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ARTICLE INFO ABSTRACT
Keywords: This study aims to elucidate the evolution of catfish research publications over recent decades,
Freshwater fishes identify emerging research clusters, examine keyword patterns, determine major contributors

African catfish
Aeromonas infection
Gonadotropin receptor

(including authors, organizations, and funding agencies), and analyze their collaborative net-
works and citation bursts on a global scale. The USA, Brazil, China, and India collectively
Ietalurus punctatus (Rafinesque) contribute approximately 67% of the total catfish research publications, with a marked increase
Edwardsiella ictaluri in prevalence since 2016. The most frequently occurring and dominant keywords are “channel
Lipid metabolism catfish” and “responses,” respectively. Intriguingly, our findings reveal 28 distinct article clusters,
Flavobacterium columnar with prominent clusters including “yellow catfish,” “channel catfish”, “pectoral girdle,” “African
catfish”, “Rio Sao Francisco basin,” “Edwardsiella ictaluri,” and “temperature mediated”.
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Concurrently, keyword clustering generates seven main clusters: “new species”, “growth perfor-
mance”, “heavy metal”, “gonadotropin-releasing”, “essential o0il”, and “olfactory receptor”. This
study further anticipates future research directions, offering fresh perspectives on the catfish
literature landscape. To the best of our knowledge, this is the first article to conduct a compre-

hensive mapping review of catfish research publications worldwide.
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1. Introduction

Catfishes are among one of the most surprising fish groups in the world. Catfish are characterized based on their cylindrical body
with a flattened ventral and prominent barbell(s), mostly scale-less compared to other teleost fishes. Catfishes are energetic bottom-
dwelling movement fish and opportunistic feeders who actively search for food, especially at night. They are distributed worldwide,
except in the Antarctic. They are also one of the most diverse groups of ray-finned fish globally, containing both highly endangered and
the world’s worst invasive alien species [1,2]. In the study of catfish taxonomy, approximately 40 families have been identified.
Historically, the number of catfish species was reported as 3093 in 2005 [3]. By 2011, this count increased to 3407 species [4],
indicating a notable growth in the understanding and discovery of catfish biodiversity. With an increasing number of catfish species
found in the world [5,6], it is expected that it can reach up to 5000 species by the end of 2030. This is also because catfishes can be
found in marine and freshwater environments and are also exceptionally important as an aquatic product.

Due to their diversity, distribution, and ecological importance, catfish have become one of the potential model organisms for
scientific research and publication, in various fields of study such as toxicology, evolutionary biology, fisheries, parasitology,
neurology, immunology, and economics. For example, catfish are hardy species, and they are a suitable candidate for toxicology-
related experiments since they are high tolerance to low dissolved oxygen which was potentially induced by the heavy metals’ con-
taminants [7-9]. Historically, fossil catfish have been reported from North America that lived in the Green River Formation, Wyoming
around 50 million years ago [10]. Additionally, identification of the African drainage basin is also beneficial through the widespread
presence of African sharp-tooth catfish, Clarias gariepinus in the wild [11]. This indicates the importance of this group of fish in
evolutionary biology and biogeographical related studies.

Based on the recent report by the FAO’s Cultured Aquatic Species Information Programme [12], catfishes have been cultured in
almost 90 countries globally, such as (i) North African catfish, Clarias gariepinus which is popularly farmed in Brazil, South Africa,
Kenya, Mali, Nigeria, (ii) Channel catfish, Ictalurus punctatus mostly cultured in Russia, China, USA, Mexico, and Cuba, and (iii) Striped
catfish, Pangasianodon hypophthalmus which is mainly cultivated in Vietnam and Thailand. Catfish aquaculture is a multifaceted
process that involves factors such as nutrition, biotechnology, and reproduction. The demand for catfish which provides a significant
portion of the protein supply, fats, fatty acids, vitamin D, selenium, phosphorus and calcium, which are essential for human growth and
development [13] is not only limited to the whole fish and fillets but for its various value-added products such as surimi, pickles,
sausages, and noodles [14]. Similarly, the fish is also exploited for fish protein hydrolysate (FPH), hydroxyapatite (HA), and lipid
fraction [15,16]. Consistently, Gelatine produced from fish skin during fillet processing is used in the production of edible films
because of its low melting point, low oxygen permeability, and better film-forming ability [17].

The steady increase in the rates of per capita consumption of catfish [18] is also contributed through the expansion of the successful
breeding technology and seed production of this group in term of economic benefits to communities worldwide [19]. The escalating
demand for catfish has significant economic implications, particularly for countries classified as low- and middle-income, such as
Bangladesh, Vietnam, and Kenya. In these nations, commercial catfish production has not only created job opportunities and boosted
labor income but has also been a substantial source of annual tax revenue at both the state and federal levels [18,20,21]. They are also
being used for agriculture-economics related experiments [22,23]. Furthermore, parasitic infection can contribute to significant
economic losses in catfish aquaculture. Previous studies also show that catfish has become one of the potential model fish for para-
sitology related study [24,25]. The growth, disease resistance, and survival of catfish populations are at risk due to inadequate
nutrition. To ensure that the fish are healthy and optimally developing a balanced and complete diet is essential [26,27].

The catfish family is also a vital player in the aquarium industry, commercial, and sport fishing worldwide. Breeding is critical in
aquaculture, and catfish-induced breeding uses various techniques. One commonly used method involves synthetic hormones to
stimulate ovulation and augment egg fertilization rates [28,29]. Biotechnology, including gene banking and transgenic fish, has the
potential to transform aquaculture practices. These innovative techniques improve catfish growth and disease resistance and ulti-
mately increase aquaculture yield [30,31]. Additionally, catfish diets vary based on their age, size, and species. Omnivorous by nature,
catfish can consume a vast array of natural foods and artificial feeds. Proper nutrition, consisting of protein, lipids, carbohydrates,
vitamins, and minerals, is essential for catfish aquaculture. For example, in sub-Saharan Africa, pond rearing is a popular catfish
farming technique, with the C. gariepinus being the most cultivated species. Successful catfish aquaculture in the region depends on the
artificial reproduction and pond rearing of these fish, with the Kaiser’s handbook providing in-depth information on these techniques
[32].

