Yes
- presence of resistant
enterococci suggested an increased presence of antibiotics in surface water (Furtula et al., 2016)
- Study indicated that animal waste used as fertilizer for crops may serve as a source of antimicrobial residues for the environment (Campagnolo et al., 2002)
· -
	Practice of AGP recommended until recently and likely to have been taught
Companies and governments now pushing to drop AGPs

	Pigs
	
	
	
	
	
	

	Breeding herds
	Yes
	Prophylaxis and Metaphylaxis Majority administered orally
	Yes, majority administered orally
	Yes 
	Yes  
	Practice of AGP recommended until recently and likely to have been taught
Companies and governments now pushing to drop AGPs

	Sows
	Yes 
	Prophylaxis and Metaphylaxis Majority administered orally
	Yes, majority administered orally
	Yes
	Yes
	Practice of AGP recommended until recently and likely to have been taught
Companies and governments now pushing to drop AGPs

	Fattening
	Yes
- Antimicrobial use for growth promotion in food animal production is now widespread. (Krishnasamy et al, 2015)
	Yes, application by batch
Greatest use at early weaning points for respiratory and gastrointestinal infections
	Yes, application by batch
	Yes
	Yes 
- Study indicated that animal waste used as fertilizer for crops may serve as a source of antimicrobial residues for the environment (Campagnolo et al., 2002
	Practice of AGP recommended until recently and likely to have been taught
Companies and governments now pushing to drop AGPs

	Aquaculture
	
	
	
	
	
	

	Breeding
	
	Yes, application in tanks given with feed
- Antibiotics are usually used in catfish farming as therapeutic and prophylactic agents. .(Chuah et al., 2016) 
	Yes, application to cure infections
- Antibiotics are usually used in catfish farming as therapeutic and prophylactic agents.
(Chuah et al., 2016)
	Yes
	Possibly
	AMU not quantifiable. No regulations in place.  Especially in developing countries.  Shift to alternatives such as prebiotics, probiotics, vaccines encouraged.

	Fattening
	Yes
- Su et al.  (2011)
	Yes
- -Su et al.  (2011)
	Yes, application by batch
	Yes
- antibiotics (oxytetracycline, tetracycline, and florfenicol) were detected in the muscle of Nile tilapia, and their residues were the highest in small fish (Monteiro et al. 2016)
	Yes
	Vaccines have been developed to reduce reliance on AMs

	Sheep **
	
	
	
	
	
	

	In Lamb-ewes
	
	Yes, antibiotics various forms none orally, individual animal against Toxoplasma gondii and Campylobacter species mainly. 

	Yes, anthelmintics  2-4 weeks  before lambing. 
	
	
	Increased use of vaccines, that can provide life-long immunity

	Neonatal Lambs 
	
	Yes, prevent watery mouth, individual application, various forms. (metaphylactic)
	
	Yes
	
	Following best practice guidelines can reduce need

	Ewes
	
	
	Yes, treat mastitis, individual animals with antibiotics. 
Yes, wormers to reduce worm burdens.  Various methods of applications, most directly applied to individual animal
	Yes.
- AMR resistant strains and genes found in sheep milk (Lollai et al., 2016)
	
	Focus shifted towards prevention and control

	All 
	
	
	Yes, antibiotics used to  treat lameness
	
	
	

	All 
	Yes
	
	Anthelminitics used that are  mostly administered to individual animals
	Yes
	
	Farmers encouraged to use clean grazing etc. to prevent disease

	
	
	
	
	
	
	



