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Abstract

Otoliths serve as biogenic archives that reveal age, growth, habitat shifts, and environmental histories
of fishes. We analyzed 94 years of eel otolith research (374 Scopus-indexed papers, 1930-2023) and
visualized co-authorship and keyword networks with VOSviewer. Output rose sharply after 2000,
dominated by Japan (26%), Taiwan (12%), and France (11%), forming dense clusters of collaboration
among Japan, Taiwan, France, and North America. Research themes progressed from early age and
growth studies to otolith microchemistry, migration and recruitment dynamics, and, more recently, to
conservation, contaminants, and climate change. Core keywords (“otolith,” “age,” “growth,”
“migration”) persist, with newer emphases on phenotypic plasticity and restoration. Tropical
anguillids remain underrepresented relative to temperate species, non-anguillid eels appear
sporadically, and several life stages—especially leptocephali and yellow eels—are unevenly studied.
This synthesis benchmarks global eel otolith scholarship and identifies priorities for cross-regional
collaboration and conservation-linked research.

Keywords: Anguilla, eels, otolith, microchemistry, Scopus, VOSviewer

Introduction Their accretional chemistry and microstructure
Otoliths are calcium carbonate structures in the integrate temperature, salinity, and physiological
teleost inner ear that are involved in balance and  state, enabling age and growth estimation and
hearing, and they contain a finely resolved retrospective reconstruction of habitat use and
archive of growth and environmental conditions. movement (Arai 2022, Arai et al. 2017,
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Campana 1999, Podda et al. 2023, Kern et al.
2017). Among eels, otolith analyses have
illuminated ageing, migration, and life-history
diversity across larval leptocephalus, glass eel,
elver, yellow, and silver stages (Durif ef al. 2020,
Kita et al. 2020, Silm et al. 2017, Arai et al.
2018, 2020, Arai & Chino 2022a, Kuroki et al.
2014, Lin et al. 2015, Arai et al. 2017, Milosevi¢
et al. 2021). Anguillid eels undertake long
marine spawning migrations and support
culturally and economically important fisheries
in East and Southeast Asia and beyond (Osmaleli
et al. 2023, Williamson et al. 2023, Han et al.
2019, Kaifu et al. 2014). Yet populations have
declined under the combined pressures of
overexploitation, habitat modification, barriers,
pollution, and climate variability, prompting
protective measures and intensifying the need for
robust life-history evidence to guide conservation
(Denis et al. 2022, Durif et al. 2023, Han et al.
2019, Kaifu et al. 2014, 2018, Otake et al. 2019,
Rohtla et al. 2021, Shirai et al. 2018).

Prior syntheses have reviewed otolith
methods and eel biology but have not mapped
how the field itself has evolved through time
(McCleave 2008, Starrs et al. 2014, Durif et al.
2023). Bibliometric analysis offers that lens: by
quantifying publication and citation dynamics,
collaboration networks, and co-occurring
keywords, it reveals the discipline’s intellectual
structure and emergent fronts (Ilmasari et al.
2022, Sahabudin et al. 2024). Because “eel” is
used broadly in the literature, we clarify the
scope. Our analysis centres on anguillid eels,
while acknowledging relevant otolith studies on
marine eels in Congridae and others where they
intersect with migration and life-history
inference (e.g., Conger conger, C. myriaster)
(Mati¢-Skoko et al. 2012, Bae et al. 2018, Mu et
al. 2018, 2021, 2022). We also situate this work
alongside regional otolith bibliographies that
span multiple fish taxa, including Southeast
Asia’s growing use of otoliths for research
(Calizo et al. 2023). Here we compile Scopus-
indexed eel-otolith publications (1930-2023) and
apply standard bibliometric and network
visualizations to: 1) quantify temporal growth &
geographical distribution of research; 2) identify
leading journals, institutions, and authors; 3) map
international co-authorship; and 4) track thematic
evolution using keyword co-occurrence. We use
these patterns to highlight persistent knowledge
gaps and conservation-relevant opportunities at
the intersection of otolith science, eel life
histories, and environmental change.
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Materials and methods

Data collection and search strategy. We
retrieved bibliometric records from Scopus on 22
July 2024 using the query TITLE-ABS (otolith)
AND TITLE-ABS-KEY (eel OR elver),
restricted to journal articles published from 1930
to 2023 (Source type: journals; Document type:
articles). The initial search returned 388 records.
We then excluded reviews and bibliometric
papers with an additional filter (AND NOT
review and AND NOT bibliometric), yielding
383 research articles. Titles and abstracts were
screened to retain studies explicitly addressing
eel otoliths, resulting in a final dataset of 374
articles. The complete dataset was exported in
CSV format with citation details, bibliographic
information, abstracts, author keywords, and
related metadata. The workflow is summarized in
Sup. Fig. 1. Scope was not limited
taxonomically: studies on anguillid eels and
other eel taxa (e.g., congrid and moray eels) were
eligible if otoliths were a primary focus.