However, due to the vast literature on catfish research in scientific databases, and which direction catfish research in the future,
broader views on this topic are truly needed. Additionally, there is a lack of studies about the current situation and trends of catfish
research in the world. The scientometric analysis is recently used to identify trends in any selected knowledge, which is one of the
interdisciplinary fields of computer science, information science, and statistics. It was a useful tool to detect emerging topics and reveal
any collaboration pattern among contributors. Most of the recent development of scientometrics is around eliciting research questions
and informing researchers about state-of-the-art analysis, according to the objective of each scientometric study.

The primary objective of this comprehensive study is to employ a robust combination of qualitative and scientometric analyses to
critically evaluate the global body of literature on catfish research, with the ultimate aim of discerning emerging trends and shaping
the future trajectory of this vital field. To the best of our knowledge, this is the first investigation to provide an in-depth, scientometric-
based assessment of catfish-related research spanning 48 years, from 1975 to 2022.

Specifically, our objectives are to systematically analyze the existing literature in order to:
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I. Quantify the total number of publications within the designated timeframe, thereby elucidating the historical development and

growth of catfish research;

II. Identify the key contributors, both individuals, and institutions, who have driven advancements in this domain;

III. Examine the collaborative networks that have emerged between researchers, organizations, and countries or continents,
highlighting the extent of global cooperation in catfish studies;

IV. Conduct a thorough cluster network analysis to discern distinct research foci and themes that characterize this field;

V. Investigate the distribution of keywords to uncover prevalent and evolving research topics; and

VI. Synthesize these findings to forecast future trends and directions within the knowledge domain of catfish research.

By presenting the results of our scientometric analysis, we aim to provide valuable insights that can inform the allocation of funding
for future research endeavors and assist early career researchers in understanding the current state of the field. Ultimately, our findings
will help to guide and shape the trajectory of catfish research, promoting progress and innovation in this vital area of scientific inquiry.

2. Materials and methods

To accomplish the objectives of this study, we have carefully chosen and adapted the most relevant scientometric analysis methods
and techniques, as delineated by Chen [33], Chen and Song [34], and Chen [35]. The Web of Science Core Collection (WoSCC)
database, specifically the Science Citation Index Expanded (SCIE) version, was selected as the sole source of data for this investigation.
This decision was based on the high quality of indexed content within the WoSCC, its well-structured search capabilities, compre-
hensive coverage, and compatibility with the chosen analytical software, CiteSpace.

Given that there are approximately one thousand described catfish species globally, we opted to utilize the term “catfish” in our

Search term Search Term: “("catfish*") OR ("Trichomycteridae") OR ("Callichthyidae") OR ("Loricariidae") OR
("Astroblepidae”) OR ("Diplomystidae") OR ("Scoloplacidae") OR ("Ictaluridae") OR ("Bagridae") OR
("Cranoglanididae") OR ("Siluridae") OR ("Pangasiidae") OR ("Amblycipitidae") OR ("Amphilidae")
OR ("Akysidae") OR ("Sisoridae") OR ("Clariidae”) OR ("Chacidae") OR ("Lacantuniidae") OR
("Malapteruridae") OR ("Mochokidae") OR ("Ariidae") OR ("Doradidae") OR ("Auchenipteridae") OR
("Aspredinidae”) OR ("Plotosidae") or ("Pimelodidae") OR ("Cetopsidae") OR ("Anchariidae") OR
("Claroteidae") OR ("Schilbeidae") OR ("Malapteridae") OR ("Ariidae")”

Boolean Operator: OR

Records identified from: Web of Science
Data sources Retrieval date: 16th April 2023
Article published year: January 1975 - December 2022
Field identifier: TS (Title, abstract, author keywords & Keywords Plus)

Identification

Total records identified n= 24,645

l Based on types of research directions:
Excluded records Non-English language=477; Non-article=3,406

|

g Record identified & screened n= 20,762
(7]
Records d for Records excluded:
eligibilit 1) Conference title published as “research article”
gibility 2) Book series title categorized as “research paper”
Record included for
bibliometric analysis n=20,756

Included

Web of Science Core Collection (Science Citation Index Expanded) n=20,139

Fig. 1. The frameworks of article structure diagram for the study on catfish research.
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search string to capture all relevant information and associated articles within the WoSCC database. To further ensure the inclusion of
literature pertaining specifically to taxonomy and systematics, we also incorporated keywords related to catfish families into our
search strategy (Fig. 1). The search process was conducted on April 16th, 2023, and encompassed keywords that referenced both
catfish and their respective family names. Our approach entailed three stages: identification, screening, and inclusion. We system-
atically filtered the search results at every phase using defined criteria. This included publication year, article type, and a specific focus
on articles published in English, ensuring a robust dataset for subsequent analysis. In the initial stage, we identified a total of 20,756
records pertinent to the scope of our study. As we transitioned to the screening phase, we refined our dataset by applying the criteria of
the Science Citation Index Expanded (SCIE) (n = 20,139). SCIE, being a subset of the Web of Science Core Collection, prioritizes highly
cited and reliable scientific resources, thereby enhancing the validity and integrity of our dataset.

To undertake the scientometric analysis and depict the associated data, we utilized the CiteSpace software (Advanced version 6.2.
R2, 64-bit). For reproducibility, the following parameters were set in the software: Time slicing was configured from 1975 to 2022,
considering slices of 1 years each. We set a cited threshold and opted to visualize the top N references per slice. Visualization scaling
was set, with the pruned network visualization option turned On. For node representation, we focused on cited references, authors, and
institutions. Linking was facilitated using the Pathfinder and pruning approach, while terms were sourced from titles, abstracts, author
keywords, and keyword plus. Using these specific settings, the software enabled us to produce co-citation analyses of influential
references and co-occurrence of keywords, thus mapping out relationships between terms. Through the meticulous application of these
techniques, our aim was to furnish an exhaustive and pivotal snapshot of the catfish research paradigm, providing insights to propel
further studies and advancements in this crucial area.

