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Antimicrobial resistance is a threat to global health, aggravated by the use of antimicrobials in livestock production. Mitigating the growing economic costs related to antimicrobial use in livestock production requires strong global coordination, and to that end policy makers can leverage global and national food animal trade policies, such as bans and user fees. Evaluation of such policies requires representing the interactions between competing producers in the global meat market, which is usually out of the scope of statistical models. For that, we developed a game-theoretic food system model of global livestock production and trade between 18 countries and aggregate world regions. The model comprises the largest producing and consuming countries, the explicit interconnections between countries, and the use of antimicrobials in food animal production. Our model allows us to provide policy insights beyond standard literature and assess the trade-off between trade, cost of a policy, and antimicrobials-induced productivity. We studied three scenarios: global increased user fees on antimicrobials, a global ban of meat imports from Brazil, and a decrease in China's meat consumption. We found that a user fee that increases the price of antimicrobials by 50% globally leads to a 33% reduction in global antimicrobial use. However, participation of developing and emerging countries in the coordination scheme is jeopardized, since they become less competitive for meat sales compared to developed countries. When meat imports from Brazil are banned globally, importers of Brazil's meat would turn primarily to the U.S. to supplement their demand. Lastly, meeting China's medium-term lower meat consumption target would not affect global antimicrobial use, but could increase China's antimicrobial use by 11%. We highlighted the importance of trade for the outcome of a policy and concluded that global cooperation is required to align the incentives of all countries toward tackling antimicrobial resistance.
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1. INTRODUCTION

Antimicrobial resistance (AMR) is a threat to global health, accounting for over 700,000 deaths each year (O'Neill, 2014). When a microbial pathogen becomes resistant, antimicrobials are no longer effective against the pathogen. Therefore, the treatment options for a patient who is infected by a resistant microbial pathogen are either unavailable or would require healthcare providers to use less effective treatment methods. Moreover, infection by a resistant microbial pathogen can complicate the recovery of vulnerable patients from complex surgeries (CDC, 2013). This disease burden is predicted to contribute toward 10 million global deaths by 2050 (O'Neill, 2014). AMR and subsequent infection in individuals can result from multiple pathways, such as antimicrobial use in the human sector as well as the animal sector. The importance of certain antimicrobials for human medicine, categorized under “critically important” antimicrobials, prompted the World Health Organization (WHO) to advise countries to restrict their use in the food animal sector (WHO, 2011). The suggestion is based also on the observation that restriction of antimicrobials for veterinary purposes reduces antimicrobial resistance (WHO, 2002). Antimicrobials are used in livestock husbandry also for disease treatment, prophylaxis (Landers et al., 2012), and for growth promotion (Wegener et al., 1999). Global procurement of antimicrobials in the animal sector related to livestock production is estimated to be 73–100% higher than the purchases for the human health sector (Van Boeckel et al., 2017). Excessive antimicrobial use could reflect unsanitary breeding conditions (Martin et al., 2015) or the use of antimicrobials as a means to increase global livestock production to meet consumer demand.

The use of antimicrobials in animals can lead to AMR in humans through direct and indirect transmission mechanisms, such as exposure to livestock infected with AMR pathogens or through contaminated retail meat (Woolhouse et al., 2015). Many lower and middle income countries (LMICs), such as China, India, and Brazil, are exhibiting drastic increase in their demand and production of livestock for retail meat (Tilman et al., 2011). In tandem, the impacts of the growing AMR burden are also disproportionately felt by LMICs (Van Boeckel et al., 2019).

The inclusion of AMR under Goal 3 of the U.N. Sustainable Development Goals (SDGs), which aim to “ensure healthy lives and promote well-being for all at all ages” (ECOSOC, 2019), highlights the growing interest of the global community to tackle AMR. Tackling AMR in LMICs is related to at least two Goal 3 targets. Target 3.8. aims to “ensure universal health coverage…for all,” while target 3.B. focuses on the “development of vaccines and medicines for the communicable and noncommunicable diseases that primarily affect developing countries” (ECOSOC, 2015). Strong global coordination is needed to monitor and regulate the use of antimicrobials in livestock production to mitigate AMR (Rogers Van Katwyk et al., 2016). Policies can serve as critical tools to initiate coordination efforts and promulgate changes in global norms to support human and animal health.

