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Abstract

The intensification of aquaculture industries around the globe has led to increased suscep-
tibility and exposure to diseases. To ensure the well-being of animals and the profitability
of the industry, many aquaculture farms resort to antibiotic treatments. However, with the
increasing presence of antimicrobial resistance (AMR), it has become important to reg-
ulate and limit the use of antibiotics, especially in animal production and regarding the
antibiotics that are deemed as critically important for human health by the World Health
Organization (WHO). This review describes how AMR mitigation strategies have devel-
oped over time in international settings and how they relate to aquaculture. Furthermore,
we analyzed how different countries and regions abide by these statutes, as well as the
antibiotic standards from a selection of certification schemes. Our results show that the
role of aquaculture has been inexplicitly addressed in international guidance documents
and that there is a need to further increase the activities of aquaculture operations in com-
bating AMR, with an emphasis on alternatives to antibiotic use. We also found that most
countries and regions allow the highest priority-, or critically important antibiotics in aqua-
culture, which could have detrimental effects on animal, environmental, and public health.
As a result, most countries fail to comply with the recommendations and standards set by
international organizations and certification schemes.
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Introduction

The rapid expansion and intensification of aquaculture, have led to a significant increase in
antibiotic use, posing a risk to the global public-, animal-, and environmental health due to
antimicrobial resistance (AMR) (Tacon 2020; Lulijwa et al. 2020; Rigos et al. 2021; IFFO
2021; FAO 2020). AMR is defined as the ability of microorganisms like bacteria, viruses,
parasites, and fungi to resist the effects of medications that once successfully treated them,
making infections harder to control and increasing the risk of disease spread, severe illness,
or even death (WHO 2021). The reason for the increased intake of antibiotics is largely
due to greater exposure to pathogens as a result of intensiveness and animal density (Rico
et al. 2013; Schar et al. 2020). Subsequently, the use and especially, misuse' of antibiot-
ics in aquaculture operations have increased the emergence and rise of AMR (Henriksson
et al. 2018; Leung et al. 2013; Reverter et al. 2020; Stentiford et al. 2012; Naylor et al.
2021). Aquaculture is not the only sector misusing antibiotics; the food production indus-
try, particularly animal husbandry, accounts for 70% of global antibiotic use (Nelson et al.
2019; Léger et al. 2021; Byrne et al. 2019; Melo et al. 2021). In 2019, 1.27 million people
died globally from AMR, highlighting the importance of appropriate antibiotic use (Mur-
ray et al. 2022).

The reliance on antibiotics in aquaculture operations is forecasted to increase as cli-
mate change and warmer water temperatures benefit emerging infectious diseases (EIDs)
(Reverter et al. 2020; Karvonen et al. 2010; Naylor et al. 2021). The open nature of aqua-
culture systems exposes adjacent waters, wild fish, flora, sediments, and plankton to antibi-
otic residues through dissemination (Lulijwa et al. 2020; Debois et al. 2024), with elevated
frequencies of antimicrobial-resistant bacteria (ARG) in and near aquaculture environments
as a consequence (see Table 1 for examples) (Choi et al. 2020; Gorito et al. 2022; Bon-
dad-Reantaso et al. 2023). As a result, aquaculture is especially receptive to other indus-
tries’” effluents as well as contributing to increased antimicrobial residue levels in environ-
ments. To minimize the dependence on antibiotics and subsequently, the risk of AMR from
spreading in aquatic environments an increased understanding of animal welfare practices
is needed (Rodrigues da Costa and Diana 2022, Wright et al. 2023; Colonius and Earley
2013). This includes feeding techniques, feed composition (Herrera et al. 2022), stocking
density (Bergqvist and Gunnarsson 2013), and handling of the animals (Ashley 2007).