3. Results
3.1. Publication years

Our analysis reveals that the progression of catfish research can be delineated into three distinct phases of scientific publication,
characterized by the increasing growth of articles: (i) Phase 1, referred to as the “initial development phase,” spans from 1975 to 1990;
(ii) Phase 2, or the “steady development phase,” encompasses the years 1991-2014; and (iii) Phase 3, the “rapid development phase,”
covers the period from 2015 to 2022 (Fig. 2). Intriguingly, the trendline for the number of publications, generated using Microsoft
Excel, indicates that catfish research began garnering significant attention starting in 2016, with a rapid increase in publications up
until 2021. The observed decrease in publications for 2022 is likely attributable to delays in the release of the final Web of Science
database, which is dependent upon data processing and quality control checks by publishers. Furthermore, the sudden increase in total
publications from 1990 to 1991 can be ascribed to “artifact” effects referring to inconsistencies in data resulting from search string
restrictions.

3.2. Major contributors

Our metadata analysis identified a total of 37,572 authors, 7080 organizational entries, 8686 distinct funding agencies, 1729
source titles (i.e., publication sources or journals), and 661 publishers. The study indicates that a significant proportion of countries
globally (n = 158) are actively involved in catfish-related research. As depicted in Fig. 3, geographical representation demonstrates a
higher prevalence of literature originating from the USA, Brazil, China, and India, collectively accounting for approximately 67% of

Record Count Trendline for Publication Number R? = 0.942
1250
1 _ 1 Phase 3 —
: 48 years of publication (1975 - 2022) : (@8 years
1000 | = M
I 1 N
1 (R [ N =
e 1 [
é 750 : Phase 2 7_;?:
1 N N
3 : (24 years)
g I
= |
= 500 !
= Phase1
g (16 years) '
250
0
© 0O O N ¥ © 0 O N ¥ © 0 O N ¥ © © O N &« © ®© © N
N NN © @ © 0 0 O O O O O © © © © © v &« v v« v« N N
O 0O 0O 0O 0O 00 0O 0O 00 0O 00 0 O O O O O O O O © O O O
- - - - - - - - - - - - N N N N N N N N N N N ~N

Publication Years

Fig. 2. Publication trends of catfish research based on the metadata from Web of Science Core Collection, Science Citation Index Expanded, from
1975 until 2022, with three main phases of development.
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total catfish research publications. This is expected, as these countries rank among the world’s leading catfish producers. In line with
this finding, the top 12 funding agencies supporting catfish research, which contribute nearly one-third of the total funding agencies
worldwide, are predominantly based in the USA, Brazil, China, and India.

Additionally, prior research indicates that over half of all catfish species are endemic to the Americas [36,37]. This regional
biodiversity may directly or indirectly contribute to the elevated volume of catfish research publications originating from the
Americas.

3.3. Collaborative networks

The collaborative networks among major contributors to catfish research from 1975 to 2022 are depicted in Fig. 4. Results
demonstrate that American organizations (Fig. 4A) and those from the European continent (Fig. 4B) are closely connected in the
diagram, indicating a high degree of interconnectivity and numerous instances of authors publishing across institutions. Both regions
act as sources and destinations within the network. Asian countries are also actively involved in catfish research and collaboration
(Fig. 4C) with other continents. However, fewer collaborative networks were observed between the African (Fig. 4B) and Oceanian
continents (Fig. 4D). Investigating the nature of collaborative research or networks between countries or institutions could generate
interest among early-career researchers and funding agencies. To further explore the data in three dimensions, the same metadata can
be visualized using Google Earth 3D.

Fig. 5 presents a cooperation network clustering generated by CiteSpace, illustrating the connections among researchers and in-
stitutions. Major contributing institutions include the United States Department of Agriculture (USDA), Auburn University, and
Mississippi State University from the USA; the Indian Council of Agricultural Research from India; the Ministry of Agriculture and
Rural Affairs from China; Sao Paulo State University from Brazil; Egyptian Knowledge Bank from Egypt; and the Chinese Academy of
Sciences and Chinese Academy of Fishery Sciences from China. Collectively, these institutions have contributed to more than 5837
publications, accounting for over 28% of the total number of publications in the field. This finding underscores the significance of their
collective impact on catfish research and emphasizes the importance of fostering international collaboration in driving the
advancement of knowledge and innovation in this domain.

3.4. Thematic cluster analysis of research

Thematic cluster analysis of the catfish research has been shared in Fig. 6. The key takeaways from the 10 major clusters are
elucidated below:

a. Cluster 0: Yellow Catfish Research - Predominantly centered around the “yellow catfish Pelteobagrus fulvidraco”. The cluster brings
to light research focused on the emergence of new species related to the yellow catfish, alongside potential applications or

158 total countries involved in catfish research

U.S.A:

6,428 articles x
China:

2,442 articles

India:
1,882 articles

Brazil:

Number of publication 2,758 articles

1 Bl 6,428

Fig. 3. Publication distribution of catfish research in the world, between 1975 until 2022, with top four countries was indicated in the maps, with
darker colors representing the highest total number of publications, whereas lighter shades representing fewer publications.
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Fig. 4. Collaboration networks between major contributors of catfish research from 1975 until 2022 based on Web of Science Core Collection,
Science Citation Index Expanded through the Google Earth 3D software with (A) America Continent, (B) Europe and African Continent, (C) Asia
Continent and (D) Oceania Continent. The white line showing the connection and collaboration research between countries and institutions, where
thickness level indicates higher number of collaborative networks between continent.

implications in the area of sedative efficacy. The papers within this cluster are relatively recent, with an average publication year of
2017, indicating contemporary investigations [38-41].