Given inter-country geopolitical relationships, global livestock trade policies can prove valuable in reducing regional antimicrobial use. Global and national food animal trade policies can mitigate growing AMR burdens by employing mechanisms, such as bans, user fees, and restrictions on products raised using antimicrobials. Trade restrictions in particular represent a key policy lever that can reinforce global coordination and commitment to the global reduction of antimicrobial use. Given that country-specific policies can disproportionately diminish the productivity of one country compared to another, the WHO argues for the need of a global coordination scheme that would ensure the alignment of global incentives (WHO, 2015).

Computational tools can support the design and assessment of global policies targeting antimicrobial use in the livestock sector. Novel food systems models need to account for the competing objectives of different trade participants, incorporate the use of antimicrobials, and endogenously account for explicit inter-country trade changes (Hanefeld et al., 2017; George, 2018) that will result from global and national AMR policies. Incorporating all three features in a single framework calls for a new modeling paradigm. We categorize the existing models which are used to asses global policies related to antimicrobial use into two broad categories. The first category includes standard partial equilibrium models of the food sector that represent the interactions between a range of agricultural products and are rich in spatial detail, but do not incorporate either the use of antimicrobials in livestock production or the explicit trade links (OECD-FAO, 2015). The second category includes statistical models with detail on the variety of antimicrobials used in animal husbandry. These models do not properly account for the economic and trade interactions between different agents (Van Boeckel et al., 2017).

We identified and assessed potential strategies for governments in LMICs that could reduce the use of antimicrobials in food animal production. We developed a game-theoretic model of global livestock production and trade between 18 countries and aggregate world regions, comprising the largest producing and consuming countries. In our model, each market participant, country-level producer or inter-regional transporter, aims to maximize their individual profit. When considering the economic incentive behind antimicrobial use in livestock production, a game-theoretic model is more suitable compared to a statistical model for the assessment of policy interventions. We also model the explicit interconnections between countries and the use of antimicrobials in food animal production. We used our model to assess the impact of three different global livestock policies: one scenario driven by a global shift in antimicrobial policy and two scenarios from the trade perspective of Brazil and China. Our analysis revealed potential conflicts of interest between international policy participants and allowed us to provide suggestions to better design similar policy mechanisms to support global health.



2. METHODS


2.1. Integrated Global Antimicrobial Use and Livestock Trade Model (IGAULTM) Description

For the purpose of this study, we developed the Integrated Global Antimicrobial Use and Livestock Trade Model (IGAULTM). IGAULTM is a game-theoretic equilibrium model that simulates global livestock production, consumption, and trade between countries and world regions. The model distinguishes between three categories of food animal products: poultry, pork, and beef. Compared to other livestock production models, IGAULTM also incorporates antimicrobial use in livestock production, and country-to-country trade in an integrated framework.

The focus on global policies and trade requires consistent production, consumption, and trade data for all countries and regions included in this study. The availability of data from the Food and Agriculture Organization Corporate Statistical Database (FAOSTAT) (FAOSTAT, 2020) led us to model production, consumption, and trade of livestock at the country level. IGAULTM comprises 15 countries and three aggregate geographical regions that include countries not explicitly represented. IGAULTM countries include all major producers and consumers of pork, beef, and poultry, such as the European Union member countries (EU) except for the Republic of Cyprus,1 the United Kingdom, USA, Russia, China, India, and Brazil, which accounted for 55% of global meat production in 2015. The model also includes major livestock importers, such as the Netherlands, Japan, and the Republic of Korea. Table 1 lists all countries considered in the model, either as standalone countries or as parts of a region. Given our focus on the impact of trade, the aggregation of regions for the Rest Of Europe (ROE) and the Rest Of America (ROA) is based on geographic proximity. Finally, the Rest Of World (ROW) region includes all remaining countries for which antimicrobial use data were available. The model runs from 2015 through 2028 with annual time steps.


Table 1. Regional disaggregation in IGAULTM.
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2.2. Market Agents Representation in IGAULTM

In our framework, production and consumption in each region is decided by an aggregate representative producer and an aggregate representative consumer. A complete listing of model sets, parameters, and variables is provided in Table 2. IGAULTM is a game-theoretic model, meaning that every aggregate representative agent optimizes their own objective. Specifically, in the absence of antimicrobials, the representative producer of livestock product lp in region r would decide how much to produce in year t by maximizing their inter-temporal profit which comprises total revenues [first term in (1)] minus total cost [second term in (1)], i.e.,

[image: image]