[bookmark: _Toc336574175]Annex 2 – Components of the Surveillance system that relate to AMR
The development of a basic core of a harmonized surveillance system for AMR in animal production in as many countries as possible would be desirable. The system should be flexible enough so that whilst having a core corresponding to agreed production types, type and numbers of target micro-organisms and antimicrobial panel, it should also allow individual countries/regions to expand the surveillance to local or ‘specialized production types or even expand the testing requirements (i.e. increase the number of isolates or antimicrobial panel, add molecular testing, etc.). Ideally these systems should be built on existing government veterinary and laboratory capacity, therefore AMR testing should preferably be entrusted to existing reference animal health/food safety laboratories. Ideally one laboratory per country should be responsible for this. Linking AMR in animals with animal health and food safety is likely to get better buy-in and would potentially lead to a more sustainable laboratory network after the initial investment. 
Surveillance systems for AMR in specific countries are of greater value when they include several countries in the wider region where they are located. The regions should be based on geographical location, trade and cultural links. Examples of these groupings could be the European Union (and associated EEA), ASEAN, the Mercosur, etc. Within regions, those countries with more advanced technical capacity and experience with regards to AMR are expected to adopt a more pro-active role and facilitating discussions to set up such harmonized surveillance systems and monitor the quality of the outputs (i.e. set up quality assurance schemes, conduct blind ring trials, etc.). The outputs of AMR surveillance should be integrated with data on antimicrobial use and animal production in these countries. The development of surveillance systems for antimicrobial use necessarily requires the matching of accurate data on imports, sales as well as accurate animal production figures. Ideally data on antimicrobial use should also be systematized as far as possible (i.e. use of grams of antimicrobial compound per kilogram of live weight for each target production type). A key output of these systems should be an annual report where results of both AMU and AMR are reported. These annual reports should be widely available, and provide an incentive for countries to establish targets for reducing AMU. These monitoring systems should be established so at the very least they can provide an unbiased assessment of the evolution of the AMR situation. 
Priority ‘target production’ sectors should be defined in each of these regions. These will need to be explored on the basis of the livestock sector analysis and its interaction with the pharmaceutical industry. It is likely that most countries will have chicken in systems for meat and egg production based on intensive and semi-intensive methods. In some LMICs pigs have an enormous role and cultural significance in the production of meat. Finally, cattle are generally important in milk production globally, yet there use in meat production versus draught power and manure varies with the countries of interest. The key message is that the species focus will need to be country specific based on what is known of the sector and the the range of species could be expanded to ducks, dairy cattle and aquaculture (fish/shellfish) products. Specific countries of country groupings may include a set of species based on the production types prevailing in those areas. For example in certain areas of Southeast Asia monitoring AMR in aquaculture production should be a priority. For terrestrial animals (livestock and poultry) it is proposed to focus on enteric organisms sampled from slaughter points and abattoirs. It is proposed that individual animals should be sampled (i.e. using rectal/cloacal swabs) (as opposed to environmental samples) to ensure the correct species identity of the sample. Samples from several animals (i.e. five) should be pooled in the laboratory for testing to reduce the sampling bias. Sampling at retail is also possible. However after the slaughtering process, accurate identification of the meat product is often problematic; in addition cross-contamination of the sample from other animal and human sources is possible and therefore the link with the production type may be lost. The sampling strategy should be as randomized as possible. Decision 2013/652/EU setting the basis for a ‘harmonised surveillance system for AMR in animal production’ represents a good model of a supra-national initiative to monitor AMR in animal production, although the requirement for testing are probably quite stringent for many LMICs. 
