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Introduction
The global aquaculture industry has seen a significant 
increase in production, reaching a record of 184.6 million 
metric tons in 2022 [1] (​h​t​t​p​​s​:​/​​/​w​w​w​​.​s​​t​a​t​​i​s​t​​a​.​c​o​​m​/​​s​t​a​​t​i​s​​t​i​
c​s​​/​2​​6​4​5​​7​7​/​​t​o​t​a​​l​-​​w​o​r​​l​d​-​​f​i​s​h​​-​p​​r​o​d​u​c​t​i​o​n​-​s​i​n​c​e​-​2​0​0​2). This 
intensification has led to growing attention towards fish 
welfare. Due to higher production demands, fish produc-
tion industries are encouraged to maintain high growth 
densities and so, fishes in farm are stressed and prone to 
possible infectious bacterial diseases, thus maximizing 
the need for antimicrobials [1–2].As a result of antimi-
crobial use (AMU) for the control of bacterial diseases, 
antibiotic resistance (AR) may occur in fish farming [3–4] 
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Abstract
Antimicrobial use (AMU) and antibiotic resistance (AR) in aquaculture present growing concerns for public health. 
Furthermore, there exists a correlation between fishes’ welfare and AMU. This systematic review aims to analyze the 
scientific literature on fishes’ welfare and AMU/AR over the last 32 years, identifing the main research topics, and 
the fields where investigation has been imitated. A comprehensive search was conducted using Scopus, employing 
specific keywords related to AMU/AR and welfare and preselected filters. The study employed a systematic 
approach following the PRISMA guidelines, and machine learning techniques were used. From 2,019 records 
retrieved, only those focused-on fishes welfare and AMU/AR were retained. Ultimately, 185 records showing a 
connection between these topics were included in the qualitative analysis. Text mining analysis revealed terms with 
the highest weighted frequency in the data corpus, while topic analysis identified the top five core areas: Topic 1 
(Antibiotic resistance and strain genetic isolation), Topic 2 (Aquaculture and Human Health, environment, and food), 
Topic 3 (Fish response to stress and indicators), Topic 4 (Control of water and fish growth), and Topic 5 (Aquaculture 
research and current farming methods). The results indicate a growing interest in fish welfare and AMU/AR, while 
also highlighting areas that require further investigation, such as the link between these research fields. Improving 
fish welfare can reduce AR, aligning with the One Health policy.
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which poses significant risks to both fish health and wel-
fare and can potentially impact human health [5–8]. The 
development of resistant bacteria is driven not only by 
AMU but also by the co-selection of resistance genes and 
cross-resistance mechanisms [9–10]. These resistant bac-
teria in aquaculture present a serious public health risk, 
as they can be transmitted to humans through handling 
or consumption of affected fish [11–12].

Improve animal welfare by reducing stress can, there-
fore, reduce the frequency of infection and, consequently 
AMU/AR [4], an issue considered a growing threat 
within the “One Health” framework [5–8]. Attention to 
fish welfare is relatively recent, with recognition of their 
capacity to experience pain beyond basic nociception 
emerging less than 20 years ago [13–14]. Fishes are now 
considered intelligent, sentient beings with complex cog-
nitive abilities [15–16] and improving their welfare could 
have positive effects on public health [8].

This study applies text mining (TM) and topic analysis 
to systematically review the existing literature, identify-
ing prominent topics and trends related to fish welfare 
and AMU also considering this correlation into the One-
Health context. The TM approach is a valuable tool for 
analyzing large volumes of text data and its potential 
applications in the assessment of fish welfare and AMU/
AR are explained. The method allows for the efficient 
handling of unstructured textual data found in scientific 
literature, eliminating errors and saving time while pro-
viding precise insights [17]. TM uses word indexing tech-
niques to extract meaningful information from large sets 
of text documents [17].