Table 2. Description of model sets, parameters, variables.
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where [image: image] is the production of the representative producer of livestock product lp, in region r, in year t and [image: image] is the supply curve of the representative producer, when we do not account for the use of antimicrobials in livestock production. Parameters [image: image] are the interval and the slope of the supply curve of each representative producer and πr, t, lp is the market price in region r, or livestock product lp, in year t. Although the impact of antimicrobials on growth of livestock remains ambiguous (Levy, 2014), antimicrobials are still being used in meat production. Following NRC (1999), we assumed that antimicrobials supplement growth, which implies that a decrease in antimicrobial use would increase the marginal cost of production of livestock. In order to model the impact of antimicrobials on livestock production, we introduced the linear term [image: image] that is a function of the quantity of antimicrobial used by each producer ([image: image]). Parameter [image: image] represented the effect of antimicrobial use on the marginal cost of production of each representative producer. A greater use of antimicrobials decreases the marginal cost of production, i.e.,

[image: image]

Whenever [image: image], a smaller quantity of antimicrobials leads to higher marginal cost of production (assuming [image: image]), decreasing production output ceteris paribus. Parameter [image: image] is calibrated using data from (NRC, 1999), as explained in the Supplementary Material. In our setting, a smaller value of parameter [image: image] implies smaller impact of antimicrobials on livestock growth.

Antimicrobials have a decreasing rate of benefit, meaning that a higher rate of expenditure doesn't necessarily lead to the same rate of growth. We embed this rationale in the representative producer's decision-making by assuming that producers will use a fixed portion of their income [image: image] from sales [right-hand side in (3)] to purchase antimicrobials [left-hand side in (3)] at a price of [image: image]

[image: image]

When combining (1)–(3), the representative producer's optimization problem becomes

[image: image]

Similarly, each trader of food maximizes their profit, comprising their revenues from selling [image: image] to region r (at the regional price πr, t, lp) minus the cost of purchasing an item from region rr (at the regional price πrr, t, lp) and the total cost of transportation ([image: image])

[image: image]

Production in each region, as well as imports and exports need to balance with domestic consumption in each region [image: image], i.e.,

[image: image]

Finally, the market price in each region is computed via the inverse demand function

[image: image]

where [image: image] are the interval and the slope, respectively of the inverse demand curve in region r, of livestock product lp, in year t. IGAULTM is used for a comparative analysis for the years 2015–2028. In the business-as-usual scenario, i.e., the “Reference” scenario, no policy is introduced. When a policy is introduced, we are able to observe how quantities and prices change compared to the Reference scenario for the time horizon using a counterfactual analysis. A description of the model's equations along with their derivation are provided in the first section of the Supplementary Material.

Since we focused on trade related to LMICs, we treated trade with the Rest Of World region as exogenous. To ensure model results in the Reference scenario matched historical data and projections, we calibrated certain parameters of our model. In a game-theoretic setting, production and trade quantities maximize producers and traders profit, respectively. Therefore, in the calibration process, we ensured that the costs and prices in the individual optimization problems of the agents are such that the reference quantity matched the model output. Based on this principle, we derived the transportation costs [image: image]. A detailed description of the calibration process is provided in the third section of the Supplementary Material.



2.3. Data Sources

Historical data on livestock production, production prices, and trade were retrieved from the Food and Agriculture Organization (FAO) of the United Nations (U.N.) (FAOSTAT, 2020) for 214 countries. Production, consumption, and trade projections were collected from the Organization for Economic Co-operation and Development (OECD) (OECD-FAO, 2019). Finally, historical and projected regional antimicrobial use data were retrieved from the Center for Disease Dynamics Economics & Policy (CDDEP, 2020) for 70 countries. In the Reference scenario model output, global production between 2015 (Figure 1) and 2028 increased by 9%. In the second section of the Supplementary Material we detailed all data sources and calculations for the reference scenario.


[image: Figure 1]
FIGURE 1. Reference regional livestock production for base year (2015).





3. SCENARIO DESIGN

For the purpose of this study, we formulated three scenarios, in accordance with contemporary AMR-related health concerns in LMICs. The design of the scenarios balanced two main objectives. First, we contributed to the ongoing discussion regarding the design of policies against AMR. The scenarios investigated how global coordination policies could curb the use of antimicrobials. Furthermore, the scenarios stressed the importance of the trade network and the interplay between trade and antimicrobial use. We used a global model to assess the impact of the policies on major LMICs, such as India, Brazil, and China. Specifically, we tested a policy targeting antimicrobial use directly; a shock on the trade side where the leading exporter of meat (Brazil) is denied access to the global market; and a shock in global demand where the leading consumer (China) decreases its livestock consumption.