Intergovernmental organizations (IGOs), non-governmental organizations (NGOs) as
well as countries are aiming to combat this issue through regulations, recommendations,
and national action plans (NAPs) as well as interdisciplinary collaborations, e.g., the
Ad hoc Codex Intergovernmental Task Force on Antimicrobial Resistance which was

! Examples of misuse: Prophylactic use, growth promotion Durso and Cook 2014. Impacts of antibiotic use
in agriculture: what are the benefits and risks? Curr Opin Microbiol, 19, 37-44, Kirchhelle 2018. Pharming
animals: a global history of antibiotics in food production (1935-2017). Palgrave Communications, 4, 96,
Van Boeckel et al. 2015. Global trends in antimicrobial use in food animals. Proceedings of the National
Academy of Sciences, 112, 5649. And incomplete courses of treatment Martin et al. 2015. Antibiotics Over-
use in Animal Agriculture: A Call to Action for Health Care Providers. Am J Public Health, 105, 2409-10.,
wrong dosage or antibiotic, and exposure to antibiotic residues Arsene et al. 2022. The public health issue
of antibiotic residues in food and feed: Causes, consequences, and potential solutions. Vet World, 15, 662—
671.
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initiated by the FAO and WHO in 2006 and aimed at creating guidelines to minimize
the transmission of antimicrobial resistant bacteria through food and feed (FAO 2007).
This involves a One Health approach that recognizes the interconnectedness of public
health, animal health, wildlife, plants, and the environment (McEwen and Collignon
2018). The One Health approach aims to “design and implement programs, policies,
legislation, and research in which multiple sectors communicate and work together to
achieve better public health outcomes” (WHO 2017a). The importance of the interdisci-
plinary One Health approach is even more apparent as studies show that antibiotic resi-
due in the environment alters soil microbiota and develops resistant genes, worsening
control efforts (Pepi and Focardi 2021; Larsson et al. 2023).

Despite national and international commitments to address AMR, the misuse of anti-
biotics continues (Kirchhelle 2018). One challenge that has been highlighted is the lack
of linkages and communication between different sectors (Kasimanickam et al. 2021),
thus stressing the importance of multi-sectoral knowledge sharing as highlighted in the
One Health approach (WHO 2017a). Absent regulations and enforcement mechanisms
in low and lower middle-income countries have also been pointed out as a contributing
factor to antibiotic misuse (Schar et al. 2018; Iskandar et al. 2020; Chokshi et al. 2019).
Large, seafood-importing markets like the EU, USA, and Japan have much stricter regu-
lations on antibiotic residues in imported food which causes detention and destruction
of seafood products in border controls (Geetha et al. 2020; Karunasagar 2020). This
also results in significant economic losses for exporting countries (Bondad-Reantaso
et al. 2023). According to FAO data, antibiotic residues account for 28% of EU rejec-
tions and 20% of US rejections of aquaculture imports, with Viet Nam, China, Thailand,
Bangladesh, and Indonesia as the countries whose aquaculture products are most fre-
quently rejected on these grounds (FAO 2024). In many instances, rejections to markets
are based on residue levels above the Maximum Residue Limits (MRLs) in the import-
ing countries, and sometimes it is because of residue levels of banned antibiotics. In
2023, the EU rejected 13 shipments of shrimp due to traces of banned antibiotics, the
US rejected 51, and Japan 21 shipments (ShrimpAlliance 2024). Most of these ship-
ments were produced in Southeast and East Asia.

Having, and abiding by global standards on antibiotic usage and monitoring would
not only decrease the presence of Antibiotic Resistant Genes (ARGs), but it would
also increase predictability and transparency for importing countries and revenues for
exporting countries. Apart from countries and IGOs, many NGOs, such as food cer-
tification bodies, have implemented stewardship programs based on recommendations
and information provided by the World Health Organization (WHO) to increase aware-
ness and incentivize better praxis (Umber and Moore 2021). In this paper, we analyze
the presence of aquaculture in international commitments to combat the spreading of
AMR. Furthermore, we compare IGO and best practice recommendations from two
leading aquaculture certification programs (Aquaculture Stewardship Council & Best
Aquaculture Practice) with national regulations and policies on antibiotic use for aqua-
culture operations in 17 of the largest aquaculture-producing countries (EU counted as
one as they abide under the same jurisdiction on this). We considered regulations and
recommendations on the usage of antibiotics in aquaculture systems, what antibiotic
substances are recommended by IGOs and NGOs, and what substances are authorized
in each country and the EU to increase transparency and knowledge on the subject. To
achieve this, the following two research questions were addressed:
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1. How has the presence of AMR been translated into international steering documents
and how does it relate to aquaculture?