Materials and methods
Data sources and search strategy
A systematic scientific literature review was conducted 
to identify peer-reviewed papers with at least an English 
abstract that covered the topic of AMU/AR and welfare 
in aquaculture. We utilized Scopus® (i.e., the abstracts 
and citation database of Elsevier©), a widely accessibility 
database with broad coverage of peer-reviewed academic 
literature [18].

The search - performed in June 2023 – focused on 
papers published between 1990 and 2022, limiting results 
to subjects within Veterinary and Agricultural and Bio-
logical Sciences. We included only English-language 
publications, with an abstract available for quantitative 
analysis and full text availability for qualitative evalua-
tion. If full texts were inaccessible online, authors were 
contacted directly. Papers lacking both an abstract and 
full text were excluded due to the necessity of these ele-
ments for screening and analysis. The records were 
stored in a Microsoft Office Excel® file, with rows rep-
resenting individual documents and columns detailing 
various attributes such as author, affiliations, abstracts, 

publication year, document type (e.g., article or review), 
journal, and topic.

The literature search followed the PRISMA (Preferred 
Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines [19]. The search queries consisted 
of combinations of keywords related to AMU, AR, and 
welfare in aquaculture, using the TITLE-ABS-KEY func-
tion in Scopus. Keywords were connected by the ‘AND’ 
operator:

 	• Antibiotic resistance AND aquaculture (ARQ) [Title/
Abstract/Keywords] (850 records);

 	• Welfare AND aquaculture (WA) [Title/Abstract/
Keywords] (660 records);

 	• Aquaculture AND sustainable AND farming 
AND One AND Health (ASFOH) [Title/Abstract/
Keywords] (17 records);

 	• Antimicrobial use AND aquaculture (AUA) [Title/
Abstract/Keywords] (818 records);

 	• Antibiotic resistance AND fish farm (ARFF) [Title/
Abstract/Keywords] (190 records);

 	• Aquaculture AND one AND welfare (AOW) [Title/
Abstract/Keywords] (116 records);

 	• Aquaculture AND food AND safety AND legislation 
(AFSL) [Title/Abstract/Keywords] (27 records).

A total of 2,678 records were retrieved.

Eligibility criteria, selection process and data collection 
process
After downloading 2,678 records from Scopus, 637 dupli-
cate entries were removed. Additionally, 22 records (16 
without abstract and 6 presenting errors) were excluded. 
This left 2,019 records for further screening, during 
which three reviewers (APas-APr-VB) independently 
assessed titles and abstracts based on predefined inclu-
sion and exclusion criteria. Any disputes during the 
screening process were resolved by an expert in animal 
welfare (APas). Documents were included if they focused 
on the following topics:

 	• Fish welfare in aquaculture;
 	• Aspects on welfare/AMU/AR linked to aquaculture 

technologies;
 	• AR in aquaculture;
 	• Ethical issues on the topic;
 	• Legislation about aquaculture, fish farming, welfare, 

and antimicrobics’ use in aquaculture;
 	• Alternative solutions to combat AR in aquaculture.

Inclusion and exclusion labels’ criteria defined for screen-
ing titles and abstracts are reported in Table 1.

A total of 1,574 articles (n = 274 topics related to 
drugs, diseases, and vaccines; n = 4 generic welfare; 
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n = 6 humans; n = 87 others/many species; n = 1,203 
other issues) were excluded, leaving 445 for descrip-
tive analysis, and TM and TA. Furthermore, 185 records 
that addressed the connection between fish welfare and 
AMU/AR were selected for qualitative analysis. The flow-
chart in Fig.  1 reports the systematic literature search 
protocol and the manual screening of records.

Descriptive statistics
Descriptive statistics were applied to the selected records, 
generating an overview of the data, including the num-
ber of publications per year, top journals, and the most 
frequently cited articles related to AMU/AR and welfare 
in aquaculture. Pivot tables were used to analyze publica-
tion trends. Variables were tested for normality using the 
Shapiro-Wilk test, and Student’s t-test was applied where 
appropriate. Results were considered statistically signifi-
cant at a P-value ≤ 0.05.

