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Summary 
Aquaculture production is projected to increase rapidly through 2030 and will play a key role in 
providing nutrition and food security to the growing human population. The growth and intensification 
of aquaculture in the context of climate change will likely lead to an increase in the occurrence and 
virulence of existing and emerging infectious diseases, and in turn, continue to drive antibiotic 
consumption across the aquaculture sector. Asian countries lead global consumption, with China 
consuming over half of the world’s antibiotics (57.9%) in 2017, of which half were administered to 
animals. 

The current body of literature demonstrates negative short- and long-term impacts of antibiotics in 
marine and freshwater environments. In many countries, there is an apparent lack of adequate 
governance over the sale, distribution, and use of these drugs in the aquaculture sector. The availability 
of detailed data on the use of antibiotics in aquaculture is highly variable by sector. As a result, 
challenges persist in assessing the underlying drivers of and risks associated with their use. Importantly, 
there is a need to align governance, sociocultural, ecological, and economic frameworks with monitoring 
antibiotics sales, distribution, and use, alongside their discharges and environmental impacts. 

In this context, this review aims to facilitate the discussion by providing an overview of the state of 
affairs and existing knowledge regarding the governance, environmental impact, and volume of 
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antibiotics use in aquaculture. We have focused on producer countries where antibiotics use is often 
described as excessive consumption, such as the salmon industry in Chile, and shrimp, pangasius, and 
tilapia production across East, South, and Southeast Asia, including China, India, Indonesia, Thailand, and 
Vietnam. 

Introduction 
Aquaculture production is projected to increase rapidly through 2030 and will play a key role in 
providing nutrition and food security to the growing human population (Schar et al., 2020). The growth 
and intensification of aquaculture in a warming climate will likely increase the occurrence and virulence 
of existing and emergent diseases and, in turn, continue to drive antibiotic consumption across the 
aquaculture sector. Antibiotics are the most commonly used chemicals in aquaculture, among other 
products, and their use is estimated to increase in the coming years (Lulijwa et al., 2020). 

Among 15 of the major global aquaculture-producing countries, 6 are Asian countries that produce 
shrimp, pangasius, and tilapia (China, Bangladesh, India, Indonesia, Thailand, and Vietnam), and 3 are 
salmon producers (e.g., Chile) (Lulijwa et al., 2020). These countries used, on average, 15 antibiotic 
compounds; Vietnam and China lead in the number of antibiotic compounds used (Lulijwa et al., 2020). 
China consumed half of the world’s antibiotics (162,000 t in 2013), of which half were administered to 
animals (Yuan et al., 2019; Zhang et al., 2015). From an aquaculture systems perspective, antibiotic 
consumption in Asian countries occurs mostly in freshwater, but in the salmon industry, it occurs 
significantly at the marine phase, as is the case with Chile. 

Many studies have demonstrated the potential adverse effects and ecological risks associated with 
antibiotic use in aquaculture. Antibiotics can be directly released into the environment through runoff, 
flow-through, and discharged water; sediment; feces; and uneaten feed particles, resulting in adverse 
effects on ecological systems (Capone et al., 1996; Soto y Norambuena, 2004; Fortt et al., 2007; 
Buschmann et al., 2012; Rico et al., 2013; Rico and Van den Brink, 2014; Andrieu et al., 2015; Muziasari 
et al., 2017; Kovalakova et al., 2020). It is estimated that 80% of the antibiotics used in aquaculture are 
released into the environment, and the presence of antibiotics in the environment has been widely 
documented, originating from human and terrestrial livestock systems as well (Cabello et al., 2013; Liu 
et al., 2019; Xu et al., 2021). Though it has been generally accepted that the use of antibiotics in 
aquaculture is at a smaller scale than in other terrestrial livestock systems, toxicological data have 
shown that use in aquaculture can be toxic to microorganism communities, particularly algal 
communities (Rico et al., 2018b). Risk assessment based on individual compound exposure merits 
further study and evaluation of the impact of current chemotherapeutic pollution on nontarget 
organisms. The presence of multiple antibiotics may act synergistically to cause a more significant effect, 
even though the amount of each compound may be below the maximum regulatory limits (Carvalho and 
Santos, 2016; Shi, 2016). 

In a growing aquaculture sector, antibiotics transmission, dissemination, and persistence in natural 
environments are particular concerns (Thornber et al., 2020). Antibiotics are used in larger 
concentrations, but such information is not always correctly conveyed to or accessible to the public 
(Burridge et al., 2010; Carballeria et al., 2021). There is a lack of information about adequate governance 
over the sale, distribution, and use of these drugs in the aquaculture sector, and data quantifying the 
use of antibiotics are highly variable by sector. As a result, challenges persist in assessing the underlying 
drivers of and risks associated with their use. Importantly, there is a need to align governance, 
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sociocultural, ecological, and economic frameworks to monitor antibiotics sales, distribution, and use, 
alongside their discharges and environmental impacts. Under this context, the Monterey Aquarium 
Seafood Watch® program and the World Bank established a collaboration to address the state of 
antibiotics used in aquaculture in Chile, China, India, Indonesia, Thailand, and Vietnam. 

In this study, we reviewed the antibiotic use and impacts in aquaculture, focusing on producer countries 
where antibiotics use is often described as excessive, such as the salmon industry in Chile, and shrimp, 
pangasius, and tilapia production across East, South, and Southeast Asia, including China, India, 
Indonesia, Thailand, and Vietnam (Figure 1). This review’s objective is to provide an overview of the 
state of affairs and the knowledge gaps regarding areas with common agreements; the governance; the 
use and misuse; the potential side effects in some organisms (bacteria, cyanobacteria, and vertebrates); 
and the environmental impact of antibiotics in aquaculture, to provide a baseline of information for 
discussion. A literature review was conducted to develop standardized risk assessment protocols under 
the One Health approach, and regarding effective antimicrobial use governance, socioeconomic 
considerations, approaches to monitoring, knowledge gaps, and the establishment of ecological impact 
indicators. 

Figure 1. Map of country case studies where antibiotics use is described as excessive, such as Chile (salmon 
aquaculture) and the East, South, and Southeast Asian countries, including India (shrimp, tilapia, and pangasius). 
Details are shown about the amount of antibiotics used by two of the biggest consumers, Chile (t) and China (t). 