Target micro-organisms. The monitoring of the Depending on the country’s capacity a gradual approach in the choice of organisms to monitor. Because of their ubiquity and ease of isolation, it is recommended to start with a simple approach focused on monitoring commensal Escherichia coli in terrestrial animals. This could potentially be subsequently expanded to Enterococcus spp., and to non-typhoidal Salmonella (NTS) and Campylobacter spp. NTS and Campylobacter spp. are important human pathogens, and therefore the study of AMR in these organisms is of interest from a human health point of view. However they require more sophisticated sampling/testing methods. AMR in NTS is largely dependent on serovar identity; these tests are particularly expensive. In the EU monitoring system, AMR is reported for serovars of public health importance (i.e. responsible for the majority of human cases). Campylobacter spp. organisms are particularly labile and require fresh samples and micro-aerophillic culture methods. The EU monitoring system requires the analalysis of 170 random isolates from each bacterial species and production type (300 for ESBL and AmpC screening). For fish/shellfish there is currently no consensus of an indicator organism, and even an internationally recognized standard for breakpoints for most organisms (Smith et al., 2008). It is recommended that the intestines of randomly sampled fish are investigated (as opposed to surface contamination). The choice of an indicator organism in fish species is not straightforward because of the diversity of aquatic species and microbiota of these species. Enterococcus spp. has been shown to reflect antimicrobial usage on fish farms (Petersen et al, 2003). The monitoring of NTS in fish has been a common activity among many importing companies. This organism is important from a foodborne point of view, but NTS is not normally a commensal in aquatic species.
Testing methods. Phenotypic testing methods should be prioritized, given the complexities of molecular genetic testing. The antimicrobial panel included in the EU harmonized monitoring for Enterobacteriaceae is be a reasonable compromise. However it can probably be reduced further to the following 9 antimicrobial classes: aminopenicillins (ampicillin), third-generation cephalosporins (cefotaxime), carbapenems (meropenem), quinolones (ciprofloxacin), tetracyclines (tetracycline), polymixins (colistin), aminoglycosides (gentamicin), sulphonamides (sulphamethoxazole), and phenicols (chloramphenicol). Ideally testing should include dilution tests and MICs, but disk sensitivity testing using international standards (i.e. CLSI) are acceptable. Initially isolates should be categorized into susceptible/intermediate/resistant, and this could be expanded to MIC calculations using dilution techniques at a later stage. The investigation of AmpC and ESBL phenotypes of resistance can be screened by reading the results of two cephalosporins such as cefotaxime and ceftazidime in the culture media. It is possible to work on samples, as opposed to investigating the prevalence of resistance in individual colonies using selective media (i.e. with cefotaxime, gentaimicin, carbapenem). However the standardization of such results is more difficult since they do not allow the calculation of a unique prevalence of resistance in colonies, unless counts of the target organism in the plate are compared with counts on the same media without the test antimicrobial. These methods, are, however useful to investigate resistance colonies and have the advantage that they allow the early detection of specific (‘emerging’) resistance types. The choice of appropriate technologies should be discussed based on economic and logistic considerations. 
[bookmark: _Toc336574176]Bacterial species to monitor
Commensal E. coli, a Gram-negative member of the Enterobacteriaceae family is one of the most abundant facultative anaerobic organisms of warm-blooded animals, included humans. It probably represents the best choice of bacterial species to monitor AMR in terrestrial animals given the ubiquity in different productions systems and its relative ease of laboratory isolation (i.e. the organism is expected to be present in most faecal samples). Wild strains of E. coli are naturally susceptible to many antimicrobials and are capable of acquiring horizontally-transmitted resistance. Because of these factors, this species has been used in most AMR surveillance and monitoring programmes. Furthermore, country-level data indicate that the phenotypic prevalence of AMR correlates with antimicrobial use data in terrestrial animal production (Chantizaras et al., 2014), and therefore it reflects well antimicrobial selection pressure. E. coli can readily be isolated from agar media for Enterobacteriacea (i.e. MacConkey selective media) in aerobic conditions. Other Gram-positive bacteria such as Enterococcus spp. (E. faecium/E. faecalis) have also been used as indicators are, and develop resistance against a different set of antimicrobials. Foodborne pathogens such as non-typhoidal Salmonella (NTS) and Campylobacter spp. can also be used as indicators, but they have a lower prevalence in animal samples and are generally more laborious to isolate. Nevertheless, they are very important bacteria from the point of view of public health since they can cause disease in humans. 