2. How do the antibiotic regulations in 17 of the largest aquaculture-producing countries/
regions compare to these recommendations as defined by the WHO and two leading
aquaculture certification programs?

Material and methodology

This study combines information from national steering documents, and research as well
as from IGOs and NGOs to create a picture of current standards, recommendations, and
regulations on antibiotic use for aquaculture. The 17 countries/regions were selected based
on production volume, geographical location, and market influence (see Table 2), as well
as by the availability of policies and regulations. For each of these countries, we tried to
identify national regulations and policies related to antibiotic use and aquaculture. These
policy documents and regulations were identified through search engine inquiries as well
as through communications with company representatives, representatives from national
agencies, and FAO representatives. Previous research on this topic was found through key-
word searches such as aquaculture, antimicrobial resistance (ARM), antimicrobial resistant
genes (ARG), antimicrobial resistant bacteria (ARB), policy, regulation, and alternatives to
antibiotic use as well as through snowballing. Over 50 databases were used to scan recent
scientific literature. The databases utilized for this paper included Elsevier ScienceDirect,
JSTOR, PubMed, GoogleScholar, SAGE Journals, Taylor & Francis Online, and Wiley
Online Library. The literature search was conducted during the fall of 2021 to summer
2022.

Policy mapping and comparative case study

We used policy mapping to systematically track and analyze antibiotic regulations and pol-
icies (Biggs et al. 2006; Helms and Biggs 2007, Bowen and Elizabeth 2020). Policy map-
ping is a type of content analysis that is used to make objective and replicable inferences
from texts or other forms of communication in this particular context (Krippendorff 2019;
Bengtsson 2016). More precisely, for this review, we looked at how the presence of AMR
has developed in international commitments over time and if/how aquaculture has been
included.

To address the second research question, "How do antibiotic regulations in 17 of the
largest aquaculture-producing countries compare to the code of conduct defined by the
WHO and two leading certification programs?", we employed a comparative case study
methodology. This involved analyzing and synthesizing similarities and differences across
multiple cases (Goodrick 2014), combining this approach with document analysis. Docu-
ment analysis is a systematic review or evaluation of documents. It involves examining
and interpreting data to elicit meaning, gain understanding, and develop empirical knowl-
edge (Bowen 2009). To streamline and standardize information retrieval and analysis, we
screened each document for the same information using five key questions on restriction
and use characteristics, specifically addressing sustainability aspects of antibiotic usage
in aquaculture. These questions were derived from previous research on effective policy
implementations to combat AMR (Lulijwa et al. 2020; Haiping et al. 2021; Martin et al.
2015) and recommendations from intergovernmental organizations (IGOs).
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Fig. 1 Timeline of AMR and One Health as internationally recognized subjects

These questions were based on previous research recommendations on successful policy
implementations to combat AMR as well as IGO recommendations:

Can antibiotics only be used if prescribed by a veterinarian or fish health expert?

Is prophylactic use banned?

Is using antibiotics as growth enhancers banned?

a) What antibiotics are allowed? / b) Are highest-priority antibiotics allowed?>

Is there a limitation to the number of antibiotic treatments during each production cycle?

M NS

Since pharmaceuticals can have different names with the same chemical composition or
active ingredients depending on the producer or market in different regions/countries each
compound on each listed treatment was cross-referenced to see if the therapeutant was an
antibiotic and what type of antibiotic (Merchant et al. 2020). The WHO has a list of impor-
tant antibiotics for human health which serves as a cross-referencing list for each medicine
to see whether or not it is listed as the highest critically important antibiotic or not (WHO
2018). Furthermore, both the ASC and BAP refer to this list in their standards to minimize
antibiotic use in aquaculture.

Results

AMR on international agendas

Figure 1 presents a timeline showing the emergence of AMR in global agreements. The
risk of using important antibiotics for human health in animal husbandry was first raised by

the Swann Commission in 1969 (Swann et al. 1969). Sweden was the first country to ban
antibiotics as growth enhancers in 1986 (Wierup 2001), followed by an EU ban in 2006

2 As defined by the WHO https://apps.who.int/iris/bitstream/handle/10665/325036/WHO-NMH-FOS-
FZD-19.1-eng.pdf.
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(Castanon 2007). The WHO recommended this ban in 1997 (WHO 1997), and in 2000,
it adopted global principles to contain AMR in food-producing animals, emphasizing the
restriction of critical antibiotics and good animal health management (WHO 2000).

