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RESUMEN

Propésito: analizar la produccion cientifica a nivel mundial sobre el género Ambystoma e identificar las
tendencias y vacios de conocimiento existentes.

Diseilo metodoldgico: se analizaron las publicaciones indizadas en Scopus que contenian la palabra
Ambystoma en el titulo. Los datos obtenidos se sistematizaron utilizando el programa Excel® para excluir
registros no cientificos y se categorizaron por area tematica, especies, autoria y afiliacion institucional. Se
utilizo el software VOSviewer para visualizar redes de colaboracion entre autores.

Resultados: el analisis identific a Ambystoma mexicanum (ajolote) como la especie més estudiada, debido
a su utilidad como organismo modelo. La mayor parte de la investigacion se origin6 en Norte América, par-
ticularmente, en Estados Unidos, con una colaboracion internacional limitada. Los estudios se centraron
en areas como genética, ecologia y morfofisiologia.

Limitaciones de la investigacion: el estudio excluy6 publicaciones que no mencionaban explicitamente
a Ambystoma en el titulo, lo que podria haber pasado por alto contribuciones mas amplias relacionadas
con el género.

Hallazgos: los hallazgos destacan la necesidad de una mayor colaboracién internacional y un enfoque
de investigacién mas integral en especies menos conocidas de Ambystoma. Diversificar los esfuerzos de
investigacién puede mejorar las estrategias de conservacion y profundizar el entendimiento cientifico
de este género.

ABSTRACT

Purpose: To analyze the development of scientific information produced worldwide on the genus Ambystoma
and identify existing trends and knowledge gaps.

Methodological design: We analyzed publications registered in the Scopus database containing the word
“Ambystoma” in the title. The results were systematized using the Excel ® program to exclude non-scientific
records and categorized by subject area, species, authorship, and institutional affiliation. VOSviewer software
was used to visualize collaboration networks between authors.

Results: The analysis identified Ambystoma mexicanum (axolotl) as the most studied species, mainly due
to its utility as a model organism. Most research originated from North America, particularly the United
States, with limited international collaboration. Studies focused on areas such as genetics, ecology, and
morphophysiology.

Research limitations: The study excluded publications that did not explicitly mention Ambystoma in the
title, potentially overlooking broader research contributions related to the genus.

Findings: The findings highlight the need for increased international collaboration and a more compre-
hensive research focus on lesser-known Ambystoma species. Diversifying research efforts can enhance

conservation strategies and improve scientific understanding of this genus.
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INTRODUCTION

The genus Ambystoma, Class Amphibia, includes the
species commonly known as salamanders. Approxima-
tely 32 described species in this genus (AmphibiaWeb,
2024) are distributed in North America, from southern
Canada to central Mexico. Seventeen species inhabit
Mexico, of which 16 are considered endemic by the
Secretaria del Medio Ambiente y Recursos Naturales
(Semarnat, 2018; Avila-Akerberg et al., 2021).

Pollution and habitat destruction have caused 88 %
of the Ambystoma species in Mexico to be listed in the
Mexican Official Norm (NOM-059) in some risk category.
Specifically, Ambystoma mexicanum (Shaw and Nodder,
1798) is an endangered species (Semarnat, 2010). In the
Red List of the International Union for Conservation of
Nature (IUCN), six species of the genus Ambystoma are
classified as “Critically Endangered” category: Ambysto-
ma amblycephalum (Taylor, 1940), Ambystoma andersoni
(Krebs and Brandon, 1984), Ambystoma dumerilii (Dugés,
1870), Ambystoma leorae (Taylor, 1943), A. mexicanum
and Ambystoma taylori (Brandon, Maruska and Rumph,
1982) (IUCN, 2015a; b; 2016; 2020a; b; ¢).