The first scenario assumed that all countries coordinate and implement a user fee on non-human antimicrobial use. Given their commitment, we assume that the policy is enforced on the producers, meaning that purchasing human antimicrobials and using them in animal food ration instead (Graham et al., 2007) is prohibited. The idea of a user fee on non-human antimicrobial use in order to reduce antimicrobial use in livestock production has been suggested by Hollis and Ahmad (2013). Our implementation is motivated by Van Boeckel et al. (2017) who studied the impact of a 50% user fee on antimicrobial use that aimed to curb the use of antimicrobials in the livestock sector by rendering them more expensive. Following Van Boeckel et al. (2017), we examined the impact of a uniform country-level user fee on antimicrobial used in the livestock sector that would gradually increase the price of antimicrobials by 50% by 2028. The user fee was assumed to increase the price of antimicrobials by 5% yearly, starting in 2019.

The second scenario was motivated by the decision of the U.S., in June 2017, to ban imports of beef from Brazil based on concerns regarding the existence of pathogens in imported raw beef and other meat products (USDA, 2017b). In addition, the U.S. currently monitors and re-inspects all meat products imported from Brazil since March 2017 due to safety concerns. Almost 11% of meat imports from Brazil have not met the standards of USDA's Food Safety and Inspection Service, compared to ~1% of meat imports from the rest of the world (USDA, 2017a). Similar concerns have been expressed from the EU (EC, 2017), Canada (CFIA, 2020), and China (MALF, 2017). In this scenario, we assessed the case where safety concerns regarding the conditions of meat production in Brazil resulted in Brazil failing to meet international standards, which in turn led all countries to ban imports of meat from Brazil in 2019. Given the importance of exports to Brazil's producers, we assumed that Brazil's meat production will be reformed gradually to address the concerns, similarly to Brazil's commitment in 2017 (USDA, 2017a). For that, we assumed that the ban is relaxed by 11% yearly compared to reference consumption which leads to Brazil gaining full access to international markets by 2028.

The third scenario followed the 2016 announcement of meat consumption guidelines by the Government of China that would curtail the growing consumption of meat by 50% compared to their 2015 consumption by 2030 (NHFPC, 2016). If the goal was to be met starting in 2019, consumption needed to decrease by 5.6% yearly. For this scenario, we constrained annual consumption of China along the time trajectory [variable [image: image] in Equation (6)]. We applied the same ratio to all three types of meat represented in the model. Livestock consumption in 2028 was decreased by 56% compared to 2015 and 52% compared to projected 2028 reference consumption for the scenario inputs.

In summary, the three scenarios were:

• A user fee that increased the price of antimicrobials uniformly by 50% [parameter [image: image] in (4)].

- The first variation assumed a user fee that was adopted by all countries. The fee was introduced in 2019 and increases the price of antimicrobials yearly by 5%.

- Given the disparate effects of the scenario, we studied a variation of the previous scenario, where user fees increased the price of antimicrobials by 5% each year starting in 2019. In this variation, the policy was adopted by all countries and regions apart from China.

• A global ban of all meat imports from Brazil due to concerns regarding excessive use of antimicrobials in meat production in 2019, which was relaxed gradually in the following years. Imports from Brazil (variable [image: image], where the exporting region rr is Brazil) were constrained to 0 in 2019 and were relaxed by 11% yearly compared to reference exports, recovering to reference levels in 2028.

• A 50% decrease of reference 2015 demand in China for poultry, pork, and beef by 2028. China's consumption (variable [image: image], where r is China) decreased by 5.6% each year, starting in 2019.



4. RESULTS


4.1. Scenario for Global User Fee on Antimicrobials

The model output showed that a user fee which increased the price of antimicrobials uniformly by 50% and was adopted by all countries led to a 33% decrease in global antimicrobial use in 2028 and a negligible decrease in global production. Our results were consistent with Van Boeckel et al. (2017), who found that a 50% increase of the price of antimicrobials resulted in the U.S. decreasing its antimicrobial use by 31%. The resulting decrease in antimicrobial use in this scenario was fairly uniform, ranging from 31% (Russia) to 40% (India). Studying the competition between Canada and the U.S. for European demand revealed the key role that antimicrobial use played in this scenario. Net exports from the U.S. to all European countries were projected to increase by 0.2 Million Metric Tons (MMT), whereas Canada's net exports to Europe were projected to increase by 0.04 MMT, mostly to Russia. The fact that the U.S. livestock production sector was less dependent on antimicrobials than Canada's (88 mg|PCU vs. 119 mg|PCU in 2013), implied that the impact of the policy to the cost of production of Canada was higher compared to the U.S., rendering Canada less competitive in the global market ceteris paribus.