The first expert committee meetings involving WHO, FAO, and the World Organisa-
tion for Animal Health (WOAH)? in 2003 and 2004 established a tripartite collaboration
to combat AMR (FAO/WHO/OIE 2003, FAO/WHO/OIE 2018). This led to the creation of
the first list of Critically Important Antibiotics (CIA) for human health (WHO 2017b) and
for animal health (FAO/WHO/OIE 2004). In 2006, a report recommended that aquaculture
follow existing global principles on antibiotic use (FAO/OIE/WHO 2006) (see Table 3).

Since then, multi-sectoral collaborations have emphasized the One Health approach
(Evans and Leighton 2014), leading to the WHO’s 2015 Global Action Plan to address
AMR, including policies on antimicrobial use and reducing non-treatment uses (WHO
2015). In 2017, the UN General Assembly created the Ad hoc Interagency Coordination
Group (IACG) on AMR, highlighting the need for a One Health approach and listing major
concerns across humans, animals, food, plants, the environment, and water IACG 2019).

The IACG report suggested strengthened accountability, global governance, and com-
prehensive national action plans to prevent AMR spread IACG 2019). Since its inception,
the tripartite has become a quadripartite with the inclusion of the United Nations Envi-
ronmental Programme (UNEP). In their latest strategy, they emphasize individual coun-
tries’ evidence-based One Health responses (FAO/WHO/OIE/UNEP 2022). Key concerns
include mass medication of animals and unnecessary use of critical medicines, leading to
mitigation steps like reducing antimicrobial use in food production and restricting medi-
cally important antimicrobials.

By adopting the One Health approach, aquaculture has been increasingly included in
strategies to prevent AMR, highlighting the need for its inclusion alongside terrestrial ani-
mal husbandry.

National regulations compared to IGO & certification standards

The 17 countries analyzed in this paper all had significant aquaculture production and are
exporting countries (see Table 2).

Most national antibiotic practice policies reviewed were issued by the Food and Drug
Administration or the national veterinary institute of each country (see Appendix I for a list
of documents). Two significant aquaculture-producing countries, Bangladesh and Egypt,
lacked national antibiotic policies to the best of our knowledge. For Russia there was no
specific information regarding antibiotics in aquaculture, but rather a list of all thera-
peutic substances available for animal husbandry in general. In India’s case, they have a
list of banned antibiotics for shrimp farming and no official list of approved antibiotics
(CAA 2022). Subsequently, we concluded that non-listed antibiotics are okay to use. The
results were based on information from the regulations and policies listed in Appendix I.
Table 3 summarizes the findings from each actor and makes the results easily comparable.
Table 4 answers question 4a from the material and methodology section (also below).

Q1. Can antibiotics only be used if prescribed by a veterinarian or fish health expert?
Q2. Is prophylactic use of antibiotics banned?

3 Previously the OIE.
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Table2 Aquaculture production
(million metric tons) per country
in 2019 (FAO, 2020)

Country(geo-region)

Aquaculture Production
[Mio. t]

China (CN) (East Asia) 48
India (IN) (South Asia) 8
Indonesia (ID) (Southeast Asia) 6
Viet Nam (VN) (Southeast Asia) 4
Norway (NO) (Europe) 1.5
Chile (CL) (South America) 1.4
EU (Europe) 1
Thailand (TH) (Southeast Asia) 1
Ecuador (EC) (South America) <0.8
South Korea (ROK) (East Asia) <0.7
Japan (JP) (East Asia) <0.6
USA (North America) <0.5
Australia (AU) (Oceania) <0.5
Canada (CA) (North America) <0.2
UK (Europe) <0.2
Russia (RUS) (Asia/Europe) >0.2
Faroe Islands (FI) (Europe) <0.1
Total compared to global production 74,7 out of 85,3 (87,5%)

Q3. Is using antibiotics as growth enhancers banned?

Q4. A) What antibiotic compounds are available for aquaculture? (See Table 3) / B) Are
highest-priority antibiotics prohibited?

Q5. Are there limitations to the number of antibiotic treatments during each production
cycle?