Text mining
TM was performed using RStudio (Version 1.3.1093, Free 
Software Foundation, Boston, MA, USA) after download-
ing the dataset. An Excel sheet was prepared with two 

specific columns: “doc_id” (document number), with the 
progressive numeration of the 445 documents, and “text” 
(abstract of each paper). Preprocessing [20] included 
converting text to lowercase, removing punctuation, 
numbers, stop words (e.g. “the”, “a”, “and”, “on”, etc.), and 
unnecessary symbols (such as “@”, “/” or “*”). Text tokeni-
zation was carried out to reduce words to their root form.

A document-term matrix (DTM) that contains the 
documents along the rows and the terms along the col-
umns was built. A term frequency-inverse document 
frequency technique (TF-IDF) was calculated to assign 
weight to words based on their relevance across docu-
ments [21]. Words with a TF-IDF ≥ 3 were visualized 
as histogram, and a word cloud was generated using 
“https://www.wordclouds.com/” to represent frequently 
occurring terms. Associations between the most relevant 
words (TF-IDF ≥ 3) and all the document terms in the 
corpus were identified, considering a correlation thresh-
old of ≥ 0.2.

Statistical analysis was performed with R package 
(2017) using functions from the package’s “tm”, “Snow-
ballC”, “ggplot2”, “dplyr”, and “tidyverse”.

Topic modelling analysis
Latent Dirichlet Allocation (LDA), a probabilistic model 
for discovering the main topics from the substantial text 
content, was applied for the TA. LDA assumes that docu-
ments contain a mixture of words regarding potential 
topics, and each topic can be considered as a multinomial 
distribution of words [22–23]. We used “topic models” 
package in R [24] with the Gibbs sampling to identify five 
key topics from the corpus.

The cumulative probability of top 15 words in each 
topic was calculated, and topics were visualized using 
bar histogram. Topics were named based their most sig-
nificant words (beta value = coefficient measuring the 
importance/weight of the word in the topic), following 
the approach of Nalon et al. (2021) [25]. This process 
helped uncover thematic patterns in the literature, pro-
viding insight into the relationship between fish welfare 
and AMU/AR.

Results
Descriptive analysis
Figure  2 provides a general overview of the number 
of publications per year. Between 1990 and 2022, 445 
records were selected for this study. Before 2015, fewer 
than 20 articles were published annually, but since 2005, 
there was a significant increase in publications (P < 0.001). 
Over half of the articles have been published since 2019 
(n = 62) with a peak in 2021 (n = 108).

Aquaculture Research (n = 29) and Aquaculture (n = 27) 
were the leading journals publishing these articles, 

Table 1  Inclusion and exclusion labels’ criteria
Inclusion criteria 
(labels)

Reasons

Welfare Reports relating to fishes’ welfare in aquaculture
Aquaculture 
technologies

Reports relating to any aspects on welfare/antibi-
otic resistance linked to aquaculture technologies

Antibiotic 
resistance

Reports on antibiotic resistance in aquaculture

Ethics on the topic Reports on ethics aspects on the topic
Legislation Legislation about aquaculture, fish farming, wel-

fare, and antimicrobics’ use in aquaculture)
Proposed alterna-
tive to AR

Reports that indicate alternative solutions to 
antibiotic resistance

Exclusion criteria 
(labels)

Reasons

Other/many 
species

Other species than fishes or other aspect not 
relating on aquaculture, welfare, legislation, anti-
biotic resistance, antimicrobial use.

Disease, drugs, 
vaccines

All articles about viral, bacterial, parasitic, or fungal 
diseases that no interesting antibiotic resistance

Humans Articles related to human perceptions, structured 
from a human point of view, or on animal abuse 
or on relinquishment reasons, animal hoarding

Generic Welfare Generic protocols to assess stress and welfare on 
pets or to reduce/improve them, generic welfare 
legislation, fishes' welfare related to other phases 
of production such as transport, slaughter, etc.