The results of the model revealed that the policy increased global trade, since regions traded more, in search of the lowest-cost alternative in the new global market equilibrium. The policy led to a 17% increase in global trade in 2028 in the scenario output. China had the highest antimicrobial use in our model in 2013 (CDDEP, 2020). For that, China's meat production was projected to decrease the most, by roughly 2.5 MMT in 2028, which was imported instead, leading to a 55% increase in imports compared to the reference scenario. On the other hand, countries with many trade partners, namely Brazil, the U.S., and Spain, were projected to increase their net exports compared to the reference scenario regardless of their antimicrobial use.2 Given their trade network, the three countries had more potential buyers and thus were better positioned to exploit regional discrepancies. Spanish production increased by 8%, the second greatest increase among all countries in 2028. Moreover, net exports of India increased by 0.7 MMT, the highest increase among all countries in 2028. Although India had few trade partners, its production potential and its proximity to China led to a 0.3 MMT increase in net exports to China compared to 2028 reference net exports. Moreover, exports of India to the U.S. also increased by 0.3 MMT, which is roughly 55% of the increase in U.S. total exports in the scenario. The model output suggested that India's low-cost production potential displaced China's meat production, which was heavy in antimicrobial use. Apart from Russia, BRICs (Brazil, Russia, India, China) production and inter-BRICs trade adjusted the most among all regions and regional interconnections in this scenario. Russia's net exports, production, and consumption remained relatively unchanged compared to the reference scenario. Figure 2 shows the change in meat exports of select countries.


[image: Figure 2]
FIGURE 2. Change in meat exports in million metric tons (MMT). Increasing the cost of antimicrobials reduces antimicrobial use world-wide by 33%. Countries with higher connectivity (Brazil and the US) and countries exporting to major exporters (India) are the ones whose exports benefit the most.


The impact of the policy on China, driven by the high antimicrobial use, could prompt China to deviate from the global use fee. Hence, we also studied the case where all countries but China adopt an antimicrobial user fee. In this variation, the model projected that global antimicrobial use was reduced by 12% in 2028 and global production remained relatively unaffected. We noticed that the simulated impact varies regionally, similarly to the previous scenario. On the one hand, our model results showed that all countries adopting the policy reduced their antimicrobial use by 32% and faced a 2% decrease in production. Spain's and Brazil's livestock production were the least affected. India's livestock production increased by 7% while Spain and Brazil faced a 1% decrease. On the other hand, China was projected to increase its production by 6%. China's productivity was further enhanced by the 1.4% increase in antimicrobial use. China in this scenario opted out of introducing the user fee and was able to increase antimicrobial use without becoming less competitive in the global market. As a result, China's exports increased by 1.2 MMT. The model also revealed that the U.S. faced a 14% decrease in exports in 2028. The result was due to a 70% decrease in U.S. exports to China and a 37% decrease in exports to Japan and Korea. China supplied a greater portion of Asian demand in this scenario, forcing competitors, such as the U.S., out of the market. Finally, Japan and the Republic of Korea, who are traditional importers in great proximity to China, were projected to increase their imports by 0.2 and 0.9 MMT, respectively. Subsequently, their livestock production decreased by 8% in 2028 which was the largest decrease among all countries. Figure 3 illustrates how the change in China's exports affect global trade.


[image: Figure 3]
FIGURE 3. Change in meat exports in million metric tons (MMT). Increased antimicrobial user fees reduce antimicrobial use in livestock production world-wide by 12%. When China does not adopt the policy, it gains a competitive advantage in the global market and its meat exports increase.




4.2. Global Ban of Imports From Brazil

The model results showed that the trade ban leads to a rearrangement of trade flows, with the U.S. becoming the largest exporter in 2019, surpassing Brazil in this scenario. The U.S. in this scenario covered 25% of international demand, previously covered by Brazil. This led to a 12% increase in U.S. exports in 2019. Although the U.S. had the 6th lowest marginal cost of production among all countries in the reference scenario, it exploited the fact that it retained trade relationships with almost all countries and was projected to supply part of the consumption that was met by imports from Brazil in the reference scenario. Specifically, U.S. exports to Europe, China, and Japan increased by 0.4, 0.1, and 0.1 MMT, respectively. That is 47, 7, and 16% of the curtailed exports of Brazil to the respective countries. The other four countries whose exports benefited the most are India, Canada, Spain, and France, whose exports increased by 4–5%. Figure 4 shows the countries whose exports benefited the most in response to the ban. Brazil's production sector is assumed to gradually adjust in the medium term and is allowed access in the international market. As the restrictions were gradually raised, exports of Brazil recovered gradually as well. Figure 5 shows the change in U.S. and Canada's exports in response to the ban in this scenario.