Antibiotic use 
In this section, we review the use of antibiotics in aquaculture in significant producer countries where 
the use is considered excessive. The majority of these countries have regulatory frameworks that govern 
antibiotics use in aquaculture and monitor residues in the final product (Lulijwa et al., 2020). This 
section has been divided into the salmon-producing country (Chile) and the East, South, and Southeast 
Asian countries (China, India, Indonesia, Thailand, and Vietnam). 

1.1 Chile 
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Antibiotics use in the Chilean salmon industry increased from 2005 (239.2 t) to 2017 (393.9 t) 
(SERNAPESCA, 2020; Miranda et al., 2018). Consequently, antibiotic resistance has increased in direct 
proportion to the rise in antibiotics use (Millanao et al., 2011; Cabello et al., 2013; Millanao et al., 2018). 
Nevertheless, a slight decrease in their use has been observed, with 379.6 t used in 2020 and 1,078,896 
t of salmon production reported (SERNAPESCA, 2020). The majority of use (98%) occurred in the 
seawater grow-out phase, in which 98.6% corresponds to florfenicol, 0.83% to oxytetracycline, and less 
than 0.1% to others, including erythromycin and tilmicosin (SERNAPESCA, 2020). Florfenicol is the 
dominant antibiotic used in marine-based salmon farming to treat Salmo salar, mainly for Piscirikettsia 
salmonis (Miranda et al., 2018; SERNAPESCA, 2020). Treatments may only be administered with a 
veterinary prescription and are almost entirely (99%) given as medicated feed pellets formulated by 
feed manufacturers (Miranda et al., 2018; Cravedi et al., 1987; Kemper, 2008). Between 40% and 90% of 
antibiotics applied are released to the sea bottom by fish excretion or urine (Kemper, 2008) and as 
uneaten feed, as demonstrated with oxytetracycline (Capone et al., 1996; Miranda et al., 2018). Both 
producers and feed manufacturers are obligated to register and separately report their antibiotics usage 
to authorities. This information is aggregated and published in an annual report and submitted to the 
World Organization for Animal Health (OIE). 

Chile has seen a massive increase in fish biomass because of intensive farming, resulting in an increase in 
fish susceptibility to diseases. Based on available data, Chile reached the highest antibiotic consumption 
per harvested ton worldwide in 2014, at 563.2 tons (Miranda et al., 2018). Until 2016, six antibiotics 
were approved for use in the Chilean salmon industry; after quinolones were prohibited, four antibiotics 
remained: florfenicol, oxytetracycline, erythromycin, and tilmicosin (Miranda et al., 2018). In addition, in 
2016 the Chilean National Fisheries and Aquaculture Service (SERNAPESCA) began a program to certify 
marine salmon farms as antibiotic-free, to reduce their environmental impacts (Quiñones et al., 2019). 
The Chilean Salmon Antibiotic Reduction Program (CSARP) is a broader collaboration initiative to 
improve practices, by which the salmon industry aims to reduce antibiotic use by 50% by 2025 
(https://www.csarp.cl/). It is important to highlight that salmon farmers in Chile count on formal 
education, training in aquaculture production and epidemiology, a strong network with veterinary 
professionals, and specialized diagnostic laboratories in aquaculture. Consequently, although the 
country’s antibiotic consumption is high, its management and regulations are complemented by the 
farmers’ training. 

Regulations in Chile include prohibiting the use of specific antibiotics (e.g., cloramphenicol and its 
derivatives) in aquaculture and requiring the registration and approval of new antibiotic drugs through 
the Aquaculture and Livestock Authority (SAG), after environmental risk assessments are completed. A 
mandatory national program tests salmon products for antibiotics residues before commercialization in 
domestic or external markets. Besides the regulations and control over antibiotics usage, Miranda et al. 
(2018) concluded that, until 2015, the number of antibiotics used was higher than the amount reported. 

1.2 East, South, and Southeast Asia 

Global aquaculture production totaled 114.2 million metric tons (mt) in 2018, of which 82.1 million mt 
corresponded to aquatic animals (FAO, 2020). Roughly 90% of the total volume is produced in Asia, with 
major producer countries including China (64.5 million mt; 61% of global production), India, Indonesia, 
Thailand, and Vietnam, plus Bangladesh (FAO, 2020; Lulijwa et al., 2020; Schar et al., 2020). 
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Among the Asian aquaculture-producing countries, Vietnam and China lead in the amount of antibiotics 
compounds used in aquaculture with 39 and 33 compounds, respectively; most of the antibiotics were 
associated with shrimp aquaculture (Lulijwa et al., 2020). Bangladesh is the third major antibiotics 
consumer, with 21 compounds used mainly for carp aquaculture. The Vietnam government has applied 
strict regulations on antibiotics since 2002 (Lulijwa et al., 2020), and forbade antibiotics use for growth 
promotion in 2018 (Coyne et al., 2019). In terms of production, China produced 210,000 t of antibiotics 
that finished up in animal feed, with 13 compounds authorized by the government; however, the 
information about amounts of antibiotics and their types remains limited (Rico et al., 2013; Liu et al., 
2017; Lulijwa et al., 2020). But, worldwide, it is projected that antibiotics consumption will increase until 
2030 (Schar et al., 2020) (Figure 2). 

Figure 2. Estimation (%) of growth projected in antibiotics consumption between 2017 and 2030 by country 
considered in this review. Modified from Schar et al., 2020. 

The East, South, and Southeast Asian regions have been considered a hot spot of antimicrobial 
resistance. Antibiotics are used in animal production (chicken and pig) as well as in aquaculture, and the 
most common antibiotic used there is amoxicillin (Nhung et al., 2016). The highest frequency of 
antibiotic use has been observed in pangasius farms in Vietnam (Rico et al., 2013). 

As supply chains and markets have developed, aquaculture of freshwater fish, brackish finfish, and 
crustaceans in Asia has shifted toward semi-intensive and intensive production (Rico et al., 2013; Little 
et al., 2017). In turn, this has increased disease incidence and the use of antibiotics, which is often 
described as excessive and widespread—mainly because of limited effective governance (Coyne et al., 
2019). Many antibiotics are used in South and Southeast Asia, where some studies have shown 
antibiotic prevalence and where weak governmental regulation still exists (Nhung et al., 2016; Coyne et 
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al., 2019). Farmers often lack formal education and training in aquaculture production and 
epidemiology. Also, there is a need for expanding animal health support networks, including veterinary 
professionals and diagnostic laboratories specialized in aquaculture. 