Captive breeding has been essential for conserving
A. mexicanum, with the captive population far excee-
ding the wild population (Reif3, 2022). Initially brought
to Paris in 1864, the popularity of axolotl as both an
exotic pet and a model organism skyrocketed due to its
unique regenerative abilities and neoteny, which have
made it a key species in laboratories around the world
(Gresens, 2004; Vance, 2017). Despite its widespread use
in research and as a pet, significant gaps in our unders-
tanding of Ambystoma biology remain (e.g., Ocaranza-
Joya et al., 2021). Reif (2022) observed that the success
of breeding and research on A. mexicanum was heavily
reliant on practical knowledge and infrastructure, poin-
ting to the need for continued study, not only of these
species but also of others in the genus, to expand our
understanding of their biology and conservation needs.

Analyzing and evaluating the knowledge generated
by scientific activity is essential to accelerating scienti-
fic production while improving its visibility and quality
(Arencibia-Jorge and de Moya-Anegoén, 2008). Scientome-
trics methods provide quantitative insights into scientific
production, examining its theoretical, methodological,
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economic, and social aspects (Leydesdorff and Milojevié,

2015). This discipline analyzes science as an economic
activity, evaluating and comparing research policies
of different countries and their results and impact on
society. It aims to establish structures and patterns in
scientific practice through systematic measurements and
analysis (Aradjo-Ruiz and Arencibia-Jorge, 2002; Michan
2011). For example, Chong-Carrillo et al. (2023) evaluated

scientific production in native and exotic aquatic spe-
cies of importance for human consumption. The authors
showed that funded projects have focused mainly on na-
tive species, although resources have also been allocated
to invasive species. In addition, they argue that research
directed at these species has a low social impact.

Our study was motivated by the fact that the genus
Ambystoma is a good subject for scientometrics study
due to its ecological and scientific importance. Unders-
tanding trends in scientific production and identifying
knowledge gaps could contribute to the conservation
of these species at risk of extinction in their natural ha-
bitats.

MATERIALS AND METHODS

The methodology described by Chong-Carrillo (2018)
was used: publications registered in the Scopus
database containing the word Ambystoma in the
title were analyzed; terms such as axolotl and salaman-
der were not included, as they were part of later studies.
The results were systematized in the Excel ® program to
be later validated and standardized (excluding repeated
records, erratum, and documents that were not scientific
articles). The PRISMA (Page et al., 2021) flow diagram is
shown in Figure 1.
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Figure 1. PRISMA flow diagram of studies screening for this research
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The following categories were analyzed:

1) Subject area of study: Aquaculture/Captivity, Food,
Biochemistry, Ecology, Embryology, Ethology, Ge-
netics/Molecular Biology, Immunology, Medicine,
Morphophysiology, Parasitology, Regeneration,
Reproduction and Toxicology.

2) Species: The species of the genus that were studied
in the document.

3) Countries: Classified by continent and individual
country.

4) Authors: The authors with the highest production
were registered.

5) Affiliations: Institutions that collaborated in the
study of genus.

The results were transformed into graphs for visua-
lization. VOSviewer software (version 1.6.19) was used
to generate clustering maps and visualize collaboration
networks between authors. The complete count method
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was applied, excluding documents with more than 25
authors. The Red List of Threatened Species of the Inter-
national Union for Conservation of Nature (IUCN, 2024)
was consulted to determine the conservation status of
the species recorded.

RESULTS

The search resulted in 1515 publications that included
“Ambystoma” in their title from 1911 to 2023 (Figure 2).
From 1960 to 1980, the production of scientific articles
increased exponentially. The following decades showed
an asymptotic growth, which has continued to this day.
Figure 3 shows the timeline of publications related to
Ambystoma species. Ambystoma mexicanum is the most
studied species (643 publications), followed by Ambysto-
ma tigrinum (Green, 1888) with 340 publications, Ambys-
toma maculatum (Shaw, 1802) with 201 publications,
Ambystoma opacum (Gravenhorst, 1807) with 73 publi-
cations, Ambystoma talpoideum (Holbrook, 1838) with

© ENES Unidad Leon/UNAM
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54 publications, and Ambystoma macrodactylum (Baird,
1850) with 54 publications. The species that did not regis-
ter any article in the Scopus database (considering only
the title of the article) were Ambystoma bombypellum
(Taylor, 1940) and Ambystoma silvense (Webb, 2004).