b. Cluster 1: Channel Catfish Insights - This cluster pivots on the “channel catfish” and predominantly delves into in-depth analyses of
this species. Moreover, sedative efficacy emerges as a recurrent theme, echoing the research interest in improving fish welfare in
aquaculture practices. The average publication year for this cluster is 2012 [42-45].

c. Cluster 2: Intersecting Themes - While “new species” features as the core topic, a notable overlap with “channel catfish” is
observed. An enhanced focus on sedative efficacy further underscores its significance in modern catfish research. This cluster aligns
temporally with Cluster 0, representing studies from 2017 [46-49].

d. Cluster 3: Morphological Focus - Here, emphasis shifts from species-centric studies to anatomical areas, particularly the “pectoral
girdle”. Nonetheless, the recurrent theme of sedative efficacy persists, with the cluster showcasing publications majorly from the
early 2000s (2001) [50-53].

e. Cluster 4: African Catfish Dynamics - This cluster, with its focus on the “african catfish Clarias gariepinus”, delves into the hormonal
aspect of catfish research, particularly the pituitary gonadotropin-releasing hormone. Given the average year of 1985, it points
towards foundational or pioneering works within this domain [54-58].

f. Cluster 5: Geographical Explorations - Moving away from species-centric studies, this cluster, with its spotlight on the “rio sao
francisco basin”, emphasizes geographically oriented catfish research. The “southernmost record” theme further underscores
regional significance, with most studies from around 2011 [59-62].

g. Cluster 6: Pathogenic Interactions - Rooted in “channel catfish”, this cluster introduces “Edwardsiella ictaluri’, a known pathogen,
hinting at studies concerning disease dynamics in aquaculture. Published primarily around 2003, it might reflect responses to
disease outbreaks or advances in aquaculture health [63-67].

h. Cluster 7: Temperature Concerns - While still pivoting around “channel catfish”, the spotlight here shifts to “temperature-mediated
processes”. This theme, combined with the timeline (1987), may signify early insights into how temperature variations impact
catfish behavior or physiology [68-71].

i. Cluster 8: Cross-species Investigations - This cluster intriguingly ties “channel catfish” research to “frog olfactory cilia”, suggesting
possible interdisciplinary explorations. Given its 1991 average publication year, it might reflect a phase of innovative methodo-
logical borrowing or comparative studies [72].
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Fig. 5. Collaborative network of countries and organizations in catfish related research from 1975 to 2022: Node size reflects the volume of
publications in each country or region, while connection thickness indicates the degree of cooperation between them.

j. Cluster 9: Broader Fish Studies - While rooted in “channel catfish”, the cluster introduces “atlantic cod” as a theme, pointing
towards broader ichthyological interests. The theme “delta linkage”, combined with the 1996 average year, could hint at genetic or
evolutionary studies within this period.

The co-citation clustering analysis of catfish research publications reveals the multidisciplinary nature of the field and emphasizes
the increasing significance of understanding catfish biology, ecology, and aquaculture in the context of environmental change, sus-
tainability, and food security. Common themes across several clusters include investigations into the impacts of environmental factors,
such as temperature, water quality, and disease, on catfish physiology, behavior, and population dynamics. Several clusters underscore
the importance of species-specific knowledge and geographic studies in catfish research. For example, clusters centered on yellow
catfish (Cluster #0), channel catfish (Cluster #1), and African catfish (Cluster #4) highlight the diverse physiological and ecological
adaptations of different catfish species, as well as their responses to various stressors. These clusters also emphasize the need to un-
derstand the broader implications of catfish biology, behavior, and ecology for aquaculture practices and sustainable fisheries
management.

Some clusters exhibit overlapping research themes, such as the exploration of sedative efficacy in both yellow catfish (Cluster #0)
and channel catfish (Cluster #1). These clusters demonstrate the field’s focus on optimizing aquaculture practices, ensuring fish
welfare, and improving the efficiency of catfish production. Additionally, clusters focusing on new species discoveries (Cluster #2 and
Cluster #5) highlight the importance of taxonomic and biogeographic research in catfish ecology, conservation, and management. The
average years for each cluster provide insights into the temporal development of catfish research. Clusters with more recent average
years, such as yellow catfish (Cluster #0) and new species discoveries (Cluster #2), suggest emerging research areas that have gained
momentum in recent years. In contrast, clusters with earlier average years, such as African catfish (Cluster #4) and temperature-
mediated processes (Cluster #7), represent more established research domains that have provided foundational knowledge for sub-
sequent investigations.

The global review of catfish research, mapped through these co-citation clusters, unveils a multidisciplinary landscape. From
taxonomical pursuits and immune dynamics to environmental interactions and sensory biology, these insights capture the complexity
and richness of catfish research.
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Fig. 6. Reference co-citation clustering network of catfish-related publications: Node sizes represent citation frequency, and node colors, pro-
gressing from magenta (1975) to yellow (2022), depict the evolution of research over time. Colored connections indicate co-citation relationships,
with the network further subdivided into major 17 clusters through network clustering analysis.

3.5. Keywords distribution and research focus

The keyword clustering analysis of catfish research publications provides insights into the temporal progression and thematic
relationships among the different research areas (Fig. 7). By examining the average years for each cluster, we can discern emerging

trends, and establish research domains, and shifts in research focus over time.

2

“system,

. Cluster #0: Taxonomy and Diversity (Major descriptors: “teleostei,” “fishes,” “evolution,” “siluriformes,” “river,” “diversity,”
behaviour morphology™) - This cluster places a pronounced emphasis on the discovery of “new species” of catfish,

underscored by descriptors like “evolution” and “siluriformes.” Insights from this cluster, particularly from the year 2007, un-
derline the breadth and depth of catfish biodiversity in aquatic ecosystems such as rivers. Additionally, the focus on “behaviour
morphology” suggests investigations into behavioral and structural adaptations of these species [73-76].