Most antibiotics are typically sourced without a veterinary prescription from private distributors and 
shops (Table 1), but this varies across sectors and regions. Antibiotics are sold in varying forms (e.g., 
isolated active ingredients, mixtures, and medicated feed) and may be sold without proper labeling or 
label use instructions. Farmers may manually mix antibiotic ingredient(s) with manufactured feed on-
site, which risks inaccurate dosing, heterogeneous distribution across the target population, and 
leaching to the surrounding environment. Additional risks arise from traditional integrated fish-livestock 
systems and multiple industries operating in the same area, where antibiotics use may occur in 
terrestrial livestock, such as poultry, and enter the aquaculture environment through runoff, feces, or 
uneaten feed. Unfortunately, available data on antibiotic use are inconsistent and sparsely available, 
often only reported through relatively small-scale studies and surveys. 

Table 1. Description of the use of antibiotics in the East, South, and Southeast Asia regions. 

Country Species Number of 
approved 
antibiotics 

List of 
antibiotics** 

Production scale Regulations 

China 90% of freshwaters are 
carp (domestic) and 
tilapia (international) 

13 (reported use 
up to 20) 

ERY, OXY, FLO, 
ENR, FLU, QUI 
(*2) 

Small-scale, 50% earthen 
ponds 

MRL residues (*2) 
ERA (*3) 

India, 
Bangladesh 

Freshwater carp, 
pangasius, pacu 
(Piaractus brachypomus), 
and brackishwater 
shrimp 

No regulatory 
program in India. 
7 in Bangladesh 

India: CLO, CIP, 
FUR (*4) 
Bangladesh: OXY, 
CLO, AMO, SLD, 
SLX, TRI, DOX 

Small-scale entrepreneurs 
with farm size less than 2 
hectares 

MRL residues (*1) 

Indonesia Shrimp and milkfish. 
Freshwater: tilapia, 
pangasius, carp, and 
grouper 

3 classes TET, MAC, FLU 80% small-scale. Extensive 
and semi-extensive cage 
systems and ponds 

MRL residues (*1) 

Thailand Brackishwater: whiteleg 
shrimp, green mussel, 
bloodcockle, and oyster. 
Freshwater: Nile tilapia 
and pangasius 

5 ENR, OXY, SLX, 
AMO 

Improved extensive, semi-
intensive, and intensive net 
and cage systems. Intensive 
systems dominate for 
shrimp production for 
export 

MRL residues (*1) 

Vietnam Pangasius, whiteleg 
shrimp, and tiger shrimp 

27 (variable, 
depending on 
species and 
production 
system) 

Prohibited use 
ENR 

Improved extensive, semi-
intensive, and intensive cage 
systems 

Residues 

*1: Poor compliance. *2: Two separate MRL programs for domestic and international markets. China claims inspection on domestic seafood 

commenced in 2013. *3: “Shining Sword” campaign to enforce environmental and regulatory compliance. *4: significant use of antibiotics in 
aquaculture farming other than shrimp. 
** The antibiotics listed by class include: Phenicols (PHE): FLO = florfenicol, CLO = chloramphenicol; Tetracyclines (TET): OXY = oxytetracycline, 
DOX = doxycycline, CLOT = chlortetracycline; Macrolides (MAC): TIL = tilmicosin, ERY = erythromycin; Sulfonamides (SUL): SLD = sulfadiazine, 
SLX = sulfamethoxine/ormethoprim; Penicillins (PEN): AMO = amoxicillin, amoxicillin trihydrate; Quinolones (QUI): FLU = fluoroquinolones; CIP 
= ciprofloxacin, ENR = enrofloxacin; Nitrofurans (NF): FUR = furazolidone; Amphenicols (AMP): CLO = chloramphenicol, DP = dihydropyrimidin, 
TRI = trimethoprim. 

International trade has created incentives for some producers and governments to govern antibiotics 
more robustly. For example, most countries with export-oriented aquaculture industries now restrict 
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some antibiotics through lists of compounds that are banned for aquaculture use. This has fostered 
some harmonization in the region, but it has not yet achieved full regional harmonization of regulations 
and governance, which still vary across sectors and countries. For example, Thailand has relatively strict 
regulations and forbids the use of antibiotics as growth promoters in livestock, and drugs that are listed 
as critically important by the World Health Organization are available only through veterinary 
prescription (Coyne et al., 2019; Lulijwa et al., 2020). The Thai government has also implemented a plan 
to control antibiotic residues in food exports, which dramatically reduced the number of product 
rejections at export destinations. India has implemented similar pre-export product testing strategies, 
yet its shrimp products are regularly rejected by the U.S. Food and Drug Administration (FDA) because of 
residues of banned antibiotics, such as nitrofurazone and furazolidone. Meanwhile, there are no data 
about antibiotics for Indonesia—probably due to a lack of records, among other reasons (Lulijwa et al., 
2020). Broadly, most of these countries lack effective systems for the registration and reporting of 
antibiotics sales, distribution, and application, as well as systems to monitor their presence in the 
environment and assess their potential impact. 

1.3 Summary of antibiotic use recorded in Seafood Watch (SFW) assessments 

Seafood Watch Reports (https://www.seafoodwatch.org/) show that the majority of antibiotics used in 
aquaculture fall into one of several classes of antibiotics: tetracyclines, fluoroquinolones, amphenicols, 
and sulfas (Table 2). Tetracyclines appear to be the most common, while amphenicols are frequently the 
cause for import rejection. But, an import rejection due to contamination is not indicative of on-farm 
use, so using this metric as an indicator of aquaculture usage should be approached with caution. 

Table 2. Major aquaculture species in selected producer countries and accompanying Seafood Watch (SFW) 
assessment status and types of antibiotics recorded. 