Others Articles on drugs’ pharmacokinetics, toxic, genet-
ics, effectiveness, side/adverse effects, flower 
extracts, essential oils, others fishes' aspects, 
biofilm, behaviour not related to welfare, others 
substances with antimicrobial effects, withdrawal, 
fishery export refusals time, diet.

https://www.wordclouds.com/
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followed by Animals (n = 18), Antibiotics (n = 16), and 
Reviews in Aquaculture (n = 16).

Table  2 lists the ten most-cited papers, including the 
title and citations count.

The most cited publication was Verschuere et al. (2000) 
[26] with 1,507 citations. It discussed the role of probi-
otic bacteria as biological control agents in aquaculture, 
highlighting their mechanisms like inhibiting pathogens, 
competing for resources, enhancing immune response, 
and improving water quality. The second most cited 
paper was by Hong et al. (2005) [27], with 737 citations, 
focusing on probiotics as an alternative to AMU. Seiler 

and Berendonk (2012) [28] came in third with 649 cita-
tions, empathizing metal-driven co-selection of ABR 
in aquaculture and agriculture. The other highly cited 
papers cover a range of topics fromfish welfare to AMU’s 
impact on resistance in the environment, and AR in Vib-
rio specie. Huntingford et al. (2006) [29] received 586 
citations. Their article provided a broad overview of the 
current understanding of several issues relating to fish 
welfare. The review of Cabello et al. (2013) [30] examin-
ing AMU in aquaculture (especially on salmon) and its 
impact on the molecular genetics and evolution of AR 
in the environment have 518 citations. The sixth most 

Fig. 2  The number of peer-reviewed articles regarding the AMU/AR and welfare in aquaculture published per year within the period 1990–2022

 

Fig. 1  Flow-chart represents graphically the search protocol
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cited document (362 citations) analyzed the transfer of 
AR between the microbial community, the environment, 
and the aquaculture product, to better understand the 
implications to human and environmental health [31]. 
The seventh document in citations (307) was research 
published by Schmidt et al. (2000) [32] regarding bac-
terial susceptibility to five antimicrobial agents in and 
around fish farms situated along a stream in western 
Denmark. The eighth article was published in 2012 and 
has been cited 257 times in the Scopus database. It relates 
to behavioral changes used to assess welfare in farmed 
fish, using both functional and feeling-based approaches 
[33]. The ninth most cited document (246 citations) was 
a review on antibiotic resistance of Vibrio [34]. Finally, 

the tenth article with 240 citations was published in Vet-
erinary World in which Jajere (2019) [35] discussed AR 
focusing on Salmonella enterica.

Text mining
TM was conducted using the inverse document fre-
quency to calculate the importance of specific terms. 
Words like “isol“, “resist”, “gene”,”antimicrobi”, “anti-
biot” “salmon” “bacteria” “stress”, “farm”, “water”, “strain” 
“anim” and “environ” and “density”, “product”, “health”, 
“group”, “system”, “human”, “level”, “growth”, “treatment”, 
“speci”, “feed”, “increa”, “aeromonad”, “pathogen”, “bacteri”, 
“shrimp”, “aquat”, “indic”,”respon”, “differ” (TD-IDF ≥ 3) 
were identified as the most relevant and frequent (Fig. 3).

To visualize the most frequently occurring terms, a 
word cloud was generated with a font size proportional 
to the TF-IDF value of each word, as shown in Fig. 4.

The Table 3 provides the associations between the most 
relevant words (with a TF-IDF ≥ 3) and the other words in 
the dataset, with correlations of ≥ 0.2).

Noteworthy associations include “Aquat” linked to 
“invertebrate” (0.45); “bacteria” with “plasmid” (0.46), 
and “gene” with “tetracyclin” (0.43). Additionally, words 
like “strain” showed correlations with “rifampicin (0.58)”, 
“novobiocin (0.50), and chloramphenicol (0.42); “feed” 
with “intellig” (0.49) and “tradit” (0.41); “density” is sig-
nificantly associated with “stock” (0.65) and “rear” (0.42); 
water” is often associated (0.45) with word “quality”; 
“cortisol” with “stress”(0.62) and plasma (0.60).