” 2 G 2

mykiss,” “identification,” “expression,” “immune response,

. Cluster #1: Immune Dynamics in Channel Catfish (Major descriptors: “channel catfish,” “Ictalurus punctatus,” “trout oncorhynchus
infection”) - Circling around “channel catfish,” this cluster from 2003

delves deep into the immunological responses of catfish, especially against infections. The co-citation with “trout Oncorhynchus
mykiss” hints at comparative immunological studies between diverse fish species [77-80].

“body composition,” “protein,” “nile tilapia,” “performance,”

. Cluster #2: Nutritional Aspects and Metabolic Insights (Major descriptors: “fish,” “rainbow trout,
metabolism™) -

»

growth,” “atlantic salmon,”
With “growth performance” at its core, this 2002

cluster pivots on the physiological and metabolic aspects of catfish and other fish species. The descriptors suggest a keen interest in
nutritional inputs, body composition, and metabolic rates, vital for aquaculture efficiency [81-84].

. Cluster #3: Environmental Stressors and Their Effects (Major descriptors:
“liver,” “Cyprinus carpio,”

“water,
quality”) - Under the overarching theme of “channel catfish” and “heavy metal,” the research from 2003

» ”» G« »

toxicity,” “oxidative stress,” “exposure,”

in this cluster seems to explore the effects of environmental contaminants, especially heavy metals, on catfish health. The focus on
“oxidative stress” and “liver” hints at cellular and organ-level investigations [8,85-87].

. Cluster #4: Neuroendocrinology in African Catfish (Major descriptors: “african catfish,” “Clarias gariepinus,” “gene expression,”

“Carassium auratus,” “goldfish,” “brain,” “messenger rna”) - Centered around “african catfish” and the “gonadotropin-releasing
hormone,” this 2000 cluster delves into the neuroendocrine mechanisms in catfish. The exploration of gene expression and its

implications on catfish behavior and physiology is evident [54,88-90].

2

“efficacy,” “Rhamdia quelen,

. Cluster #5: Essential Oils and Catfish Stress Management (Major descriptors: “

” <

responses,” “freshwater,” “stress,” “silver catfish,”

acute toxicity™) - Anchored in 2008, this cluster studies the application and efficacy of “essential oil”

in mitigating stress and potential toxicities in catfish, offering potential alternative treatments in aquaculture health [91-94].
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magenta (1975) to yellow (2022), depict the evolution of research over time. Colored connections indicate co-citation relationships, with the
network further subdivided into 7 clusters through network clustering analysis.

g. Cluster #6: Sensory Biology in Rainbow Trout (Major descriptors: “catfish,” “cells,” “calcium,” “binding,” “neurons,” “fine
structure,” “receptor,” “localization”) - This cluster from 1994, with its focus on “rainbow trout” and “olfactory receptor neuron,”
delves into the sensory biology of catfish, exploring the intricate mechanisms of olfaction, potentially critical for behaviors such as
foraging and mating [95,96].

In summary, the overall analysis of these clusters underscores the multifaceted nature of catfish research, encompassing diverse
themes, such as evolutionary biology, neuroendocrine regulation, health and immunity, environmental stressors, and aquaculture
practices. By examining the similarities, differences, and temporal trends among clusters, researchers can identify knowledge gaps,
prioritize future research efforts, and develop targeted strategies to address pressing challenges facing catfish populations and the
industries that rely on them. There will be four (4) different groups for this type of analysis which are:

e Emerging research areas: Clusters with more recent average years, such as Cluster #5 (Essential Oil Applications and Stress
Mitigation in Catfish; 2008) and Cluster #0 (New Species and Evolutionary Insights; 2007), suggest that these research themes have
gained momentum in recent years. These clusters represent innovative approaches to understanding catfish biology and ecology
and explore potential applications of natural products and new discoveries in catfish evolution and biodiversity.

Established research domains: Clusters with earlier average years, such as Cluster #4 (African Catfish and Neuroendocrine
Regulation; 2000) and Cluster #2 (Growth Performance and Nutritional Requirements; 2002), represent more established research
areas that have provided foundational knowledge for subsequent investigations. These clusters have contributed significantly to
our understanding of catfish biology, including the role of neuroendocrine regulation in reproduction and growth, and the opti-
mization of nutritional requirements and feeding strategies in aquaculture.

Similar clusters: Some clusters exhibit overlapping research themes, such as Cluster #1 (Channel Catfish Health and Immune
Response) and Cluster #3 (Heavy Metal Toxicity and Channel Catfish Health). Both clusters focus on the health and well-being of
catfish, investigating aspects like immune response, disease management, and the effects of environmental stressors, such as heavy
metal exposure. The similarity between these clusters reflects the field’s interest in catfish welfare and the development of stra-
tegies to ensure the sustainable management of catfish populations.
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e Distinct clusters: Clusters that are more distinct from each other include Cluster #6 (Olfactory System and Neuronal Signalling in
Catfish) and Cluster #2 (Growth Performance and Nutritional Requirements). Cluster #6 primarily focuses on the molecular and
cellular aspects of olfaction in catfish, while Cluster #2 investigates the physiological and metabolic processes related to growth
and nutrition in various fish species. The disparity between these clusters demonstrates the broad scope of catfish research and the
diverse array of topics that researchers are exploring.

4. Discussion

The employment of timeline co-citation analysis (Fig. 8) in the present study constitutes a powerful scientometric technique for the
identification and elucidation of emergent research clusters within the domain of catfish ecology and associated fields. By delineating
the chronological development of the extant literature, this analysis has facilitated the discernment of four research clusters experi-
encing citation bursts, specifically, cluster #0 "yellow catfish in relation to ecology and sedative,” cluster #1 "channel catfish in relation
to ecology and sedative,” cluster #2 "new species discoveries,” and cluster #17 "Flavobacterium columnare."