The publications on A. mexicanum and A. tigrinum
showed an increase from the 1960s, although some were
already recorded in previous decades, but only margi-
nally. The other Ambystoma species in Figure 3 increa-
sed their production over time but did not show abrupt
growth.

Figure 2. Classification by year of articles on the

genus Ambystoma registered in the Scopus data-

base using the criterion of the term “Ambystoma”
in the document title

173
S

Publications

100

Source: Authors’ elaboration.

Figure 3. Timeline of publications by species of the
genus Ambystoma with more than 50 total records

140

Publications

Source: Authors’ elaboration.

most mentioned in almost all other areas of knowled-
ge. The species Ambystoma altamirani (Dugés, 1895),
A. andersoni, Ambystoma barbouri (Kraus and Petranka,
1989), Ambystoma bishop (Goin, 1950), Ambystoma ca-
liforniense (Gray, 1853), Ambystoma laterale (Hallowell,
1856) and A. leorae, which have been studied in at most
30 publications in total each, have the highest number
of publications in the last decades. This is an indication
that these species are being increasingly studied. If the
trend continues in the coming years, this may contribute
to filling more gaps in knowledge about these species
and the genus.

Table 1. Percentage of publications registered in the
Scopus database by research area and key species in
the scientific production of the genus Ambystoma

Percentage of

Research area Ambystoma species

publications
Morphophysiology 24% A. mexicanum, A. tigrinum, A. maculatum
Ecology 14% A. maculatum, A. tigrinum, A. opacum
Biochemistry 13% A. mexicanum, A. tigrinum, A. maculatum
Genetics/molecular biology 13% A. mexicanum, A. tigrinum, A. maculatum
Regeneration 9% A. mexicanum, A. maculatum, A. opacum
Embryology 7% A. mexicanum, A. maculatum, A. gracile
Reproduction 5% A. mexicanum, A. talpoideum, A. tigrinum
Immunology 4% A. mexicanum, A. tigrinum, A. andersoni
Ethology 4% A. tigrinum, A. maculatum, A. opacum
Toxicology 2% A. mexicanum, A. maculatum, A. tigrinum
Parasitology 2% A. tigrinum, A. I A. jeffer
Aquaculture/ Captivity 1% A. mexicanum, A. tigrinum, A. maculatum
Nutrition 1% A. mexicanum, A. tigrinum, A. ordinarium
Medicine 1% A. mexicanum

Source: Authors’ elaboration.
Note: Percentages based on 1515 publications.

Morphophysiology, ecology, biochemistry, and gene-
tics/molecular biology stand out, as they have had the
most significant growth over the years (Figure 4). Eco-
logy was the only area that did not show any decrease
in production over time and is the one with the highest
growth trend at present.

The number of total publications by area of study and
species (Table 1) shows the species that have contribu-
ted the most prolific areas, highlighting A. mexicanum,
A. tigrinum, and A. maculatum; also these species are the
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Figure 4. Timeline of publications on the genus
Ambystoma classified by research area from 1911 to
2023
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Source: Authors’ elaboration.
Note: *: identifies the most popular research areas

Ambystoma mexicanum is the species with the highest
contributions in 10 of 14 study areas. This can be ex-
plained by the fact that it is the species with the highest
percentage of published articles (Table 2). Together with
A. tigrinum and A. maculatum, this species accounts for
more than 70 % of all the publications analyzed in this
study.