Species group System Water Country Production 
volume 
(mt, total 2019) 

Report Date Drugs 

Tilapia Ponds/cages Fresh China 1,641,662 YES 2018 oxytetracycline, florfenicol, 
amoxicillin, sulfadiazine, 
trimethoprim, sulfamethoxazole, 
malachite green, gentian violet 

Pangasius Ponds/cages Fresh Indonesia 1,400,458 NO 
Pangasius Ponds/cages Fresh Vietnam 1,382,000 YES 2014 oxytetracycline, doxycycline, 

sulfadiazine, trimethoprim, 
thiamphenicol, chloramphenicol, 
nitrofurans, amoxicillin, ampicillin, 
colistin, apramycin, gentamycin, 
kanamycin, levofloxacin, 
rifampicin 

Salmon Net pens Marine Norway 1,364,042 YES 2021 florfenicol, oxolinic acid 
Tilapia Ponds/cages Fresh/brackish Indonesia 1,257,000 YES 2015 n/a 
Vannamei Ponds Brackish China 1,144,370 YES 2015 chloramphenicol, gentian violet, 

malachite green 
Tilapia Ponds/cages Fresh/brackish Egypt 1,081,202 NO 
Salmon Net pens Marine Chile 906,541 YES 2021 florfenicol, oxytetracycline 
Vannamei Ponds Brackish India 724,267 YES 2021 nitrofurans, chloramphenicol, 

oxytetracycline 
Vannamei Ponds Fresh China 671,180 YES 2015 chloramphenicol, gentian violet, 

malachite green 
Vannamei Ponds Brackish Indonesia 670,000 YES 2015 chlortetracycline, oxytetracycline, 

chloramphenicol, nitrofurans, 
enrofloxacin 

Pangasius Ponds/cages Fresh India 637,000 NO 
Vannamei Ponds Brackish Vietnam 577,000 YES 2017 oxytetracycline, ciprofloxacin, 

enrofloxacin, oxolinic acid, 
sulfamethazine, sulfadiazine 

Pangasius Ponds/cages Fresh Bangladesh 441,929 NO 
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Vannamei Ponds Brackish Thailand 365,503 YES 2020 oxytetracycline, enrofloxacin, 
nitrofurans 

Macrobrachium Ponds Fresh China 364,930 YES 2014 tetracyclines, nitrofurans 
Tilapia Ponds/cages Fresh/brackish Bangladesh 344,784 NO 
Tilapia Ponds/cages Fresh Brazil 323,714 NO 
Channel catfish Ponds/cages Fresh China 297,732 YES 2017 ciprofloxacin, enrofloxacin, 

chloramphenicol, gentian violet, 
malachite green 

Tilapia Ponds/cages Fresh/brackish Philippines 279,384 NO 
Tilapia Ponds/cages Fresh Vietnam 263,107 NO 
Monodon Ponds Brackish Vietnam 261,000 YES 2017 oxytetracycline, ciprofloxacin, 

enrofloxacin, oxolinic acid, 
sulfamethazine, sulfadiazine 

Tilapia Ponds/cages Fresh Thailand 213,981 NO 
Salmon Net pens Marine Scotland 190,500 YES 2021 florfenicol, oxytetracycline 
Monodon Ponds Brackish Indonesia 189,000 YES 2015 none 
Channel catfish Ponds Fresh US 153,428 YES 2017 florfenicol, oxytetracycline, 

sulfadimethoxine-ormetoprim 
Penaeus nei Ponds Brackish China 132,196 YES 2015 chloramphenicol, gentian violet, 

malachite green 
Salmon Net pens Marine Canada (BC) 88,874 YES 2021 florfenicol, oxytetracycline 
Monodon Ponds Brackish China 84,066 NO 
Monodon Ponds Brackish Bangladesh 63,171 YES 2017 chlortetracycline, oxytetracycline 
Macrobrachium Ponds Fresh Bangladesh 52,197 YES 2017 chlortetracycline, oxytetracycline 
Monodon Ponds Brackish Myanmar 51,796 YES 2018 none 
Salmon Net pens Marine NW Atlantic 46,246 YES 2021 florfenicol, oxytetracycline 
Monodon Ponds Brackish India 34,615 YES 2021 nitrofurans, chloramphenicol, 

oxytetracycline 
Macrobrachium Ponds Fresh Thailand 31,345 YES 2014 tetracyclines, nitrofurans 
Vannamei Ponds Fresh Indonesia 27,100 YES 2015 chlortetracycline, oxytetracycline, 

chloramphenicol, nitrofurans, 
enrofloxacin 

Macrobrachium Ponds Fresh Vietnam 20,129 YES 2014 tetracyclines, nitrofurans 
Monodon Ponds Brackish Thailand 17,364 NO 
Pangasius Ponds/cages Fresh Thailand 13,889 NO 
Macrobrachium Ponds Fresh India 8,702 YES 2014 tetracyclines, nitrofurans 
Macrobrachium Ponds Fresh Indonesia 4,600 YES 2014 tetracyclines, nitrofurans 
Monodon Ponds Fresh Indonesia 2,300 YES 2015 none 

Drug registration and other regulations in aquaculture 
The use and misuse of antibiotics in human and veterinary medicine have propelled an unprecedented 
global crisis of antibiotics resistance (AR) that poses a serious threat to human health. Antibiotic 
pollution in the environment presents acute and chronic toxicity risks, and it threatens natural habitats 
and functioning food webs. Therefore, drug registrations and regulations by governments are needed. 

Advancements in research and technology have provided society with tools to understand, monitor, and 
eventually mitigate antibiotic pollution impacts. Governmental agencies, research institutions, and 
organizations, such as the Food and Agriculture Organization (FAO), World Health Organization (WHO), 
World Organization for Animal Health (OIE), and the World Bank, have generously invested time and 
resources in the knowledge, education, and recommendations of good practices as well as the risks of 
antibiotics use in aquaculture. WHO provides a list of critically important antibiotics for human health; 
although the majority are not used in the veterinary sector, the majority of those used in aquaculture 
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are on this list. The FAO and OIE have provided extensive documentation and workshops regarding 
antimicrobial use, needs, and issues, recommendations on best management practices, and drug 
resistance risk (OIE, 2021). 

Most countries follow standardized procedures for the registration and approval of drugs to use in 
veterinary medicine. These protocols include assessments to ensure animal safety, drug quality and 
efficacy, food safety, and environmental impacts. Two other international agencies provide standards 
for the application of pharmaceuticals in aquaculture. The Codex Alimentarius Commission (CAC) is a 
joint commission by FAO and WHO in charge of developing international food safety standards and 
tackling the food safety of antimicrobial use and residues (George, 2019), among other issues. Most 
countries in the world have regulatory agencies governing pharmaceutical products, or they are a 
signatory to one of the international organizations. 