These clusters serve to underscore the multifaceted nature of catfish research, accentuating the imperative to comprehend the
ecological, environmental, and economic ramifications of these foci. For example, the exploration of yellow and channel catfish in the
context of ecology and sedatives reflects the burgeoning interest in refining aquaculture practices to ensure optimal fish welfare and
minimize stress-induced mortality. Concurrently, the cluster devoted to new species discoveries emphasizes the critical role of
taxonomic research in advancing knowledge of biodiversity, biogeography, and conservation requirements. Lastly, the Flavobacterium
columnare cluster directs attention to the mounting concern surrounding bacterial pathogens and the pressing need for the develop-
ment of enhanced disease prevention and management strategies in aquaculture environments. The present study makes a significant
impact on the scientific realm by elucidating the research trends and emerging focal points within catfish research. This scientometric
analysis provides researchers with an overview of the current state of knowledge, enabling them to recognize the gaps and formulate
new research questions accordingly.

However, despite these advancements, several research gaps still exist. Firstly, more comprehensive studies are needed to elucidate
the complex interactions between catfish ecology and the various factors influencing their population dynamics and welfare. Un-
derstanding these interactions will enable better predictions and management strategies for catfish conservation and aquaculture.
Secondly, the potential socio-economic impacts of the catfish population shift remain largely underexplored. As communities often
rely on catfish for their livelihoods, it is crucial to investigate the implications of changes in catfish populations for human well-being.
Lastly, there is a need for more interdisciplinary research, integrating perspectives from ecology, aquaculture, economics, and social
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sciences. Such an approach will facilitate a more holistic understanding of the challenges and opportunities associated with catfish
research.

As we continue the general discussion, we will delve deeper into the four research clusters identified by the timeline co-citation
analysis. By examining the contributions and implications of each cluster, we aim to provide a more comprehensive understanding
of the current state of knowledge in the field of catfish research. This in-depth analysis will elucidate the specific aspects of each cluster,
the interconnections among them, and their collective significance to the broader scientific community. The insights gained from this
investigation will not only enrich our understanding of the complex interactions within catfish research but also contribute to shaping
future research directions and informing policy decisions.

4.1. Optimizing aquaculture practices: the interplay between Catfish ecology, welfare, and sedative use

The sustainable development of the catfish aquaculture industry hinges on optimizing the intricate interplay between catfish
ecology, welfare, and sedative use. This requires a multidisciplinary approach, integrating knowledge from fish ecology, animal
welfare science, and aquaculture management practices. Recent scientometric analyses have mapped the evolution of research in this
area, providing valuable insights into the factors influencing catfish welfare and productivity.

A crucial aspect of catfish welfare is understanding the impact of ecological factors on fish health and performance. Dunham and
Elaswad [97] emphasized the significance of water quality, temperature, and dissolved oxygen levels in their review, suggesting that
proper management of these factors can substantially improve overall welfare and productivity. Similarly, Majhi et al. [98] demon-
strated that the implementation of biofloc-based water treatment systems improved water quality, reduced stress, and enhanced
growth performance, supporting the notion that ecological factors play a significant role in catfish welfare. Handling and transport are
key areas where catfish welfare is paramount, as these processes can induce stress, compromising immune function and increasing
disease susceptibility [99,100]. The use of appropriate sedatives and maintaining optimal water quality are essential strategies to
minimize stress during these procedures.

The use of sedatives is integral to catfish aquaculture, as they alleviate stress during handling, transport, and medical interventions.
By reducing stress, sedatives enhance fish welfare, promote growth, and decrease disease susceptibility, thereby optimizing produc-
tivity. Bowker et al. [101] conducted a comprehensive review of sedative options for fish research, revealing that the fish response to
chemical sedatives is primarily influenced by sedative dose, water temperature, and to a lesser extent, fish size, and dissolved oxygen
levels. Their study demonstrated that higher doses and warmer temperatures accelerated induction, while warmer temperatures also
promoted faster recovery. Ogretmen and Gokcek [102] provided a comparative analysis of three anesthetic agentsclove oil, 2-phenox-
yethanol, and eugenol assessing their efficacy on captive-bred African catfish, Clarias gariepinus. They concluded that clove oil was the
most suitable anesthetic among the evaluated agents.

Akinrotimi et al. [103] evaluated the efficacy of aqueous extracts of clove seed as an anesthetic, specifically examining its effects on
hematological parameters in Clarias gariepinus. The study demonstrated size-related induction times and significant alterations in
hematological variables at higher concentrations while maintaining a 100% survival rate. In contrast, Cupp et al. [104] investigated
the effectiveness of alternative sedatives, such as AQUI-S®20E (iso-eugenol), in reducing stress during fish transport in high loading
densities. They found AQUI-S®20E to be an effective alternative with fewer side effects on fish welfare. The potential risks associated
with sedative use in fish farming warrant careful consideration. Zeng et al. [105] assessed the effects of eugenol exposure on catfish
behavior and physiology, finding alterations in swimming behavior, blood biochemistry, and gill morphology. These results emphasize
the need for careful monitoring of sedative use to avoid negative impacts on fish welfare. De Lima Silva et al. [91] investigated the
anesthetic properties of Ocimum gratissimum L. essential oil (EO) in silver catfish (Rhamdia quelen), revealing effective anesthetization
at concentrations exceeding 30 mg L-1 without adverse effects or mortality. The authors deduced that O. gratissimum EO serves as a
secure and efficient anesthetic for silver catfish, with its mechanism likely involving interaction with the GABAA -benzodiazepine
receptor.