Finally, among the 445 articles screened, 58 included 
the word “salmo” in the title and 82 included this word in 
the abstract.

Topic analysis
LDA was applied to categorize the content into five top-
ics in according to Nalon et al. (2021) [25]. The name 
and number of records for each topic are summarized in 
Table 4.

The most represented topics were Topic 1 (“Antibiotic 
resistance and strain genetic isolation”), Topic 2 (“Aqua-
culture and Human Health, environment and food”), and 
Topic 3 (“Fishes’ response to stress and indicator”), with 
141, 92, and 75 records, respectively.

Figure 5 illustrates the most relevant words for the five 
topics in LDA analysis, with each topic visualized by the 
cumulative probabilities (cp.) of the top 10 words.

Finally, the temporal trend of topics across 32-years 
period is presented in Fig. 6. Each topics exhibited a sig-
nificant rise in publications post-2019, with most papers 
being published between 2019 and 2022.

Table 2  The top ten most-cited documents. GC: global citations
No. Authors/Year/Journal Title of the publication GC
1 Verschuere et al., 2000, 

Applied and Environmental 
Microbiology

Probiotic bacteria as 
biological control agents in 
aquaculture

1,507

2 Hong et al., 2005, FEMS 
Microbiology Reviews

The use of bacterial spore 
formers as probiotics

737

3 Seiler and Berendonk, 2012, 
Frontiers in Microbiology

Heavy metal driven 
co-selection of antibiotic 
resistance in soil and water 
bodies impacted by agricul-
ture and aquaculture

649

4 Huntingford et al., 2006, 
Journal of Fish Biology

Current issues in fish welfare 586

5 Cabello et al., 2013, Envi-
ronmental Microbiology

Antimicrobial use in aqua-
culture re-examined: Its 
relevance to antimicrobial 
resistance and to animal 
and human health

518

6 Watts et al., 2017, Marine 
Drugs

The rising tide of antimicro-
bial resistance in aquacul-
ture: Sources, sinks and 
solutions

362

7 Schmidt et al., 2000, Ap-
plied and Environmental 
Microbiology

Occurrence of antimicrobial 
resistance in fish-patho-
genic and environmental 
bacteria associated with 
four danish rainbow trout 
farms

307

8 Martins et al., 2012, 
Fish Physiology and 
Biochemistry

Behavioural indicators of 
welfare in farmed fish

257

9 Elmahdi et al., 2016, Food 
Microbiology

Antibiotic resistance of Vib-
rio parahaemolyticus and 
Vibrio vulnificus in various 
countries: A review

246

10 Jajere S.M. et al., 2019, 
Veterinary World

A review of Salmonella 
enterica with particular 
focus on the pathogenicity 
and virulence factors, host 
specificity and adaptation 
and antimicrobial resistance 
including multidrug 
resistance

240
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Discussion
This study systematically examined scientific research 
on fish welfare and AMU/AR in the Scopus database, 
a widely accepted resource in the scientific commu-
nity [9–10–11–12]. Using TM and TA, we were able to 
identify significant trends and gaps in current research, 
which can guide future investigations in the field of 
aquaculture. A key contribution of this study is its sys-
tematic approach to recognizing underexplored areas, 

particularly in relation to the pressing issue of AMU and 
AR, with potential applications in improving aquaculture 
practices.

The results of the TA largely aligned with expecta-
tions, with a particular focus on antibiotic resistance, 
strain genetic isolation, fish stress responses, and farming 
methodologies. These topics have been widely researched 
within aquaculture, indicating their importance.

Although concept extraction and trend analyses have 
been conducted in other areas of veterinary science, such 

Fig. 4  Word cloud depicting the most frequent words, with larger fonts indicating higher TF-IDF values

 

Fig. 3  The most frequent words with a TFIDF ≥ 3 and their weight across the studied records
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as the farm animal welfare [25, 36–37], there appears to 
be a notable absence of similar studies focusing specifi-
cally on fish welfare and AR. Interestingly, the number 
of publications on this topic has been risen significantly 
since 2019, coinciding with the COVID-19 pandemic, 
which emphasized the fragile nature of global food sys-
tems and highlighted the importance of reevaluating 
food consumption legislation [38].