Data processing and bibliometric mapping.
We computed annual publication output and
productivity by country, institution, author,
journal, and subject area in Microsoft Excel 365.
Network analyses were conducted in VOSviewer
v1.6.18. We generated two maps: (1) country co-
authorship and (2) author-keyword co-
occurrence. For the co-authorship map, countries
with at least three publications were included (27
countries met the threshold). Link strength
represents the number of jointly authored
publications between country pairs; node size
reflects publication volume. For the keyword
analysis, author keywords were standardized
using a synonym list (e.g., “otoliths,” “otolith
microchemistry,” “otolith  microstructure,”
“otolith Sr:Ca ratio” consolidated as “otolith”). A
minimum co-occurrence of three was applied,
producing a network of 90 keywords. We used
overlay visualization to display the average
publication year of keywords and examined
thematic evolution across four non-overlapping
time slices: 1930-2000, 2001-2008, 2009-2016,
and 2017-2023. Visualization conventions
followed VOSviewer defaults: node diameter
denotes  prominence, inter-node  distance
indicates association strength, and thicker edges
reflect greater link strength.

Results

Scope of the bibliometric dataset. Unless
otherwise noted, “eels” refers to anguillid eels
(Anguilla spp.), which dominate the dataset. A
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smaller subset of records concerns conger eels
(Congridae) and, rarely, morays (Muraenidae)
and ophichthids; this breadth is visible in the
keyword networks where Conger conger and C.
myriaster appear at low frequency.

Trends in otolith publications. After sporadic
publications in the 1930s and a long hiatus until
1962, output remained low through the 1970s,
rose modestly in the 1980s, then doubled from
2000-2010. Over the last 13 years, publication
volume stabilized at roughly 15 papers annually
despite the COVID-19 period (Fig. 1). The topic
has been addressed in 42 countries; Japan leads
with 26.2% of papers, followed by Taiwan
(11.5%) and France (10.7%), with the United
States and Canada each contributing 6.4%. New
Zealand and Germany contribute ~4% each, Italy
and Portugal ~2.9% each, and China 2.4%.

Most productive journals. Across 107
journals, publication is highly skewed: 81.3% of
outlets published fewer than 10 papers. The
Journal of Fish Biology ranks first (43 papers,
11.5%), followed by Marine Ecology Progress
Series (30, 8%) and Marine Biology (26, 6.9%).
Marine Ecology Progress Series leads in citations
(2436), ahead of Marine Biology (1184). Among
the top 10 outlets, Estuarine, Coastal and Shelf
Science has the highest 2023 CiteScore (5.6)
despite only nine papers (Table 1). Six publishers
appear in the top 10, with Springer Nature
contributing three journals.

e Japan mem Taiwan France

25

Subject areas. Sixteen subject areas are
represented, dominated by Agricultural and
Biological Sciences (332 papers). Environmental
Sciences (127) and Earth and Planetary Sciences
(58) follow, with smaller contributions from
Biochemistry/Genetics/Molecular Biology (11)
and Multidisciplinary (8). The share of
Agricultural and Biological Sciences exceeded
50% each decade, peaking in the 1990s (64.3%)
and declining to 51.9% in the 2020s.
Environmental Sciences peaked in the 2000s
(27.8%), while Earth and Planetary Sciences
grew to 15.6% in the 2020s (Sup. Fig. 2).

Institutions. One hundred and sixty
institutions contributed, including 107 academic
organizations (non-academic agencies excluded).
The University of Tokyo leads with 96 papers
(25.67%), followed by National Taiwan
University (58, 15.5%). Academia Sinica
(Taiwan) and its Institute of Earth Sciences
contributed 32 and 31 papers, respectively.
Université de Perpignan Via Domitia (France)
produced 18 papers; the Institute of Freshwater
Research (China), Kyushu University (Japan),
and Bedford Institute of Oceanography (Canada)
each produced 13; the Institute of Oceanography,
NTU (Taiwan), 13; and University of Porto
(Portugal) 11 (Sup. Table 2). Average citations
per paper are highest for the University of Tokyo
(103), followed by National Taiwan University
(77.3), Academia Sinica (67.8), and IES (66.9).
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Figure 1. Annual publications on eel-otolith research, 1930-2023. The dots and line are cumulative

publications
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Authors. The most prolific authors over 94
years are largely based in Japan and Taiwan
(Sup. Table 3). Tsukamoto, K. leads (62 papers;
author h-index 65), followed by Tzeng, W.N.
(50, h-index 39) and Arai, T. (48, h-index 39).
Jessop, B.M., is the only non-Asian author
among the top 10. The clustering of five
University of Tokyo-affiliated authors underlines
that institution’s centrality. In Taiwan, National
Taiwan University and Academia Sinica anchor
productivity.