Q1. All countries and regions analyzed in this project require a prescription by a vet-
erinarian or fish health expert before using antibiotics. As is the case for the UN bodies
and certification programs studied in this paper.

Q2. Using antibiotics prophylactically for food-producing animals is one of the main
issues raised by the WHO and FAO (WHO 2017b, 2015). Reducing this type of use
is one of their main strategic goals in their efforts to combat AMR and is regarded as
unnecessary as good animal health management should not be replaced by prophylactic
antibiotic treatments (WHO 2000). This, however, seems to be difficult to implement
and prophylactic treatments using antibiotics have not been banned in 8 countries in this
study (Table 3). This issue is also raised by BAP and ASC and certified seafood cannot
be treated prophylactically by antibiotics.

Q3. Using antibiotics, especially medically important antimicrobials as growth enhanc-
ers is another issue raised by the WHO and FAO (WHO 2017b, 2015). This type of
usage is seen as irresponsible and is also prioritized as a main goal in their strategies
to combat AMR. Most countries observed in this paper have policies and regulations
against this. Each organization analyzed for this paper has a clear policy against this
type of use.

@ Springer
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Table 3 Summary of each country and organization’s regulations. Green color means “yes” and that the
country or organization adheres to One Health recommendations and red means “no”, that they deviate

Countries Ql | Q2|Q3|Q4b| Q5

Australia

Canada

Chile

China

Ecuador

EU (incl Iceland)

Faroe Islands

India

Indonesia

Japan

Norway

Q4 a) The latest WHO list of critically important antimicrobials was published in
2018 (WHO 2018). It defines antimicrobials that are of the highest importance, criti-
cally important, and highly important for human medicine. These antimicrobials should
not be used in food-producing industries unless there is no other option (WHO 2017b,
2015). As this analytical question was divided in two, we first present what antibiotics
on that WHO CIA list are authorized for aquaculture in each country/region (Table 4).
Q4 b) Each country and region allow for medically important antibiotics to be used.
However, the industry on the Faroe Islands uses no antibiotics even if there are no reg-
ulations against it (MFNR, 2020). Canada and the US do not allow any antimicrobi-
als listed as critically important or highest priority (FSW 2020; GC 2010). Australia
has no list of official antibiotics; it is case-dependent and is decided by the veterinarian
(APVMA 2014). The Faroe Islands use no antibiotics in their aquaculture and Norway
uses little to none (NORM/NORM-VET 2021, MENR 2020).

Q5. None of the countries had any restrictions on the number of antimicrobial treat-
ments per production cycle. However, the two certification programs have put a limit to
three in most standards.

@ Springer
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Table 3 (continued)

Thailand

UK

USA

Vietnam

Russia

South Korea

Organization

ASC

BAP

FAO

WHO

Discussion

Mitigating the spreading of AMR and reducing overall antibiotic use has been central
for international organizations like the FAO, WHO, and WOAH over the last twenty-
plus years. The recommendations on prudent use of antibiotics have remained unchanged
throughout this period, with a focus on terminating antibiotic use for growth promotion
and prophylactic use as well as ceasing the use of antibiotics that are of critical impor-
tance for human health. Even though these recommendations have been around for the
last twenty years, many countries still fail to adopt laws to regulate this type of use. Some
aspects are difficult to remove completely, such as prophylactic use for some healthy ani-
mals as sick individuals cannot easily be removed from aquaculture sites (Rigos et al.
2021). The difference between regulated and unregulated prophylactic use is that a diag-
nosis must be issued before antibiotics are applied in countries with regulations against
prophylactic use.

A significant concern is that 13 out of the 17 countries allowed for at least one of the
antibiotics listed as critically important or of the highest importance for human health
(Table 4). Natural variations and local conditions play an important role in how antibi-
otics are used. However, through proper health management plans, it should be possible
to reduce the use of antibiotics and avoid using critically important antibiotics. In some
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countries, e.g., Australia and the UK veterinarians can prescribe treatments that are not
included in the official list of authorized antibiotics (VMD 2021b; APVMA 2014). In
Australia, there is no official list of authorized antibiotics but is instead always case-
dependent (APVMA 2014). In the UK there is a list, but through the cascade act vet-
erinarians are allowed to prescribe unauthorized products if they can motivate why that
would be the best course of action and if there are no other treatments (VMD 2021a).
An example of unauthorized antibiotics that have been used in UK aquaculture is oxo-
lonic acid (a quinolone, listed as the highest priority) and amoxicillin (a penicillin)
(VMD 2021b).