The analysis showed a geographical disparity in scien-
tific production. Although 38 countries contributed pu-
blications, North American countries accounted for 73 %
of scientific production. The United States had the hig-
hest production, generating 59 % of total publications,
followed by Canada and Mexico with 8 % and 6 %, res-
pectively (Figure 5). Despite the diversity of participating
countries, Europe represented a smaller proportion, with
Germany as the primary contributor (5 %).
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Table 2. Species classification of the genus

Ambystoma within the Red List of the International

Union for Conservation of Nature (1ucN) and the per-
centage of articles for each one

IUCN assessment Species Publications
Critically endangered 4. mexicanum 38.7%
Least concern A. tigrinum 20.4%
Least concern A. maculatum 12.1%
Least concern A. opacum 4.4%
Least concern A. macrodactylum 3.2%
Least concern A. talpoideum 3.2%
Least concern A. jeffersonianum 2.3%
Least concern A. gracile 2.1%
Least concern A. texanum 2.1%
Vulnerable A. californiense 1.4%
Least concern A. laterale 1.4%
Least concern A. annulatum 1.3%
Near threatened A. barbouri 1.2%
Critically endangered 4. altamirani 1.0%
Vulnerable A. cingulatum 0.7%
Critically endangered 4. dumerilii 0.6%
Endangered A. ordinarium 0.6%
Vulnerable A. bishopi 0.4%
Endangered A. rivulare 0.4%
Least concern A. velasci 0.4%
Critically endangered ~ A. andersoni 0.4%
Critically Endangered  A. leorae 0.4%
Least Concern A. mavortium 0.4%
Least Concern A. mabeei 0.2%
Critically endangered ~ A. taylori 0.2%
Endangered A. granulosum 0.1%
Critically endangered 4. amblycephalum 0.1%
Endangered A. flavipiperatum 0.1%
Endangered A. lermaense 0.1%
Least concern A. rosaceum 0.1%
Data deficient A. bombypellum 0.0%
Data deficient A. silvense 0.0%

Source: Authors’ elaboration. Red List data from the International
Union for Conservation of Nature (IUCN, 2024).

© ENES Unidad Leon/UNAM
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Figure 5. Percentage of publications on the genus Ambystoma by country and geographic region
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Note: Blue: North America, yellow: Europe, purple: Oceania, green: Asia, red: other countries.

The 20 authors with the highest number of publi-
cations registered in this study are from the two most
productive countries: the United States and Canada.
Lemanski was the author with the highest number of
publications (Figure 6), all with A. mexicanun, and the
subject most studied by the author was genetics. A. tigri-
num was the most studied species by 50 % of the most
productive authors.

Figure 6. Top authors worldwide in Ambystoma
research and the most studied species by each of them
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Only one Mexican scientist managed to be in this
classification. However, in the register of affiliations, the
Universidad Nacional Auténoma de México (UNAM) was
the institution with the second-highest percentage of pu-
blications (Figure 7). This is the only Mexican institution
among the 20 most productive. Of the rest, 17 belong to
the United States and two to Canada.

Figure 7. Top global affiliations with the highest per-

centage of published articles on the genus Ambystoma
found in this study
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Source: Authors’ elaboration.

Note: Total number of articles per affiliation shown above the bar.
Blue: United States, Green: Mexico, Orange: Canada.

UNAM: Universidad Nacional Auténoma de México. SUNY: The State
University of New York. US: United States
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In the visualization map of co-authorship networks,
the circles of the same color represent a “cluster” or scien-
tific group (Figure 8). The size of the circle is proportional
to the number of authorships, and the intensity of the
co-authorship relationships is visualized as the thickness
of the lines linking the authors. The map showed that
the collaborations of highly productive authors such as
Lemanski or Armstrong are not strongly interconnected
with other researchers outside their immediate circles.

Figure 8. Co-authorship network visualization map for
publications on the genus Ambystoma
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This study shows that research on the genus Ambysto-
ma presents several strengths, such as the focus on the
study of A. mexicanum and the concentration of scien-
tific efforts in Biochemistry, Ecology, Genetics/Molecu-
lar Biology, and Morphophysiology. In addition, North
America stands out as the leading producer of research
on Ambystoma species.

Although there are great strengths, important weak-
nesses have also been identified, such as (i) the scarcity
of research directed at species other than A. mexicanum,
A. triginum, and A. maculatum, (ii) the lack of interna-
tional collaboration and (iii) the lack of continuity in
long-standing lines of research, which limits the possible
development of areas that have been little explored.