International collaboration. Co-authorship
mapping identifies 31 collaborating countries
across Asia (9), Europe (14), the Americas (3),
Africa (1), and Oceania (2) (Sup. Fig. 3). Japan is
the principal hub, collaborating with 18 countries
and co-authoring 116 papers. Its strongest links
are with Taiwan (58 papers), France (50), the
United States (39), Canada (34), Germany (22),
and New Zealand (20), with additional ties to
Indonesia (10), Brunei Darussalam (9), Malaysia
(5), and Vietnam (3). Taiwan places second (58
multi-country papers, 15 partner countries), and
France third (50 papers, 15 partners), including
ties to Indonesia. Strong Japan—France and
France—Canada links are evident.

Keyword  structure. From 683 author
keywords, data cleaning, and a >3-occurrence
threshold we derived 90 terms (Sup. Fig. 4).
“Otolith” is the central term (143 occurrences; 50
links). “Growth” (55, 40 links), “migration” (47),
and ‘“age” (41, 31 links) form the main
conceptual axis, connecting life-stage terms
(leptocephalus, glass eel, elver, yellow eel, silver
eel). Species terms are frequent for Anguilla
Jjaponica (48), A. anguilla (46), A. rostrata (17),
A. australis (10), A. dieffenbachii (8), A.
marmorata (7), with lower counts for Conger
conger (7) and Conger myriaster (3). “Sr:Ca
ratio” (24, 22 links) connects strongly with

“migration,” “salinity,” and ‘“environmental
history,” reflecting the wuse of otolith
microchemistry in  habitat reconstruction.

Conservation-adjacent terms occur at low but

rising frequency: “endangered species” (3, 9

links), “conservation,” “stocking,” “stable

isotope,” “spawning,” and “LA-ICPMS.”
Temporal evolution of topics (1930-2023).

We divided publications into four periods to

track topic shifts.

e 1930-2000: A phase of limited research with
15 keywords. Work centered on age, growth,
and early life stages, especially elvers, and on
a narrow set of species (4. dieffenbachii, A.
australis, A. anguilla, A. japonica).
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Temperature and strontium emerged as early
process-oriented terms.

e 2001-2008: Rapid expansion. New terms
included habitat, life history, Sr:Ca ratio,
recruitment, reproduction, and environmental
history. A. marmorata and A. rostrata entered
the record; attention to leptocephalus and
glass eel stages increased, and otolith
chemistry became a mainstream tool for
reconstructing catadromous movements
across marine, estuarine, and freshwater
habitats.

e 2009-2016: Geographic and thematic
broadening. Tropical eels, especially A.
marmorata, gained prominence; ‘“‘stocking”
and “distribution” appeared; studies began
addressing  ecological risk  alongside
migration and growth. Silver-eel life stage
and management linkages strengthened.

o 2017-2023: Consolidation around
conservation. The vocabulary contracted but
added “conservation,” “spawning,”
“dispersal,” and “phenotypic plasticity,”
reflecting endangered listings and
management needs. Research continued to

emphasize A. anguilla and A. japonica while
retaining coverage of early life stages and
temperature-linked growth dynamics.

Notes on  taxonomic  breadth and
visualization. The keyword network confirms
that most studies address the Anguillidae, with
fewer papers on Congridaec and sporadic
references to morays and ophichthids, aligning
with the search strategy and field focus. Figure 1,
Sup. Figures 14, and Sup. Tables 1-3
summarize volume, venues, institutional and
author productivity, collaboration structure, and
the thematic landscape over time.

Discussion

Global publication dynamics and collaboration.
Eel-otolith research expanded steadily after the
year 2000 and remained resilient through the
COVID-19 years, with mean annual output rising
from roughly one paper per year pre-1980 to
about 15 per year in the last decade (Fig. 1).
Japan dominates the field by volume, authorship,
and network centrality, partnering with 18
countries and producing the most collaborative
publications; Taiwan is consistently second.
These leadership patterns mirror the species’
commercial importance in East Asia and a long-
standing institutional focus in both countries
(Sup. Fig. 3). Co-authorship mapping reinforces
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the centrality of Japan—Taiwan—France links and
shows ties spanning all five continents, with
especially strong Japan—Taiwan (58 papers) and
Japan—France (50) axes that anchor the global
network (Sup. Fig. 3). National share patterns in
the results underscore this picture: Japan
accounts for ~26.2% of all publications, followed
by Taiwan (11.5%) and France (10.7%); the
United States and Canada each contribute ~6.4%
(Fig. 1). Institutionally, output is concentrated in
a few hubs led by the University of Tokyo and
National Taiwan University, with Academia
Sinica also prominent; average citation rates vary
widely across institutions, reminding us that
productivity and impact are not interchangeable.