The certification schemes, IGOs, and highest-performing countries have many similari-
ties but differ in that the certifications have limits on the number of treatments per produc-
tion cycle. The ASC and BAP have both limited the number of treatments to three for most
species including salmon, seabass, flatfish, tilapia, and tropical marine finfish (ASC 2019e,
2019d, 2019b, 2019a, 2019¢; BAP 2021). The logic behind having a maximum number of
treatments is to incentivize producers to improve fish health management and it is argued
that a well-managed farm should not need more than three treatments per production cycle
(ASC 20191).

The recommendations and standards set up by the certification programs and by the
UN agencies aim to be general and applicable all over the globe. This indicates that
these goals and standards should be attainable for all and are not restricted to only one
geographical region or cultured species. Thus, countries should increase the stringency
in their efforts to combat the spread of AMR and to better match the WHO, FAO, and
WOAH recommendations, which in fact is their responsibility as all countries in this
study are members of the UN. In some cases, like the Faroe Islands and Norway, the
industry is outperforming the regulations by using little to no antimicrobials (NORM/
NORM-VET 2021, MFNR 2020). However, as stated in the introduction, this paper ana-
lyzes the regulations and policies and not the actual performance of the industry. Both
regulations and policies should be ambitious as well as reasonable, which is what the
UN and certification programs’ best practice recommendations are striving towards.
A ban on antibiotic use in aquaculture is not morally warranted due to how it would
impact animal welfare (Karavolias et al. 2018). However, there is a need to increase
awareness about how to minimize use and move away from using critically important
antibiotics by improving animal welfare practices (Wright et al. 2023). This could be
done by strengthening the presence of animal welfare in policies and strategies (Pinillos
et al. 2016). Enforcing antibiotic regulations is also challenging in regions with many
small-scale farms and in developing countries that lack surveillance resources. A total
ban also increases the risks of “backyard” use production, with incorrect and inefficient
use of antibiotics (Kirchhelle 2018). It is important to increase the level of enforcement
of regulations and policies in countries where this is an issue (Schar et al. 2018). Thus,
through improving enforcement methods, increasing the relevance of animal welfare
in policies, and through higher monitoring capacities countries could make important
strides in mitigating the risk of AMR development. Furthermore, an increased emphasis
on knowledge sharing and collaborations with different stakeholders regarding alterna-
tives to antibiotic treatments would be beneficial, such as vaccination, bacteriophages,
quorum quenching, probiotics and prebiotics, chicken egg yolk antibody and medicinal
plant derivative (Bondad-Reantaso et al. 2023).
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Conclusion

This paper analyzed 17 countries (including the EU) regulations on antibiotic use for
aquaculture production, the development of UN recommendations for reducing risks of
AMR, and two certification programs’ standards on antibiotic use. The findings showed
that several countries had appropriate regulations in place and international commitments
seem to have affected both their policies and regulations. However, there is still room for
improvement and there is a need for countries to increase the stringency in their antibiotic
regulations, most notably relating to prophylactic use, what antibiotics are authorized, and
the number of treatments. The FAO/WHO/WOAH strategies state that improving animal
health management (i.e., animal welfare) would result in reduced use of antibiotics and
the ASC argues that a well-managed farm should not need more than three antibiotic treat-
ments per production cycle. Arguably, three treatments are still a rather high number which
through proper animal health management practices could be limited further. As a result,
one important steppingstone in minimizing antibiotic use is to have a thorough prescriptive
management system in place with continuous analysis of animal and environmental health
in the farm. This includes but is not limited to, using pre- and probiotics (Bondad-Reantaso
et al. 2023), re-assessing and optimizing feed composition (Herrera et al. 2022), optimiz-
ing stocking density (Bergqvist and Gunnarsson 2013), and limiting human interaction
(handling) (Ashley 2007).

An increased knowledge about how regulations on antibiotic use differ between coun-
tries is important as it indicates where the capacity and understanding may be missing.
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