[image: Figure 4]
FIGURE 4. Change in meat exports in million metric tons (MMT) of select countries. The U.S. increases its exports its exports the most in response to the ban of imports from Brazil in 2019. As Brazil is gradually allowed access to international markets, Brazil's exports recover and exports of other major exporters gradually decline.



[image: Figure 5]
FIGURE 5. Change in meat exports in million metric tons (MMT). The ban decreases Brazil's production by 8.5% in 2019. The U.S. assumes the role of leading exporter, by increasing its exports to all trade partners, including China, Europe, and Japan.


The model projected that antimicrobial use in 2019 decreased by 6% in Brazil and increased by 1% in all other countries, compared to the reference scenario. In the reference scenario, Brazil exported 17% of its production each year. In this scenario, in 2019, Brazil's producers did not have the option to export and needed to cover only domestic demand. Hence, Brazil's producers could be competitive in the domestic market by producing at a higher marginal cost of production. Consequently, they were able to reduce their antimicrobial use without losing their share in the domestic market in this scenario. On the other hand, the model projected that producers in all other countries increased their production to cover existing demand. In their attempt to be more competitive, they also increased their antimicrobial use in order to increase their productivity. The increase of antimicrobial use for all countries other than Brazil is projected to be between 0.2% (India) and 2.6% (Denmark). Figure 6 illustrates how Brazil's projected antimicrobial use gradually increased as the restrictions were lifted. In the medium-term, Brazil's producers in the model increased antimicrobial use to compete in the global market.


[image: Figure 6]
FIGURE 6. Percentage change in antimicrobial use compared to reference antimicrobial use. The ban leads to a decrease in antimicrobial use in Brazil's livestock production sector and an increase of antimicrobial use in the livestock production sectors of the other countries in 2019. Brazil's livestock producers seek to increase their productivity by increasing antimicrobial use when allowed access to the international market.


Finally, the model estimated that domestic demand of all countries remained unchanged. Revenues of Brazil's livestock producers decreased by 9% in 2019 and gradually recovered until 2028, whereas all other countries faced a 1% increase in revenues in 2019.



4.3. China's Mid-Term Meat Consumption Target

The model output demonstrated that the severity of the shock, coupled with China's strategic position close to major meat importers, resulted in China—the largest net importer—turning into the leading net exporter. To better understand this result we need to bear in mind that China was the largest livestock producer globally and that in the reference scenario China's meat production in 2028 was projected to be 9% larger compared to 2015, based on OECD projections (OECD-FAO, 2019). Therefore, given the short- and medium-term production capabilities of China's meat industry, we observed that the curtailment of China's demand resulted in a surplus of supply that can be provided at a lower marginal cost to the international markets, compared to the reference scenario. China's consumption in our model in 2028 became 49 MMT, a 49% decrease compared to reference 2028 consumption, while China's production in 2028 became 72 MMT, a 23% decrease compared to reference 2028 production. The difference between projected production and consumption was 23 MMT which amounted to 32% of China's production in 2028 in this scenario. Moreover, China's exports in this scenario accounted for 30% of total exports of all countries. The potential of China's meat industry alone though was not sufficient to describe the changes in this scenario. On the one hand, in the reference scenario China was the largest net importer of meat in 2015 with a total of 3.7 MMT that amounted to 17% of global imports in our model. The curtailment of China's demand led to a curtailment of imports into China as well. Moreover, China is situated in proximity to Japan and Korea that were major meat importers, while China retained trade relationships with most European markets. From a total of 23 MMT of total net exports in 2028 in this scenario, 92% was allocated to Europe via Germany and Russia and the rest to Japan and the Republic of Korea.

At a global scale, in 2028, China constituted 30% of global consumption of meat, covering roughly 5% of domestic demand via imports in the reference scenario. The model results showed that the curtailment of global demand resulted in more available low-cost livestock production in China. In this scenario, our model projected that production of the rest of the countries drops by 12% in 2028 compared to reference 2028 production. Spain experienced a 31% decrease in production and Brazil experienced an 8% decrease in production, the largest and smallest decrease among all countries, respectively. Consumption on the other hand was projected to reduce only in China and remained unchanged in most countries. The model output revealed that global income of the livestock sector decreased by 15% in 2028 and by 7% intertemporally compared to the reference scenario. Figure 7 shows how the change in China's exports in this scenario affected global livestock trade of LMICs and major exporting countries.