One of the most researched topics in the context of AR 
concern the isolation of genes responsible for the trans-
mission. Salmon is notably the most frequently studied 
species, but research is expanding to include inverte-
brates like decapods which are sentient and thus deserve 
ethical and legislative consideration [39].

Fish welfare, especially in relation to diet, also plays 
a role in influencing AMU and AR in aquaculture. 
As evidenced by the correlation study, there is a sig-
nificative association between the words “diet” and 
“intelligent”/”traditional” the words.

One of the most pressing concerns identified is the 
inappropriate use of antibiotics, which creates selective 

pressure and promotes the survival of resistant bacteria 
by means of adaptive mechanisms involving transferable 
nucleotide sequences (i.e., plasmids) (Topic 1, Antibiotic 
resistance and strain genetic isolation, with 141 records). 
As above mentioned, also the text mining analysis high-
lights that the terms “isol,” “resist,” “gene,” “antimicrobi,” 
and “antibiot” are among the most relevant. Phylogenetic 
analysis suggests that the genomic origin of resistant bac-
teria is often identical, reinforcing the idea that antibiotic 
resistance (AR) genes are exchanged across animal and 
environmental microbiomes via horizontal gene trans-
fer [2]. Research has identified tetracycline, rifampicin, 
novobiocin, and chloramphenicol as the most studied 
antibiotics. The associations between “strain” and “rifam-
picin” (0.58), “novobiocin” (0.50), and “chloramphenicol” 
(0.42) support this statement [2]. Regarding the antimi-
crobial class, aquaculture farms commonly rely on tetra-
cyclines for the treatment and prevention of infectious 
disease, given that they are considered a cost-effective 
and highly effective class of antibiotics [2]. Furthermore, 
the inappropriate use of antibiotics creates selective 
pressure that promotes the survival of resistant bacte-
ria through adaptive mechanisms involving transferable 
nucleotide sequences (i.e., plasmids).

The topic 2 (Aquaculture and Human Health, Envi-
ronment, and Food) emerges as crucial in aquaculture 
research, as it highlights the interconnection between 
farming practices and the broader consequences for 
human health, the environment, and food safety, rein-
forcing their relevance of the “One Health” concept, 
which advocates for a holistic approach to health across 
species and ecosystem. These findings support the notion 
that research on fish welfare can reduce AMU, which in 
turn has positive implications for human health. Text 
analysis reveals that terms such as “health,” “human,” 
“product,” and “environ” are among those with the high-
est weighted frequency. Studies in this area focus on the 
need for responsible management of antibiotics in aqua-
culture, given the possible transmission of resistant bac-
teria to humans through the handling or consumption of 
contaminated fish. Environmental conditions, as welfare 
conditions, also play a significant role in AMU and AR, 
with factors like nutrient levels and the presence of pol-
lutants in water influencing the distribution of antibiotic 
resistance genes (ARGs). Heavy metals (mainly the As, 
Cu, Cr and Se), antibiotics, and others water parameters 
(Total Phosphorusand Electrical Conductivity, etc.) have 
all been linked to the maintenance and spread of ARGs 
in aquatic environments [44]. Several studies have used 
specific water quality indicators (i.e. nitrate nitrogen and 
dissolved potassium; total ammonia nitrogen and total 
vibrio) to assess fish health and welfare [45–47].