Conte [106] conducted a comprehensive analysis of the literature on catfish welfare and sedative use, highlighting the need for
further research on alternative sedatives and their potential impacts on fish behavior, physiology, and immune function. The author
also emphasized the importance of developing standardized protocols for sedative use to ensure consistency across the industry and
minimize potential risks to fish welfare. Bowker et al. [107] investigated the effects of different sedatives on the stress response and
recovery of African catfish during transport, concluding that eugenol and benzocaine were more effective at reducing stress than
MS-222 and recommending further research to optimize their use in catfish aquaculture. Several researchers have proposed a holistic
approach to optimize catfish welfare in aquaculture, encompassing ecological factors, handling practices, and sedative use [108,109].
This underscores the need for a multidisciplinary approach to developing best practices for catfish farming. Additionally, studies have
demonstrated the potential benefits of integrating environmental enrichment strategies, such as the addition of natural substrates and
refuges, in catfish farming to improve welfare and reduce stress. These strategies have been shown to increase growth rates, reduce
aggression, and improve overall welfare, suggesting that incorporating environmental enhancements into aquaculture practices can
optimize catfish welfare and productivity [110-112].

In summary, the complex interplay between catfish ecology, welfare, and sedative use is crucial for the sustainable development of
the catfish industry. A multidisciplinary approach is required to optimize catfish farming practices, integrating knowledge from fish
ecology, animal welfare science, and aquaculture management. Future research should focus on evaluating alternative sedatives,
developing standardized protocols for sedative use, and investigating the potential benefits of environmental enrichment strategies to
ensure the continued growth and sustainability of the catfish industry.
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4.2. Taxonomic discoveries and conservation implications: unravelling the hidden diversity of Catfish species

Catfish comprise a diverse and ecologically significant group of freshwater and marine fish, with over 3000 species distributed
across the globe [3]. Recent advances in molecular and morphological techniques have facilitated a more comprehensive under-
standing of catfish species’ hidden diversity, leading to the discovery of novel taxa and refining our knowledge of their evolutionary
relationships.

Recent studies employing molecular and morphological techniques have unveiled new species and revised taxonomic classifica-
tions, underscoring the importance of an integrative taxonomic approach for informing conservation and management strategies.
Sullivan et al. [113] and Lujan et al. [114] both discovered new species and revaluated phylogenetic relationships within the catfish
genus Noturus and the armored catfish family Loricariidae, respectively. Sacranto et al. [115] and de Borba et al. [116] both utilized
DNA barcoding with the mitochondrial cytochrome oxidase subunit I (COI) gene to investigate the genetic diversity of morphologically
similar freshwater fish species in South Brazil and to differentiate distinct Ancistrus lineages from the Amazon and Paraguay river basins
in Brazil, respectively. These findings emphasize the crucial role of molecular techniques, such as DNA barcoding, in identifying
cryptic species and preventing species mislabelling, commercial fraud, and protecting aquatic habitats and endangered species.
Carvalho et al. [117] applied DNA barcoding to investigate species authentication in commercial fish products sold under the common
name surubim (Pseudoplatystoma spp.) in Brazilian markets, discovering that approximately 80% of analyzed samples were
mislabelled.

Focusing on different regions, Li et al. [118] and Shibatta et al. [119] both described new genera of catfish, Creteuchiloglanis and
Rhyacoglanis, by examining unique morphological traits and employing phylogenetic analyses. Rodiles-Hernandez et al. [120]
discovered a new family of catfish, the Lacantuniidae, based on a single specimen from a remote river in Mexico, exemplifying the
potential for new taxonomic discoveries even in relatively well-studied regions. These discoveries highlight the importance of
continued exploration in diverse ecosystems to uncover new species and better understand the biogeographical history of catfish. In a
comprehensive taxonomic revision, Dias and Zawadzki [121] delved into the Neotropical catfish genus Hypostomus, shedding light on
the hidden diversity of these fishes and providing a framework for future research on their ecology, evolution, and conservation. This
study underscores the significance of re-evaluating existing taxonomic classifications and integrating novel techniques to uncover
previously unrecognized diversity.

In 2022, a significant number of new catfish species were discovered worldwide, highlighting the vast diversity and ongoing
exploration of aquatic life. Reis and Lehmann [122] identified a new genus of Hypopopomatinae armored catfish in the northern
regions of South America, accompanied by the reclassification of 18 species. Additionally, Esmaeili et al. [123] discovered Mystus
cyrusi from the Kol River drainage in southern Iran, and Pinna and Dagosta [124] revised the taxonomy of the genus Paracanthopoma,
unveiling nine new species. New species discoveries spanned various geographical locations, such as Parotocinclus hardmani from the
Potaro River tributaries in Guyana [125], Liobagrus brevispina from the Nan-Jiang River in China, and Clarias monsembulai from the
Salonga National Park in the Democratic Republic of the Congo [126]. Furthermore, discoveries included Mystus irulu from the
Western Ghats of India [127], Glyptothorax yuensis from the Yu River in Myanmar [128], and Amblyceps hmolaii from the Kaladan River
drainage in India [129].

These recent taxonomic discoveries illustrate the hidden diversity of catfish species and the critical role of integrative taxonomy in
informing conservation and management efforts. The combination of molecular and morphological techniques has proven invaluable
for uncovering cryptic species, refining our understanding of their evolutionary relationships, and providing insights into their
biogeographical history. Embracing an integrative, multidisciplinary approach to taxonomy and conservation is essential to ensure the
adequate protection and management of these ecologically significant catfish species for future generations. By continuing to explore
and document the remarkable diversity of aquatic organisms, researchers can contribute to a more comprehensive understanding of
the world’s freshwater and marine ecosystems, ultimately supporting more effective conservation strategies and management
practices.

4.3. Disease dynamics and management strategies in Catfish aquaculture

The sustainable development of the aquaculture industry relies on understanding and optimizing the interplay between ecological
factors, animal welfare, and management practices. Catfish are susceptible to various diseases, including bacterial, viral, and parasitic
infections, which can significantly impact their welfare and productivity. Studies have identified major diseases affecting catfish such
as Columnaris disease, caused by Flavobacterium columnare; Edwardsiella ictaluri, causing enteric septicemia; Aeromonas hydrophila
[1301, Streptococcus iniae [131]; channel catfish virus disease [132] and proliferative gill disease [133].