E. coli however is not a normal inhabitant of the enteric tract of fish/shellfish, and normally results from faecal contamination of the aquatic environment or post-harvest contamination, and probably is not as reflective of antimicrobial usage in aquaculture. Other indigenous bacteria that maybe isolated from aquaculture production may include Aeromonas spp. Pseudomonas spp., Vibrio spp., Flavobacterium spp., Edwardsiella spp. and Enterococcus spp. 
[bookmark: _Toc336574177]Antimicrobial panel selection
The selection of antimicrobials for testing should be a compromise between those that are a priority for human medicine and those mostly used in animal production (See WHO list of ‘Critical Important Antimicrobials’, 2011). Currently the EU testing panel for Enterobacteriaceae (E. coli and NTS) includes 14 antimicrobials representative of 12 antimicrobial classes: penicillins (ampicillin), third-generation cephalosporins (cefotaxime, ceftazidime), carbapenems (meropenem), quinolones (nalidixic acid, ciprofloxacin), tetracyclines (tetracycline), polymixins (colistin), aminoglycosides (gentamicin), diaminopyrimidines (trimethoprim), sulphonamides (sulphamethoxazole), phenicols (chloramphenicol), macrolides (azithromycin), glycylcyclines (tigecycline). The panels for Campylobacter spp., Enterococcus spp. can be found in Decision 2013/652/EU. Given the globalisation of the antimicrobial market worldwide, there is a strong rationale for standardisation of the antimicrobial panel. After having finally agreed on a defined antimicrobial panel, individual countries should be free to test for additional antimicrobials or additional bacterial types. 
[bookmark: _Toc336574178]Phenotypic resistance: Advantages and disadvantages of each method
There is a wide range of testing methods for phenotypic testing for AMR. These are broadly grouped as: (1) Dilution methods (broth ‘macrodilution’, microtitre ‘microdilution’ assays) (3) Agar dilution tests, where the antimicrobial is present in the agar; (4) Gradient diffusion tests (E-tests) (the bacterial inoculum is plated on an agar that contains a gradient of concentration of antimicrobial) (2) Diffusion methods (the bacterial is plated on agar media containing a disk containing antimicrobial from where the antimicrobial diffuses). Methods (1), (2), (3) involve for the calculation of Minimal Inhibitory Concentrations, whereas (4) involve the calculation of Inhibition Zone Diameters. For each test a ‘breakpoint’ needs to be determined to establish whether the organism is susceptible of resistance. There are different methods for determining these breakpoints, and the difficulty lies in the presence or absence of resistant populations in what are considered to be wild-types. Broadly speaking MICs are considered to be the international reference methods to measure phenotypic resistance (Jorgensen et al, 2009). Within each method there are variants based on using different bacteriological media and supplements, temperature conditions, as well as variability between manufacturers and testing laboratories. Also what constitutes a wild-type strain (fully susceptible) and therefore the standardization of the interpretation of phenotypic testing is a major challenge. Currently there are two major organizations (EUCAST www.eucast.org and www.clsi.org) that have devised standards and interpretation for breakpoints (Turnidge et al. 2007). To reduce variability, it is envisaged that the testing methodology is standardised as much as possible. For example, Decision 2013/652/EU stipulates that the broth microdilution method according to ISO 230776-1:2006 should be used, and is to be interpreted using EUCAST breakpoints. Until this Directive, this was only a recommendation, and disk diffusion methods have been used in about half of the countries. The costs are variable and range from the cheapest (although difficult to standardise) disk diffusion tests (about 0.6 USD per antimicrobial/isolate) to E-test (about 4 USD per sample). Dilution tests are intermediate in costs (2-4 USD) depending on different versions (that may use pre-existing wells, growth-reading equipment, etc.)
[bookmark: _Toc336574179]Sampling strategy (where to sample, what samples to collect)