[image: Figure 7]
FIGURE 7. Change in meat exports in million metric tons (MMT). Curtailment of China's demand results in China having a surplus of low-cost meat that is sold in the global market. China becomes the leading exporter by increasing its exports to all countries via Germany and Russia.


The model results also revealed that global antimicrobial use remained unchanged in this scenario. However, countries facing greater decrease in production increased their antimicrobial use in the scenario output. China's production decreased by 23% and its antimicrobial use increased by 14% in 2028, compared to the reference scenario. Similarly, livestock production in Canada, Germany, and Spain decreased by 20, 25, and 31%, respectively compared to the reference scenario. The three countries increased their antimicrobial use by 8, 10, and 13%, respectively in order to increase their productivity, which mitigated the impact of the policy on domestic livestock production.




5. DISCUSSION


5.1. Policy Implications

We assessed the impact of global coordination scenarios on LMICs' livestock production and trade that can lead to more sustainable food animal production. We identified the interplay between country-level antimicrobial use and trade as a key driver of the change in country-level livestock production. Our model output showed that in all three scenarios, India and Brazil were among the countries whose livestock production either benefited the most or was least impacted, while China's livestock production did not benefit only when it adopted, along with all other countries, an increased antimicrobial user fee.

We observed that the adoption of a user fee on antimicrobials by all countries in our model in the first scenario decreased the use of antimicrobials without significantly impacting global livestock production. However, the impact on LMICs' production may disincentivize them from adopting the global policy in the future. Using our model, we found that deviating from the policy could provide a country with a competitive advantage over the rest. The deviating country was found to increase antimicrobial use of the deviating country. The model output also showed that livestock production of countries with more trade partners was less affected. We suggested that global cooperation could ensure the participation in the policy scheme. This point has both economic and political ramifications. From an economic point of view, a candidate global policy needs to allocate the burden of the policy in a way that does not favor the prospects of one country over another. From a political point of view, policy-makers run the risk of certain countries backing away from an agreement if the proposed policy fails to address the discomfort of certain country-level producers and consumers.

The second scenario illustrated how trade policies related to a trade ban on meat produced in LMICs can affect global antimicrobial use. The model output showed that there were three fundamental reasons why the U.S. assumed the role of leading exporter. The first was the penetration of U.S. production in almost all major consumers. The U.S. retained trade relationships with Europe, China, and Japan that allowed it to benefit from changes in livestock trade. The second was the ability of the U.S. to increase its production and remain competitive compared to the rest of the countries. Finally, India, Canada, Germany, and Spain also saw a significant increase in their exports. The model output suggested that the policy succeeded in decreasing Brazil's antimicrobial use in the short term. However, the ban created more space for competition among all other countries who increased their antimicrobial use in an effort to increase their productivity and cover a greater portion of global demand in the model scenario.

The third scenario underlined the potential of China's meat sector to transform from a major importer to the leading exporter, assuming a decrease in China's meat consumption. We concluded that this result is possible given the established trade relationships of China with major importers, such as Japan and Europe. Moreover, we were able to isolate the interconnections with the highest potential for China. Finally, this scenario highlighted how changes in China's meat consumption can severely affect, via trade, global production, resulting in losses for producers worldwide. China's livestock producers in our model increased antimicrobial use in the livestock sector in this scenario in order to increase their productivity and cover a larger portion of the international market.



5.2. Limitations

The limitations of our analysis arose from the unavailability of sub-national production, consumption, and trade data for all countries and the uncertainty regarding the impact of antimicrobial use on livestock growth. IGAULTM was designed to account for the impact of antimicrobials on livestock production (parameter [image: image]). However, there is evidence that antimicrobials may not contribute to growth promotion (Levy, 2014), or increase profitability (Graham et al., 2007). In this study, following NRC (1999), we assumed that antimicrobials had a positive impact on breeding productivity. Finally, country-level antimicrobial expenditures by livestock producers were not available and were computed using data from NRC (1999). These are critical parameters in our analysis. Hence, the provided quantitative results served to illustrate the underlying economic rationale behind antimicrobial use in the global livestock market and were conditional on available data at the time this work was conducted.

The antimicrobial use of each country was inferred using data from CDDEP (2020) which did not distinguish between antimicrobials for therapeutic and non-therapeutic purposes. To the best of our knowledge, the purpose of antimicrobial use at the country level is not publicly available, which impacted scenario design and implementation. With such data, we would have been able to formulate more informed scenarios that targeted growth-promoting antimicrobial use. In the case where only growth-promoting antimicrobials were either banned or taxed, the producers' decision-making process would need to account for purchase and use of human antimicrobials instead. Moreover, antimicrobials for therapeutic purposes in some cases reflect poor sanitary breeding conditions. Our model did not account for the substitution between sanitary conditions and antimicrobial use in every country, since such data were not available.