Enteric septicemia of catfish (ESC) is a severe disease instigated by the pathogenic bacterium Edwardsiella ictaluri, significantly
impacting catfish populations. Initially documented in 1976, ESC afflicts catfish of various sizes, including market-sized fish, often
resulting in high mortality rates. The disease is commonly observed when water temperatures range between 20 and 30 °C. ESC
presents with a variety of symptoms, such as erythematous and white ulcers, erythematous patches in the head or ventral regions, and
erythematous papules at the cranial foramen between the eyes, potentially leading to a “hole-in-head” manifestation [134]. Ever since
its discovery, there have been numerous outbreaks of ESC reported worldwide. For instance, the inaugural incidence of E. ictaluri
infection in Chinese-farmed yellow catfish (Pelteobagrus fulvidraco) transpired in May 2006 at a farm in Liaoning Province, China. This
outbreak culminated in cumulative mortality of up to 50%. Management and treatment strategies for ESC typically necessitate the use
of medicated feed containing antibiotics such as sulfadimethoxine-ormetoprim and florfenicol [130].

Aeromonas hydrophila, a pervasive Gram-negative bacterium, is implicated in the development of motile aeromonad septicemia
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(MAS), a disease responsible for notable morbidity and mortality within catfish aquaculture. Infections by this opportunistic micro-
organism typically arise due to stress factors such as inadequate water quality, elevated stocking densities, and handling practices,
which collectively weaken the fish’s immune response [135,136]. Clinical presentations of A. hydrophila infections in catfish
encompass erratic swimming patterns, lethargy, anorexia, exophthalmia, and external hemorrhagic manifestations. Internally,
afflicted fish may exhibit hemorrhagic and necrotic lesions in organs such as the liver, spleen, and kidney, ultimately progressing to
septicemia [137,138].

Flavobacterium columnare, the causative agent of Columnaris disease, has emerged as a significant concern in catfish aquaculture
due to its high morbidity and mortality rates. The increasing trend of publications on this bacterium can be attributed to its economic
impact and the growing awareness of its implications for catfish welfare [139]. A comprehensive study had been done on the path-
ogenicity, detection, and control of F. columnare, highlighting the importance of understanding its biology, virulence factors, and
host-pathogen interactions to develop effective management strategies [140,141].

Recent studies have investigated various approaches to prevent and control F. columnare infections in catfish. For instance, Laanto
et al. [142] demonstrated the potential of phage therapy as an alternative to antibiotics, while Mousa et al. [143] explored the use of
essential oils as a natural, eco-friendly solution. The study revealed that trans-cinnamaldehyde (TC) effectively inhibited the growth of
E. ictaluri, F. columnare, and A. hydrophila, causing cell wall lysis and leakage of cytoplasmic contents. Catfish receiving
TC-supplemented feed demonstrated a higher survival rate and reduced bacterial concentrations during an E. ictaluri challenge trial.
These findings suggest that TC could serve as a safe and efficient alternative to antimicrobials, mitigating the development and spread
of antimicrobial-resistant strains.

Vaccination has also been explored as a strategy to mitigate the impact of F. columnare in catfish aquaculture. Studies have shown
the use of modified live F. columnare vaccine [144] and the use of recombinant F. columnare vaccine [145] provided significant
protection against the bacterium, suggesting that vaccination could be a viable approach for disease management. Environmental
factors have been identified as critical determinants of F. columnare prevalence in catfish aquaculture. Studies have highlighted the role
of water hardness, water temperature, and dissolved oxygen levels in disease outbreaks, emphasizing the need for proper water
management to prevent infections [146]. Progress in diagnostic methodologies has played a crucial role in expanding the research
corpus on F. columnare. Serological examinations, including enzyme-linked immunosorbent assays (ELISA), latex agglutination tests,
fluorescent antibody tests, and lateral-flow assays, have proven valuable for field implementation [147,148]. Moreover, Panangala
et al. [149] devised a rapid, sensitive, and specific loop-mediated isothermal amplification (LAMP) assay to detect F. columnare,
enabling prompt intervention and disease management in catfish farming operations. In conclusion, the recent surge in publications on
F. columnare can be attributed to the significant economic and welfare implications of the bacterium for the catfish aquaculture
industry.

5. Conclusions

In conclusion, the present study offers a comprehensive, data-driven synthesis of the existing body of research on catfish, eluci-
dating key trends, hotspots, and frontiers within the field. Our in-depth analysis of 28 distinct clusters of catfish references not only
highlights the richness and diversity of this research domain but also enables us to propose three promising avenues for future inquiry.

Moreover, our examination of seven keyword clusters, derived from co-occurrence analysis, reveals the interconnectedness of
various elements within catfish research and grants a deeper understanding of the overarching themes propelling advancements in this
field. As a result, we strongly advocate for strategic cooperation and collaboration among researchers, particularly between those
based in the Americas, Africa, and Oceania. By fostering a global network of expertise, we can collectively leverage resources and
cutting-edge techniques to elevate catfish research on an international scale. Looking forward, the discovery of new species within the
catfish group necessitates rigorous scientific approaches that incorporate a variety of methodologies, such as morphological, DNA,
geographical, and behavioral analyses. By integrating these diverse techniques, researchers will be better equipped to accurately
identify and classify novel catfish species, ultimately contributing to a more precise and detailed understanding of their biology and
ecology.

Additionally, the extensive fossil record of catfish, spanning millions of years, offers a distinctive avenue for enhancing our un-
derstanding of historical aquatic ecosystem dynamics. The examination of these ancient specimens can yield invaluable insights into
the enduring patterns and effects on finfish populations and broader aquatic habitats. By building upon the findings presented herein,
future research efforts can not only expand our comprehension of catfish biology, ecology, and evolution but also generate actionable
insights that inform policy and conservation decisions on a global scale. Ultimately, this will enable us to better safeguard the
ecological integrity of our planet’s aquatic ecosystems, in the face of mounting environmental challenges.
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