The increase in publications on the genus Ambystoma
from 1960 to 1980 is probably related to the emergence
and development of new scientific methodologies in mo-
lecular biology, developmental biology, and genetics
(Slack, 1983). During that era, molecular biology and
genetics began to expand rapidly thanks to technological
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advances such as DNA sequencing, cloning techniques,
and the development of tools for gene and protein analy-
sis (Tsonis, 2000). These advances allowed scientists
to study organisms at a much more detailed level and
to understand their molecular and developmental me-
chanisms better. In addition, Ambystoma became an im-
portant model for study in developmental biology due
to its ability to regenerate limbs and other body parts
(Voss et al., 2009). This characteristic made this genus
of great interest in developmental biology and genetics
research, contributing to increased publications. The-
refore, it is very likely that the increase in publications
during this period is related to adopting these new
methodologies and the interest in the unique capabili-
ties of Ambystoma in these scientific fields.

About the Ecology theme, which also features a good
number of scientific publications on the genus, this may
be due to several key factors. Many Ambystoma species
are threatened due to habitat loss, water pollution, and
climate change (Semarnat, 2018). This has generated
a growing interest in research on the ecology of these
species, as understanding their environment and their
interaction with the ecosystem is essential to designing
effective conservation strategies. In addition, they are
excellent bioindicators due to their skin’s permeability,
making them sensitive to water and soil quality. Moni-
toring their health and behavior can provide valuable
information on the health of the aquatic and terrestrial
ecosystems they inhabit (Davic and Welsh, 2004). Des-
pite advances in Ambystoma research, many questions
remain to be answered, especially for species with fewer
than 30 publications. Further studies are needed to
understand the ecological needs of these species tho-
roughly, identify the most critical threats, and develop
long-term conservation strategies. Research in this field
is critical to ensure the survival of these unique amphi-
bians and the ecosystems they inhabit.

Regarding the conservation status of Ambystoma
species, the 1UCN identifies that 45 % of the registered
species are in some state of threat or critical risk due
to a combination of factors, many of which are rela-
ted to human activity and environmental changes:
(i) habitat loss, (ii) water pollution, (iii) climate change,
(iv) introduction of exotic species, (v) commercial ex-
ploitation and fishing, (vi) disease, (vii) limited disper-
sal capacity (Adams, 2000; Kats and Ferrer, 2003; Mann
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et al., 2009; Parra-Olea, 2021; Semlitsch, 2000; Wake and
Vredenburg, 2008; Walther et al., 2002). These factors
interact with each other, exacerbating the vulnerability
of Ambystoma species and contributing to their threate-
ned status. The conservation of these species requires a
holistic approach that addresses the protection of their
habitats and mitigating the direct and indirect threats
they face.

Geographical disparities in research

The geographic distribution of the genus throughout Nor-
th America (Frost, 2024) may be one of the main reasons
why these countries are the most productive, as there is
the possibility not only to perform in vivo experiments
but also in situ studies in areas where the organisms are
found in their natural habitat. This is reflected in the
three species with the most significant contribution to
ecology: A. maculatum, A. tigrinum, and A. opacum. The
classification of these species as “Least Concern” may
indicate that locating them in their natural habitat is
easier, thus promoting their ecological study, surpassing
the species classified as “Critically Endangered”.
Notably, the United States and Canada dominate re-
search in the genus, which could be explained by the
fact that they have a solid and well-funded scientific
infrastructure, including laboratories equipped with
state-of-the-art technology. This allows them to conduct
more advanced research with greater frequency. The case
of Ambystoma’s regenerative capacity, especially the
A. mexicanum, has captured the interest of studies in
biomedicine and genetics, areas in which the United
States has traditionally led. In addition, funding is a
determining factor in scientific productivity. In the Uni-
ted States, multiple agencies fund research projects in
biological and ecological sciences. This access to resou-
rces allows researchers to sustain long-term projects on
Ambystoma, generating a steady volume of publications.
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Scientific collaboration networks: A co-authorship
analysis