The EU Decision 2013/652/EU stipulates that a sample size of 170 isolates is to be investigated for each host species- sample type-bacterial type- combination on a biannual basis. This seems to be reasonable, given that 170 isolates are sufficient for detecting a prevalence of 20% with 5% absolute precision (i.e. 15-25%) and 90% confidence. To minimise the design effect (which has a net effect of reducing the statistical power), however, such sampling strategy needs to be ‘randomised’. To achieve this it is preferable that sampling units are representative of the study units and that isolates are selected from as many different samples as possible (i.e. choose at most one isolate from each analytical sample). 
A global surveillance system on AMR should probably prioritise animals at slaughter time over on-farm sampling and retail sampling because access to slaughterhouses and slaughter-points is more cost-effective than visiting individual farms. Sampling animals at slaughter-points and slaughterhouses is convenient provided that it is possible to differentiate target animal types (i.e. broilers from laying hens, fattening pigs from breeding pigs). This is important because the prevalence of AMR within a species type largely depends on the production type and age of the animal. Sampling of individual animals (using rectal/cloacal swabs) and ‘pooling’ those samples in the laboratory (i.e. in groups of 10) ensures that the samples originated from the target species. Each country should devise a sampling scheme that ensures randomisation of sample selection. If there is a national census of slaughter-points and slaughterhouses, it is then possible to base the selection on a sampling weight that is proportional to the output from each slaughterpoint/slaughterhouse to increase representativeness. If such census does not exist, the sampling frame can be the provinces based on production data for each of the target species/types of animal. 
In the case of NTS, the prevalence of AMR is largely serovar-dependent, therefore serovar testing should be performed if NTS is to be monitored. This is, however neither, easy nor cheap. A suggestion is to start focusing on meat chickens (including broilers), fattening pigs and cattle. Unlike the EU, in LMICs it is likely that beef from older cattle is consumed, and therefore it is probably acceptable to randomly sample any cattle presenting at slaughter (regardless of age). Based on country production thresholds and all national interest, monitoring could be expanded to other production types, such as duck production, dairy production and aquaculture. Monitoring AMR in aquaculture production is particularly challenging because of the variability of farmed species. In any case aquaculture is not common in most countries, and probably not a priority for most countries. Monitoring dairy production would require on-farm visits (as opposed to abattoir sampling). 
It is possible to supplement the standard sampling and culture with selective antibiotic media that allows the differential growth of unusual resistance types (e.g. ESBL- and carbapenemase-producing organisms). This is because the sampling of a few tens of colonies may not be sufficient to detect minority populations that are resistant to antimicrobials that are of particularly high importance. This approach is also followed by the EU where since 2015 it was required that caecal samples collected from animals at slaughterhouses be investigated for ESBL- or AmpC- or carbapenemase-producing NTS and E. coli by using selective media. 
[bookmark: _Toc336574180]New genotypic technologies
In the future new genotypic technologies (PCR amplification, gene arrays and whole genome sequencing, etc.) will become more affordable (see for example Zankari, 2013). These technologies are currently being used in research and outbreak investigations to elucidate gene flow between species and to identify sources of AMR genes and organisms. PCR amplification of AMR genes and even WGS is beginning to emerge into mainstream diagnostic laboratories in high and middle-income countries. However given that the phenotypic resistance is the functional attribute of concern and vast amount of genes that may code for observed resistance types, it is not possible to restrict the recommendation to a few priority genes. In the future, more advanced technological developments will allow the quantitative testing of the whole resistome in sample matrix, as opposed to individual bacterial isolates. However exciting these developments may be, their adoption for routine surveillance will undoubtedly take longer given the technical capacity challenges of such systems for some countries to be adopted for routine surveillance as well the expected challenge in reaching the necessary consensus on such methodologies. 
[bookmark: _Toc336574181]Organisation and logistic aspects