In Chile, authorization procedures, registration, and the use of antibiotics in aquaculture are heavily 
regulated and enforced by the different governing institutions, as reviewed by Miranda et al. (2018) and 
Alvarado-Flores et al. (2021). Aquaculture facilities in Chile must comply with relevant environmental 
regulations, such as the emission standard of associated contaminants to marine and continental 
surface waters (MINSEGPRES, 2021). Despite this, several governance shortcomings are apparent, 
including the lack of a system for monitoring the emission of aquaculture chemotherapeutics into the 
environment (Paredes and Martínez, 2018). 

Major producer countries in East, South, and Southeast Asia also have regulations and guidelines for 
proper antibiotics use that are based on governmental agencies’ standards (FAO, 2016). Thus, China, 
Bangladesh, India, Indonesia, Thailand, and Vietnam have aligned their regulations and the maximum 
residue limits (MRLs) to the standards of the European Commission (EC) and the U.S. Food and Drug 
Administration (FDA), to meet export requirements (Lulijwa et al., 2020). Despite this, scientific 
literature has shown the widespread use of antibiotics in aquaculture across the region, which some 
authors postulate is due to four primary causes (Pham, 2015; Founou, 2016): 

1. A belief that antibiotics use is required for a successful harvest 
2. Limited education, information, and knowledge of good practices and adverse effects among 

farmers and extension agencies 
3. Easy and unrestricted access to antibiotics 
4. Lack of proper controls and monitoring of antibiotics use, disposal, and impacts. 

In developed and developing countries alike, there is a clear need to improve aquatic animal health and 
health management, such as stress management by reducing stock densities (Rico et al., 2014). There is 
also a need to enforce and improve existing regulations for the sale, distribution, and use of antibiotics 
in aquaculture (Alvarado-Flores et al., 2021), specifically in the following ways: 

1. Ensure transparency in the collection and publication of antibiotics use data 
2. Regulate quality at the manufacturing facility and label requirements throughout the value chain 

to reduce both on-farm misuse and the presence of residues in final products 
3. Develop incentives and disseminate knowledge of best practices to reduce on-farm misuse and 

resulting ecological impacts. 
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Potential side effects 
The quantities of antibiotics detected vary across regions and environments, and those used in 
aquaculture are fated to enter the receiving waterbody and sediments (Pan and Chu, 2016; Xu et al., 
2021). The behavior of a drug in the environment depends on numerous factors, including the 
physicochemical properties of the compound, temperature, pH, light, oxygen levels, microbial 
community makeup, and the physical properties of water and soil. These factors dictate the half-life, 
diffusion rate, absorption, and reabsorption in water and soil compartments (García-Galán, 2011; 
Jechalke et al., 2014). Natural antibiotics are more biodegradable than synthetic drugs, which are more 
stable in the environment and can be refractory to biodegradation (Dantas et al., 2008). Despite this, it 
has been demonstrated that most antibiotic pollution is usually below detectable limits in the water 
column but stable upon absorption in sediments, due to antibiotics’ physicochemical properties (Halling-
Sorensen et al., 1998; Hirsch et al., 1999). Antibiotics have a dose-dependent effect on various 
microorganisms, including bacteria, archaea, and fungi. In the sub-sections below, we have summarized 
the known ecotoxicological effects on some organisms, such as bacteria, cyanobacteria, and vertebrates. 

a) Bacteria 
Lethal effects are rarely reached with bactericidal compounds at below therapeutic concentrations or 
with bacteriostatic compounds that do not kill but inhibit bacterial growth (Grenni et al., 2018). 
Furthermore, lethal effects depend on the dose, the class of antibiotics, the toxicological assay, and the 
target species. Several studies have demonstrated that antibiotics have a selective effect on nontarget 
bacterial groups by altering relative abundance and interfering in the interactions among population 
groups. These effects can be detrimental to enzymatic and growth functions and may ultimately affect 
critical ecological functions, such as biomass production and nutrient transformation. Literature on 
short-term effects (i.e., days) is extensive (Constanzo et al., 2005; Bressan et al., 2013; Katipoglu-Yazan 
et al., 2013; Hou et al., 2015) and can be contrasted with long-term effect studies (Fountoulakis et al., 
2004; Alighardashi et al., 2009; Conkle and White, 2012; Ahmad et al., 2014). 

For example, the relevant information is available on the acute toxicological effects of antibiotics, based 
on toxicity assays—particularly at the single species level. But, there is a need for standardized testing to 
better understand the long-term impacts in bacterial communities; the impacts to biochemical 
processes such as nitrification, denitrification, and respiration are poorly understood (Roose-Amsaleg & 
Laverman, 2016). Despite numerous studies demonstrating elevated antibiotic levels in soil, no such 
literature could be found analyzing the ecosystem-level impacts that may result. A recent review found 
that relevant concentrations of fluoroquinolones and sulfonamides could partly inhibit some of the 
biogeochemical processes (Roose-Amsaleg & Laverman, 2016), and that environments poor in oxygen 
promote blooms of harmful algae (Roose-Amsaleg & Laverman, 2016; Janeko et al., 2016; Kovalakova et 
al., 2020). 

Nonlethal or subinhibitory concentrations of antibiotics can have long-term effects and act as selective 
forces toward AR in some microbial populations. The generation of AR is favored by the presence of 
other environmental pollutants, such as heavy metals (Norman et al., 2021). It has been speculated that 
the ecological impact of AR on bacteria could be from the generation of genotypic and phenotypic 
variability that alters the physiological and behavioral functions of the affected microbial communities, 
which in turn affect the function of the broader environmental microbiome (Yadad Kapley, 2021). But, 
information in this field is quite scarce. 
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Natural microbial communities are key factors regulating the fate (degradation) and transport 
(dispersal) of antibiotic pollutants in the environment (Hansen et al., 1992; Kerry et al., 1996; Burka et 
al., 1997; Sørum, 2000; Black, 2001; Cabello, 2003; Pillay, 2004). But, as noted, most synthetic antibiotics 
are designed to resist biodegradation. For example, quinolones, sulfonamides, and dianopyrimidine are 
highly persistent in soils, while ciprofloxacin and oxolinic acid persist in water. Degradation also depends 
on other abiotic factors, such as pH, salinity, sunlight, and the presence of other pollutants. Overall, the 
impacts of antibiotics are often underestimated, and their fate in the natural environment needs to be 
more comprehensively explored. 

b) Cyanobacteria 
Algae are sensitive to a wide variety of pollutants and are often considered useful ecotoxicological 
indicators. Freshwater algae species such as Scenedesmus quadricauda, Selenastrum capricornutumor, 
and Chlorella spp. are commonly cultured and used as a bioindicator of pollution, to assess the hazards 
of a chemical or a mixture of chemicals (Gomaa et al., 2020). Some studies have shown that 20%–40% of 
antibiotics are highly toxic to algae and other microinvertebrates, such as daphnids and Artemia 
(Migliore et al., 1997; Sanderson et al., 2003). For example, sulfonamides, tetracyclines, and macrolides 
are known to exert an adverse effect on the growth and development of algae (Pomati et al., 2004; Gao 
et al., 2013). Tetracyclines adversely affect the growth of Microcystis aeruginosa (Shang et al., 2015). 