Attention to legislation and regulation on the use of 
antibiotics in aquaculture is therefore fundamental, 

Table 3  Significant correlation (≥ 0.2) between the most relevant 
words (TF-IDF ≥ 3) and the remaining words in the matrix
Words (TF-IDF≥3) Associated words (correlation ≥ 0.2)
Aeromona cavia (0.51); aeromonad (0.42); sobria (0.40).
Aquat invertebrat (0.45)
Bacteria plasmidimedi (0.46)
Density stock (0.65); rear (0.42)
Feed intellig (0.49); tradit (0.41)
Gene teta (0.46); tetracyclin (0.43)
Health compon (0.43)
Water quality (0.45)
salmon atlant (0.61); lice (0.55); attach (0.42); salar 

(0.42); infest (0.40)
Growth perform (0.43)
resistance ampicillin (0.46); chloramphenicol (0.40)
respon cortisol (0.43); acut (0.41)
Strain rifampicin (0.58); novobiocin (0.50); chlor-

amphenicol (0.42)
Stress cortisol (0.62); plasma (0.40)
Treatment failure (0.48)

Table 4  Label and number of papers per topic, along with the 
first year of publication
Topic 
number

Label of the topic Papers 
(n)/from 
year

1 Antibiotic resistance and strain genetic 
isolation

141/1999

2 Aquaculture and Human Health, environ-
ment, and food

92/2005

3 Fishes’ response to stress and indicators 75/2006
4 Control of water and fishes’ growth 69/2003
5 Current aquaculture research on farming 

method
68/2000
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Fig. 6  Time-trend analysis of topics distributions from 1990 to 2022

 

Fig. 5  Bar histograms illustrating the most relevant words for five main topics based on their relative probability where “beta” indicates the relative prob-
ability of each word belonging to each topic
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particularly to harmonize the lists of antibiotics that can 
be used to treat fish diseases, taking into account the 
environmental impact.

Research in this field is essential to ensure that aqua-
culture practices are sustainable and do not compromise 
public and environmental health. Efforts to regulate the 
use of antibiotics in aquaculture have been made by 
the Food and Drug Administration (FDA) (2023) [49–
50] and the United States Department of Agriculture 
(USDA) (2018). European legislation (European Com-
mission, 2009) [51] provides more detailed and species-
specific (including finfish and shellfish) limits for an 
extensive range of xenobiotics. For the export of finfish 
products, the legislators of the developing countries (Bra-
zil, Vietnam, Chile, China, India, Philippines, and Thai-
land) have adopted parameters like those of the European 
Union and the United States [2]. In response to the AMR 
phenomenon, many regulatory agencies are working 
together on improvement of antimicrobial stewardship. 
For example, the FDA continues to detect nitrofurans 
and chloramphenicol in collaboration with Malaysian 
aquaculture producers, and as a result this country has 
banned them. China has implemented innovative and 
specific “Applicative Guidelines”, specifying the use of 
sulfonamides, tetracycline, and enrofloxacin, which have 
been adopted in other Asian countries such as Vietnam. 
It is imperative to harmonize the lists of antibiotics that 
can be used to treat finfish diseases (see topic 3 -Aqua-
culture and Human Health, environment, and food) due 
to the environmental impact that poses a risk to human 
and animal health.

The emerged topics identified through TA are closely 
interconnected, particularly those relating to fish stress 
responses (topic 3), which directly affect susceptibility 
to antimicrobials. In fact, i.e., Karvonen et al. (2021) [48] 
investigated how the amount and type of aquaculture 
enrichment (few versus many stones; clean versus sea-
water-treated stones) affected bacterial infection severity 
in salmonids. Stone conditioning significantly increased 
the survival rate of hosts in rearing tanks with few stones 
and increased host survival was also observed with more 
unconditioned stones. Heterogeneity of aquaculture 
environments can significantly reduce disease impact 
by reducing the transmission of pathogen (quantity of 
stones) and by establishing beneficial microbial commu-
nities (quality of stones). This supports enrichment as an 
ecological and economical method of preventing bacte-
rial infections by minimizing use of antimicrobial agents.

Regarding “Control of Water and Fish Growth” (Topic 
4), it concerns the practices of water and feed manage-
ment used to optimize fish growth, also taking into 
account the impact on their welfare. Intelligent feed-
ing systems, for example, have been shown to improve 
fish growth performance and reduce feeding costs [40]. 