As described in the Methods section, historical data on production, consumption, and trade were retrieved from FAOSTAT. The FAOSTAT dataset comprised consistent data up to 2015 and reference production, trade, and consumption projections were computed by applying the growth rates of OECD data to the respective quantities. In some cases OECD's outlook did not report the growth rate of a particular country, but of a region. In that case we used the growth rate of the next largest region to project country-level production, consumption, and trade to 2028. Modeling of the supply side was driven by the available data and the question at hand, which required us to represent a range of countries at the global level. We distinguished between three types of livestock, namely beef, pork, and poultry. We did not explicitly model endogenous investment decisions. This simplification was based on the time horizon of our analysis, which was short- and medium-term, and the unavailability of livestock farm capacity data at the level of regional detail required in this study. Finally, demand elasticity estimates were collected from various sources and were not available at the country level for most countries. When country-level demand elasticities were not available, the regional demand elasticity is applied to the countries of each region. Therefore, our analysis may fail to grasp the variance in demand patterns of countries in the same region. We provided a detailed list of data sources in the Supplementary Material.




6. CONCLUSIONS

The use of antimicrobials in the livestock sector is based on the assumption that antimicrobials enhance livestock growth. Even when veterinary medicinal products are regulated, countries may not have the resources to enforce the regulations. In resource-limited LMICs, taxing or banning antimicrobial use in livestock production could result in producers purchasing antimicrobials from other providers (Barroga et al., 2020). Consequently, enhanced AMR monitoring systems and surveillance of antimicrobials consumption (Cheng et al., 2014) are necessary complements to global policies against AMR.

Moreover, there is evidence in the case of poultry in Denmark that the savings from restricting antimicrobial use in livestock production almost completely offset the losses in animal growth (WHO, 2002). Hence, future research needs to quantify under what conditions it is economically beneficial for livestock producers to use antimicrobials. Under certain conditions, the boost in livestock productivity may not justify the purchase of antimicrobials. Identifying these conditions can inform animal breeding practices and future AMR policy design.

AMR limits the therapeutic and prophylactic effects of existing antimicrobials on humans and animals (Collignon et al., 2016). For that, even when it is economically beneficial for livestock producers to use antimicrobials, the WHO suggests that countries restrict the use of antimicrobials which are “critically important” for human medicine in the livestock sector. In this paper we showed that LMICs' livestock production can be affected by policies against AMR. The disparity of the impact between countries in our scenarios suggest the need for more detailed data on antimicrobial use and regional production costs. Specifically, there is a need for more data on the use of different classes of antimicrobials, the purpose of the use of each antimicrobial, and the contribution of each to livestock producers' profitability. Incorporating the different uses of different classes of antimicrobials into the producers' decision-making problem would allow us to study scenarios that target only the particular subset of growth-promoting antimicrobials.

From a societal perspective, limiting AMR can reduce second-line treatment and hospitalization costs. Moreover, addressing AMR by restricting the use of antimicrobials in food animal production contributes toward meeting Goal 3 of the United Nation's Sustainable Development Goals that emphasizes health and well-being. To the extent that restricting antimicrobials in food animal production contributes to sustainable agricultural production, tackling AMR contributes also to Goals 2 and 12 of the United Nation's Sustainable Development Goals (IACG, 2018). In this study we emphasized the interplay between the underlying economic incentive of antimicrobial use and livestock trade as key aspects in the design of global policies. Our framework allowed us to represent the decision-making process of different agents in global livestock supply chains. In the case of a tax on antimicrobial use in livestock production, the framework can be enhanced to represent country-level or international agencies that decide the optimal tax on antimicrobial use in livestock production by taking into account also the healthcare costs associated with AMR. This kind of analysis would require robust, country-level estimates of all direct and indirect costs related to AMR. Given the complexity of AMR, which spans more dimensions than the ones emphasized in this study, informed policy design calls for more data on livestock production and antimicrobial use.
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FOOTNOTES

1Data on livestock production (FAOSTAT, 2020) and the use of antimicrobials in the livestock sector (Van Boeckel et al., 2015) were not available for the Republic of Cyprus in the respective databases.

2Brazil: 53 mg|PCU, USA: 88 mg|PCU, and Spain: 182 mg|PCU in 2013 (CDDEP, 2020).
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