It is known that antibiotics can inhibit protein biosynthesis, thus altering critical metabolic functions 
such as photosynthesis and the ability to produce oxygen (Pomati et al., 2004; Guo et al., 2016). The 
toxicological effects can be amplified under certain conditions, such as UV light exposure. The 
interactions with other compounds and conditions are challenging to assess in both the field and 
laboratory, and extrapolation to real-world conditions is difficult. Similar to the case of bacteria, there is 
little knowledge about the long-term impacts of antibiotics on cyanobacteria communities in the natural 
environment (do Santos et al., 2021; Desbiolles et al., 2018). Cyanobacteria (blue-green algae) are 
primary producers that play a relevant role in aquatic ecosystems that contribute oxygen, nitrogen 
fixation, and carbon production (do Santos et al., 2021). Current research conducted by Gomaa et al. 
(2020) demonstrated that cyanobacteria were negatively affected by ciprofloxacin and tetracycline and 
were suggested as the most sensitive phytoplankton group. 

c) Vertebrates 
Antibiotics are considered to be less toxic to mammals and other vertebrates; results from experimental 
studies suggest that fish can recover from short-term exposure to antibiotics and that adverse effects in 
the aquatic environment are typically expected under chronic exposure (Lepage et al., 2007). But, 
exposure under experimental conditions has demonstrated negative effects on vertebrates through 
developmental, metabolic, and behavioral changes, where the most common marine organism studied 
is zebrafish (Cunha et al., 2018; Kreamer et al., 2019). Although amphibians are less investigated, they 
show adverse effects from tetracycline (Liu et al., 2018; Kreamer et al., 2019). 

Another study has shown a high incidence of antibiotic resistance in marine mammals (e.g., Halichoerus 
gryphus) and seabirds (e.g., Larus argentatus, L. marinus, and Phalacrocorax gryphus) that are from 
areas close to human populations, where 16 antibiotics were examined (Rose et al., 2009). Blackurn et 
al. (2010) demonstrated the presence of antibiotic-resistant bacteria in nonvertebrate, top-predator 
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fishes (mainly sharks), and their long lives and slow growth may provide information about long-term 
exposure to antibiotics in the marine environment. More recently, novel research on two marine 
mammals (Phoca vitulina and Phocoena phocoena) that inhabit urban marine ecosystems discovered a 
relatively high level (37%) of antibiotic resistance, where 15 antibiotics were tested (Norman et al., 
2021). The relatively high occurrence of AR in these animals may reflect a large environmental reservoir 
of AR organisms in marine ecosystems; therefore, engaging animal, environment, and human in a 
collaborative One Health approach for monitoring antibiotics resistance will bring benefits to the 
ecosystems (Norman et al., 2021). 

Environmental risk assessment framework 
The widespread use of antibiotics across industries in regions of aquaculture importance is well known. 
Improper usage, incomplete removal, and slow degradation of these compounds have become common 
in water bodies. Residual antibiotics such as fluoroquinolones, macrolideas, and tetracyclines in natural 
environments are highly persistent and accumulate in higher concentrations (Grenni et al., 2019). Thus, 
some studies have shown that oxytetracycline remains in sediments for a couple of months or even a 
year, depending on the concentration, chemical structure, and half-life of the compound (Capone et al., 
1996; Kerry et al., 1996; Coyne et al., 2001; Cabello et al., 2013). Other research has shown florfenicol 
concentrations ranging from 30 ug L–1 to 11 mg L–1 in water samples from salmon farming areas (Zong et 
al., 2010). Antibiotic pollution may cause ecotoxicological impacts to aquatic microorganisms and 
ecosystems. There is an urgent need to determine the methodology to quantify these risks and establish 
adequate standards and guidelines that define safe limits of antibiotic concentrations. 

a) Surveillance of environmental antibiotics 
Monitoring methods to control the environmental impacts of anthropogenic activity are widely used in 
aquaculture, where the most common design is the Before and After Control Impact (BACI). Although 
the monitoring programs are effective, they are expensive and, depending on the aquatic system, could 
be quite complex in their application (Carballeria et al., 2021). Antibiotic use data are lacking in many 
parts of the world due to insufficient data collection and the use of unregistered medicines (WHO, 
2018). Digital transformation of animal health and surveillance data is critical to address the absence of 
near real-time data. 

Despite many countries introducing legislation to evaluate potential environmental threats, a lack of 
monitoring data prevents the ability to robustly assess the risks posed by antibiotic use in aquaculture 
(and beyond). Some data regarding antibiotic usage in aquaculture and their impacts on the 
environment have been published using relatively small-scale surveys and/or field studies, enabling the 
classification and measurement of antibiotics in the environment. Many studies have recorded the 
concentrations of antibiotics in a variety of settings, including wastewater (Lindberg et al., 2005; ter Laak 
et al., 2010; Tran et al., 2017; Huang et al., 2021), urban lakes and canals (Tran et al., 2019), rivers 
(Zuccato et al., 2010), and seawater associated with aquaculture (Buschmann et al., 2012; Choi et al., 
2020). 