The lack of strongly connected researchers outside
their immediate circles suggests that while they publish
prolifically and even on similar species, their collabora-
tions focus more on their group or institution, limiting
further synergy with other researchers globally. The re-
sults suggest that Mexican researchers do not maintain a
constant and lasting line of research on the genus Ambys-
toma. This affects the accumulation of publications over
time, making it difficult to stand out as the “most produc-
tive” authors. In the analysis of co-authorship networks,
it is evident, as in the case of USA scientists, that there
is no strong collaboration between Mexican and foreign
scientific groups. The lack of international collaborations
could limit the visibility of Mexican researchers in multi-
center studies, which tend to generate more high-impact
publications.

A similar case reported for the crustacean genus Ma-
crobrachium (Chong-Carrillo et al., 2018) in which co-
authorship networks reveal similar concentrations of
research activity in certain regions (India, Brazil and the
United States) and species: Macrobrachium rosenbergii
(De Man, 1879), Macrobrachium nipponense (De Haan,
1849) and Macrobrachium amazonicum (Heller, 1862).
Although local co-authorship networks are strong in
these countries, international collaborations are scarce.
However, for this genus, some authors have maintained
their relevance for several years and have established
solid and continuous collaboration networks over time,
which is crucial for the sustainability and evolution of
studies in this field.

The most studied species are those of particular in-
terest to humans, while endangered species that do not
have desirable characteristics for research have been
largely neglected.

Silva (2019) conducted a scientometrics study for all
amphibian and reptile species using the Web of Science
database. He reported that A. mexicanum had the highest
number of publications, although A. maculatum surpas-
sed A. mexicanum in the study area of biodiversity and
conservation. These results are similar to those found in
this study despite using different databases.
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CONCLUSIONS

The study of A. mexicanum has become one of the most
prolific research areas within the genus Ambystoma. This
approach has not only allowed significant advances in
understanding its biology and ecology. However, it has
also positioned this species as an important model in stu-
dies of regeneration and development, which is crucial
for fields such as biomedicine and genetics.

Researchers in the United States stand out as the lar-
gest producers of research on the genus Ambystoma.
This leadership reflects a robust scientific infrastructure
and a continued interest in research on native species,
which has generated many high-impact publications in
the last decade.

Analysis of co-authorship networks and institutional
affiliations reveals insufficient international collabora-
tion. The lack of synergy between institutions in different
countries impedes the flow of knowledge and resources
that could significantly enrich research. This situation
is of particular concern in a global context where colla-
boration is key to addressing scientific and conservation
challenges that transcend national boundaries.

A lack of continuity has been identified
in long-lived lines of research, especially in the case of
less-studied species. This discontinuity truncates the
long-term research development essential for a deep and
comprehensive understanding of the Ambystoma genus.
The lack of a sustained focus on less explored areas may
lead to missed opportunities for important discoveries
and weaken the ability to respond to new environmental
or biological threats affecting these species.

It is crucial to diversify research efforts to include a
more significant number of species within the genus
Ambystoma. Encouraging studies on less researched
species will allow for a more complete understanding
and help develop more effective conservation strategies.
To overcome current limitations, it is essential to foster
international collaboration, facilitating the participation
of researchers from diverse regions of the world. This will
improve the quality of research and help create more
robust and resilient networks of knowledge.

Implementing policies and programs that promote
continuity in research is essential to ensuring that ad-
vances in the study of the genus Ambystoma are not
interrupted. This includes supporting long-term research
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in emerging and less explored areas, which is critical for
sustained scientific knowledge advances.

These findings underscore the need for a more balan-
ced and collaborative research strategy that builds on
existing strengths and effectively addresses identified
weaknesses. Such an approach will allow significant
insights into understanding the genus Ambystoma and
a broader and more lasting impact on amphibian biology
and conservation in general.
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