To ensure that as many countries are included as possible as well as long-term commitment to a global AMR surveillance system, it is of paramount important to gather the maximum consensus between countries for the final specifications of the system. The entire process should be co-ordinated by an international animal health organisation, in close consultation with the Ministry of Agriculture (in consultation with the Ministry of Health) in each country. A surveillance system is a costly undertaking and the fruits of it are only to be collected in the mid- and long-term. Making continuous changes and amendments to the specifications will potentially undermine the value of such a system. It is preferable that in each country a veterinary/food laboratory is appointed to co-ordinate the surveillance system for animal populations. Ideally, the appointed laboratory should also be the home base for the necessary expertise and troubleshooting capacity to co-ordinate animal sampling. The relevant institution should also be responsible to regularly submit the results as stipulated. The isolates could be tested for AMR in the same laboratory, or alternatively transferred to a hospital/human laboratory for phenotypic/genotypic testing and comparisons. Regularly feeding results to the staff involved will contribute to maintain interest and motivation among the actors involved.
Preferably laboratories carrying out the testing should be integrated into existing or new animal disease diagnostics labs? Linking the two efforts will get better buy-in and would potentially lead to a more sustainable laboratory network after the initial investment. 
[bookmark: _Toc336574182]Passive versus active surveillance
Passive surveillance involves characterizing the AMR phenotype (or genotype) of bacteria that are collected as part of another process (e.g., clinical diagnostics). Compared to active surveillance (see below), passive surveillance offers a greater chance of producing biased estimates, but empirical comparisons in the literature present a mixed verdict on this point (Mather et al, 2016) and thus the degree of bias may be within an acceptable confidence interval. Passive surveillance may be most appropriate for characterizing AMR phenotypes of pathogens that are otherwise difficult to detect in the absence of disease. In contrast, active surveillance involves directed sampling effort for the purpose of estimating prevalence. Active surveillance offers greater efficiency both in terms of effort (batch sampling is feasible) and for commensal organisms that can be reliably isolated from apparently healthy animals. Active sampling also ensures that a target number of isolates are collected for analysis and randomized sampling can ensure a higher probability of unbiased estimates. 
It is important to note that if surveillance involves characterization of individual bacterial isolates, the power to detect rare traits will be severely limited. For example, you would need to test 300 isolates for a 95% probability of detecting at least one isolate having a resistance trait for which the true prevalence in the population is 1% (multinomial probability distribution; Lautenbach et al. 2008). That means that given a population of 108 E. coli/g feces, if picking 300 isolates there would only be a 3% probability of detecting a specific antibiotic-resistance phenotype that has a true prevalence of 0.01%. Importantly, this low prevalence represents 104 E. coli/g feces, which is well above, for example, the expected ID50 for passive transmission of AMR E. coli to a dairy calf from bedding given only 4 days exposure (676 E. coli/g; Liu et al, 2016)]. The alternative approach is to directly enumerate cfu/g using selective media, but this is not conducive to quantifying the prevalence of multidrug-resistant strains in a population.
In practice, the most versatile approach would be a hybrid strategy involving passive surveillance using clinical isolates and active surveillance to assess commensal/indicator bacteria (such as E. coli). Characterizing individual isolates could be used to estimate the prevalence of common resistance traits (to assess trends over time) and selective media could be used to detect and enumerate specific antibiotic resistance phenotypes of interest.
For zoonotic agents with significant potential for AMR, WHO (2011) recommends focusing AMR surveillance efforts on enteric pathogens and indicator organisms; specifically E. coli, Salmonella, Campylobacter and Enterococci. Standard breakpoints exist for these species from a human clinical perspective. There is also interest in assessing aquatic pathogens given that certain aquaculture sectors are known to employ large volumes of antibiotics. There are, however, few if any zoonotic pathogens from aquaculture that might be problematic for AMR (possible exception being Vibrio spp.). Nevertheless, for countries having aquaculture sectors known to employ a large volume of antibiotics (e.g., shrimp in Vietnam), we recommend that AMR of potential pathogenic species be monitored over time to assess the impact intervention efforts that are designed to limit the degree of environmental contamination from these operations.
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