To our knowledge, none of the major aquaculture-producing countries reviewed in this document have 
a surveillance system to continuously monitor the presence of antibiotics in water. The European Union 
(EU) has recently developed a watch list of substances to monitor in water, including antibiotics such as 
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amoxicillin, ciprofloxacin, and three macrolides (erythromycin, clarithromycin, and azithromycin) (EU 
Decision, 2015/495 of March 20, 2015; EU Decision, 2018/840 of June 5, 2018). 

b) Environmental Risk Assessment (ERA) procedures, protection goals, and standards 
In several countries, ERA is conducted under the framework set by the International Cooperation on 
Harmonization of Technical Requirements for Registration of Veterinary Products (VICH) (VICH, 2000; 
2004a; 2004b). VICH is a guidance document to harmonize data requirements for the registration of new 
medicinal compounds in Australia, New Zealand, Canada, Europe, Japan, and the United States (Rico et 
al., 2018a). It follows a two-tiered approach. For VICH phase I guidance (VICH, 2000), the ERA stops 
when environmental concentration is expected to be below 1 ug L–1. If the concentration is exceeded, 
the ERA proceeds to phase II (VICH, 2004b) and calculates a Risk Quotient (RQ). The RQ determines 
whether the Predicted Environmental Concentration (PEC) of a chemotherapeutic exceeds the Predicted 
No-Effect Concentration (PNEC) for a series of standard toxicity tests (Figure 3). 

Toxicity data for calculation of the PNEC are determined through testing on algae, crustaceans, and fish 
species, following standard test protocols provided by the Organization of Economic Cooperation and 
Development (OECD) or the International Organization for Standardization (ISO). ERA considers the risk 
in worst-case scenarios or for the most sensitive species. Recommendations have been provided for 
testing other nontarget bacteria and other microorganisms (archaea and fungi) (Brandt et al., 2016) that 
have essential ecosystem functions. Furthermore, the PNEC has been derived from accounting for the 
risk of acquiring antimicrobial resistance (Bengtsson-Palme and Larsson, 2016). 
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Figure 3. VICH phase II decision tree for the Environmental Risk Assessment of aquaculture veterinary products. 
VICH phase II decision tree for the Environmental Risk Assessment of aquaculture veterinary medicines (Source: 
VICH 2004b). Kow: octanol-water partitioning coefficient; Kd: sorption coefficient to soil; Koc: organic carbon 
sorption coefficient; PEC: predicted environmental concentration; PNEC: predicted no-effect concentration; RQ: 
risk quotient; NOEC: no observed effect concentration. 

At the time of publication of this report, the most recent and comprehensive study on the PNEC for 
discharge concentrations of majority antibiotics according to standard risk methodologies is the one 
published by (https://www.amrindustryalliance.org/ ) (Brandt et al., 2015; Le Page et al., 2017). It 
calculates two PNEC values based on ecotoxicity (PNEC-ENV) and antimicrobial resistance (PNEC-MIC) 
and recommends targeting the lower of these two values (Le Page et al., 2017). 
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c) Selective markers to assess functional community responses to pollutants 
Recommendations have been developed to include microbial community-based testing in the aquatic 
risk assessment of antibiotics, in order to provide more comprehensive protection of key ecosystem 
functions and services (Brandt et al., 2015). Therefore, the combination of antibiotic assays 
complemented with environmental information will provide a better understanding of bacteria 
susceptibility, sensitive species and responses, and the antibiotic effects on the environment. 

An understanding of microbial taxonomic and functional genetic diversity can be helpful in the 
assessment of the ecological effects. Environmental selection pressure from antibiotics has been shown 
to reduce bacterial diversity (Proia et al., 2013; Laverman et al., 2015) and produce changes in the 
abundance of different functional genes. These alterations may result in a long-term impact on 
ecosystem functionality (Yang et al., 2017). But, available studies have also shown that taxonomic 
microbial diversity is only moderately affected by high antibiotic levels (Kristiansson et al., 2011; Brandt 
et al., 2015; Lundström et al., 2016). 

Other alternative risk measures include pollution-induced community tolerance (PICT) (Blanck, 2002). 
This short-term test challenges microbial communities with pollutants, and samples are taken from 
exposed and non-exposed communities. Some have argued that this test is not ideal because it has 
several limitations (Lundström et al., 2016): it cannot distinguish between taxonomic shifts, species 
selection, and phenotypic adaptation of individuals (Blanck, 2002). 

d) Sites for environmental surveillance 
Surveillance of antibiotics through environmental sampling should also be conducted as close as 
possible to the population of interest. The concentration and form of the compound should be assessed 
and calculated from a range of sites and points in time, and cross-referenced with independently 
derived usage data. It may be challenging to obtain good data for antibiotics that are prone to rapid 
degradation in some cases. 

Several models are available to determine the fate and transport, based on both the compound and the 
environmental characteristics. Details on these tools are provided in the following section. 

e) Spatio-temporal surveillance 
The United Kingdom has set site-specific risk assessment requirements for chemotherapeutics used to 
treat sea lice infestations, based on the carrying capacity of receiving waters (SEPA, 2014). The 
environmental quality standards are derived from dispersal characteristics, toxicological information, 
and appropriate safety factors. These standards include spatial and temporal components to define 
different maximum allowable concentrations, following periods, and seabed distances from the farm 
(allowable zone of effect). Before applying a treatment, the farm must prove to authorities that 
treatment will not exceed standards. 

f) Models for the ERA of chemotherapeutics used in aquaculture 
A recent study provides a detailed review of modeling tools available to perform ERA in aquaculture 
(Rico et al., 2018a). These models predict the dispersal of chemotherapeutics in space (local/farm-scale) 
and time (hours to months) but cannot assess the ecotoxicological risks. Model outputs (antibiotics 
concentration from emission or in the environment) can then be compared to the Environmental 
Quality Standards (EQS) and PNEC values to determine the environmental risk, define the toxicological 
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limits, and predict the distribution and persistence over time (Rico et al., 2018a; Kalantzi et al., 2020; 
Carballeira Braña et al., 2021). 

But, as mentioned, PNECs or EQS have not been validated at the community or ecosystem level; 
however, according to the authors, PNECs or EQS could be adapted to be suitable at these scales (Rico 
et al., 2018a). Significantly, these models can be adapted to test different scenarios, depending on the 
species produced and on regional contexts and settings (Henderson et al., 2001; Cromey and Black, 
2005; Rico et al., 2018a). For example, models have been developed to predict the fate and transport of 
chemotherapeutics (including antibiotics) discharged from inland and flow-through aquaculture systems 
for various species in Asia (Table 1). Models for marine aquaculture systems are typically based on 
hydrodynamics and/or marine particle tracking, to enable site-specific results for the predicted dispersal 
of organic matter or chemotherapeutics (e.g., sea lice treatments) (Table 2). Due to the variety of 
scenarios and complexity in this field, models can be a handy tool for predicting effects in the field 
(Tables 3 and 4). It must be cautioned that, regarding antibiotics and their toxicity, the chemicals’ 
application and environmental contexts are key determinants. 