However, these systems can also increase stress levels 
and suppress innate immunity.

Stocking density is another critical factor influencing 
welfare, with both overcrowding and understocking caus-
ing adverse physiological and immune responses in fish, 
especially in trout, thus impacting AMU in aquaculture 
(Table 3, words “density” and “rear”/ “stock”) [41].

Other Authors [42–43] have investigated stocking den-
sity effects on growth performance and welfare in differ-
ent species such as Atlantic salmon. Similarly, another 
study looked at the welfare implications of stocking 
density for juvenile tilapia evaluating the overall stress 
reaction, considering the first (cortisol), second (physi-
ological) and thirst (growth) reactions or, different stock-
ing densities and their influence on the metabolic stress 
on growth performance [1].

Water quality is a determining factor for fish health, 
and its appropriate management is fundamental for a 
sustainable aquaculture system. Research in this area is 
important for developing aquaculture practices that pro-
mote efficient fish growth while ensuring their welfare.

Topic 5 (Aquaculture Research and Current Farming 
Methods) focuses on the evolution of farming practices 
in aquaculture and the continuous search for innovative 
solutions to improve fish welfare and minimize the envi-
ronmental and human health impact. Farming technolo-
gies and management methods play a fundamental role 
in ensuring fish welfare and reducing the need for antibi-
otics. This theme also includes the analysis of ethical and 
legislative implications related to fish welfare, the use of 
antimicrobials, and sustainable farming practices.

Finally, improve animal welfare reducing stress can 
reduce AMU and consequently AR [4] contributing to 
excellent results in terms of One Health. The concept of 
One Health, as defined by the One Health High Level 
Expert Panel (OHHLEP), recognizes the interconnect-
edness of human, animal, and environmental health (​
h​t​t​p​​s​:​/​​/​w​w​w​​.​f​​a​o​.​​o​r​g​​/​o​n​e​​-​h​​e​a​l​​t​h​/​​b​a​c​k​​g​r​​o​u​n​d​/​o​h​h​l​e​p​/​e​
n). It emphasizes the need to balance and optimize the 
health of all these components, mobilizing various sec-
tors and disciplines to work together towards well-being 
and addressing threats to health and ecosystems. This 
approach encompasses the collective need for clean 
water, energy, and air, safe and nutritious food, action 
on climate change, and sustainable development. How-
ever, despite the comprehensive nature of One Health, 
there is currently a lack of legislation specifically address-
ing fish welfare in the context of sustainable aquacul-
ture. This gap highlights the need for further studies and 
research on fish welfare to ensure that the principles of 
One Health and One Welfare are applied to all aspects of 
animal welfare, including fish. Addressing this gap will be 
crucial for promoting sustainable aquaculture practices 
that prioritize fish welfare while safeguarding human and 

https://www.fao.org/one-health/background/ohhlep/en
https://www.fao.org/one-health/background/ohhlep/en
https://www.fao.org/one-health/background/ohhlep/en
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environmental health under the One Health-One Wel-
fare paradigm.

Nevertheless, this study has some limitations. Although 
the search strings for entry into the Scopus search were 
discussed in detail, certain synonyms may not have been 
included and therefore fewer records might have been 
retrieved. Additionally, the reliance on the Scopus® data-
base may have excluded relevant studies published in 
other sources. Finally, it is possible that other adverbs or 
conjunctions have appeared in the elaboration that have 
not been recruited as stop words.

Conclusions
Through the application of machine learning techniques, 
this review has shed light on the growing concern of 
AMU/AR in aquaculture and its link to fish welfare. It 
also identified five key research areas that require further 
exploration. Given the rising importance of research-
based policies to protect fish welfare, it is crucial to con-
duct additional studies that focus on reducing AM, which 
would in turn mitigate AR. Improving fish welfare is not 
only essential for the sustainability of aquaculture but 
also broader implication for food safety and public health 
within the One Health- One Welfare framework.
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