Table 3. Models to assess the environmental fate and risk of chemotherapeutics used in inland production 
systems. Full: explicitly developed for aquaculture production systems; Moderate: not explicitly developed for 
aquaculture production systems but has been used for aquaculture environmental impact assessments at least 
once; Low: not explicitly developed for aquaculture production systems and not used yet for aquaculture 
environmental impact assessment. 
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Table 4. Models to assess the environmental fate and risk of chemotherapeutics used in marine aquaculture 
systems. Full: explicitly developed for aquaculture production systems; Moderate: not explicitly developed for 
aquaculture production systems but has been used for aquaculture environmental impact assessments at least 
once; Low: not explicitly developed for aquaculture production systems and not used yet for aquaculture 
environmental impact assessment. 

Antibiotics impact assessments: methodological and technical gaps 

The bibliographic review can deduce the following knowledge gaps in the methodological and technical 
areas in Table 5. 

Table 5. Methodological and technical knowledge gaps identified on antibiotics impact assessments. 

Identified gap Possible solution 
Predicted No-Effect Concentration • Provide toxicological information for the development of EQS for 
(PNECs) or Environmental Quality critical compounds 
Standards (EQS) have not been • Develop EQS for antibiotics ecotoxicological and antimicrobial 
validated at the community or resistance 
ecosystem level 
Field monitoring of antibiotics 
(emission and environment) 

• Identification and classification of regions/areas according to 
environmental characteristics (e.g., current and bathymetry 
characteristics), and main aquaculture production practices 

Definition and selection of • Select worst-case scenarios at the regional and local level that 
aquaculture scenarios (integrated include climate, production systems, and management practices 
fish and livestock farming) • Propose a research plan for the development and test of 

country/region-oriented EQS 
Select and optimize available 
modeling tools to test for multiple 
present and future scenarios 

• Produce a set of ready-to-use model scenarios representing the 
main production areas, species, and production systems 

• Model and scenario validation: 
- Test and validate new modeling approaches and scenarios 

based on several case studies. 
- Test and validate EQS based on field experiments 
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• Upscaling models from farms to a larger scale (water body) 
• Coupling hydrodynamic/particle tracking models to exposure and 

environmental effects 
• Coupling chemical exposure to ecological community-level models 
• Test and validate improved modeling approaches and scenarios 

based on several case studies 
Scientific proof that exceeding 
standards has nonreversible 
ecological consequences 

• Stakeholders to use these tools are regulators, assessors, and 
farmers 

Antibiotics impact assessments: regulatory gaps 

The bibliographic review can deduce the following knowledge gaps in the regulatory framework 
identified in Table 6. 

Table 6. Identified regulatory gaps/needs and possible solutions on the regulatory framework of antibiotics 
impacts assessments. 

Identified gaps/needs Possible solution 
Improved regulatory frameworks 
for adoption of ERA framework 

• Evaluate, review, and improve current ERA schemes 

Available information for policy, • Identify sustainability requirements set by existing regulation and 
licensing, and regulations that environmental approaches 
consider environmental • Identify possible bottlenecks hampering cost-effective regulatory and 
protection licensing practices 

• Identify gaps between needs and available tools and framework for 
aquaculture management and monitoring 

Improved tools for quantification • Improved spatial planning linked to site selection, carrying capacity, 
of environmental services and sustainability indicators (carrying capacity models) 

• Improved, more efficient tools for licensing and aquaculture 
development 

• Assess environmental services provided by different countries 
Strengthen management • Evaluate available tools and approaches available to predict and 
practices and develop cost- monitor environmental impacts 
effective management tools • Significantly enhanced real-time in-situ monitoring linked to early 

warning and sustainability 
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Conclusions 

Although some progress has been made regarding the governance, potential side effects, and 
environmental impacts of antibiotics use in aquaculture, there are still gaps in these themes. In this 
review, we provided a baseline of information for opening discussion and facilitating decision-making, in 
order to develop standardized risk assessment protocols under the One Health approach in relevant 
aquaculture producers’ countries. 

Chile and the East, South, and Southeast Asian countries reviewed (China, India, Indonesia, Thailand, 
and Vietnam) have listed authorized and banned antibiotics used in aquaculture, and some of them 
have to meet export requirements. Little is known about Indonesia’s antibiotics consumption. However, 
based on this review, gaps remain regarding antibiotic uses and the methodology and regulations that 
are listed and described in this review. 

From the perspective of potential side effects, an ecological risk has been associated with antibiotic use 
in aquaculture. Bacteria and cyanobacteria are the most affected organisms in the sediments. In the 
column water, this ecological impact can cause disruption of critical ecological processes (e.g., nitrogen 
and carbon cycles). Environmental monitoring plans could be a useful solution but are difficult at highly 
dispersed sites. EQS thresholds could be defined to improve aquaculture sustainability and reduce 
ecological impacts. 

As suggested by some authors, there is an urgent need to standardize antibiotic consumption 
surveillance in the aquaculture industry. Robust surveillance information will facilitate understanding of 
aquaculture sectors, productions, monitoring consumptions, and antibiotics resistance trends. 
Freshwater aquaculture systems are quite different from marine systems, so they should be treated and 
analyzed separately. 

Based on the information gathered in this review and the current literature, although some gaps were 
detected, it is expected to provide adequate information for opening discussion about the use of 
antibiotics in aquaculture in the selected countries where antibiotics use is considerably high. The 
consolidation of an initial risk assessment framework to be utilized by aquaculture stakeholders will be 
useful to better estimate the potential environmental impacts associated with antibiotic use at the 
farm(s) under assessment. In this way, assessments of the type and degree of impact(s) expected from 
using antibiotics in a specific ecological and farm context may be established. This will enable the SFW 
Aquaculture Standard to assess the risk of chemical use more robustly by including the outputs of the 
developed risk framework (e.g., impact to indicator X shall not exceed threshold Y) in its scoring 
methodology and criteria. In addition, the risk framework and accompanying standardized sampling 
protocols may be used on the ground in projects where SFW is engaged, such as Indian shrimp and 
Chilean salmon, to establish baselines of current impacts and roadmaps for improvement toward 
sustainability targets. 
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