High-cost  research  systems  contribute
disproportionately to highly cited work, but the
expanding  Southeast Asian  participation

indicates a diversifying base of expertise that can
enrich comparative and tropical perspectives.

Journals, subject areas, and access. Most
papers appear in fisheries and marine journals;
the Journal of Fish Biology is the most
productive outlet, while Marine Ecology
Progress Series leads in citations. Estuarine,
Coastal and Shelf Science carries the highest
recent CiteScore among the top outlets despite
lower volume, illustrating that journal impact and
topic productivity need not align (Sup. Table 1).
Across decades, Agricultural and Biological
Sciences remain the primary subject area, with
Environmental Science peaking in the 2000s and
Earth and Planetary Sciences growing in the
2020s (Sup. Fig. 2). English overwhelmingly
dominates the literature and only one-third of
papers are open access, even though several of
the most cited eel-otolith articles are openly
available, a pattern consistent with increased
visibility due to open access.

Conceptual focus and species coverage.
Keyword structure centres on “otolith,” tightly
coupled with “growth,” “age,” and ‘“eel,”
reflecting the method’s core applications in
ageing, growth back-calculation, and life-history
reconstruction. The network also links these
themes to life-stage terminology from
leptocephalus to silver eel and to movement
terms such as “migration,” “catadromous,” and
“recruitment,” consistent with otoliths’ value for
inferring environmental transitions (Sup. Fig. 4).
Data  processing  choices that merged
synonymous terms prior to mapping and set a
minimum co-occurrence threshold of three
helped consolidate a robust, interpretable
network from 683 raw keywords (reduced to 90).
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Sr:Ca profiles occupy a pivotal place in the
network and the narrative of the field: peaks near
the core reflect marine larval phases, while sub-
core trajectories separate lifetime histories of sea,
estuarine, and freshwater residence. Published
thresholds widely used in eel studies distinguish
sea residents (Sr:Ca > 6.0 x 107), estuarine
shifters (2.5-6.0 x 107%), and freshwater residents

(< 25 x 107, operationalizing habitat
reconstruction at individual and population
scales.

Temporal shifts in emphasis. The overlay
analysis clarifies a four-phase evolution. Early
work to 2000 concentrated on ageing and growth
and established microstructural reading at elver
and glass-eel stages. The 2001-2008 period
broadened to migration and habitat use, with
Sr:Ca analysis standardizing reconstructions
across A. japonica, A. rostrata, A. australis, and
A. dieffenbachii. From 2009-2016, the focus
expanded to tropical taxa, especially A.
marmorata, and introduced management-linked
terms such as stocking and distribution; the
literature also began treating ecological risk,
including pollutant burdens that covary with time
in marine or fresh waters. Since 2017, research
has increasingly emphasized conservation,
spawning, and phenotypic plasticity, topics now
occupying newer areas of the keyword network.
This shift marks a transition from descriptive
studies of eel biology toward management-
oriented and adaptive research addressing
environmental change.

Implications  for conservation and
management. The collaborative structure and
subject focus indicate that otolith science has
matured  from  method  validation to
decision-support for conservation. Stable-isotope
and trace-element tools, such as LA-ICP-MS,
now underpin discrimination between stocked
and naturally recruited cohorts, evaluation of
estuarine vs freshwater growth contributions, and
identification of migratory contingents that
disproportionately fuel reproduction. These
applications are visible in the shift toward
conservation-adjacent keywords and in results
sections linking restocking efficacy to habitat
connectivity and salinity history.

Network  centrality of  “migration,”
“catadromous,” and “recruitment” aligns with
current policy concerns about barriers,
escapement, and life-stage  bottlenecks,
emphasizing that microchemical chronologies
are most useful when paired with hydrological
and passage data.
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Open-access patterns also carry management
consequences. With only ~33.6% of eel—otolith
papers openly accessible, critical evidence for
agencies and local stakeholders can remain
functionally unavailable due to journal
subscription requirements; yet some of the most
influential articles in this domain are open,
reinforcing that widening access could accelerate
use of scientific findings in forming policy.

Limitations of the present analysis. As with
any bibliometric synthesis, inferences are shaped
by database and query design. Our bibliographic
analysis results are only from Scopus, restricted
to 1930-2023 journal articles returned by
TITLE-ABS queries and refined through
synonym merging and co-occurrence thresholds
in VOSviewer. These decisions, while deliberate
for consistency, can undercount regional outlets,
non-English literature, and grey reports, and they
weight fields unevenly by indexing practices
(Sup. Figs. 1-2, Fig. 1; Methods). The country
and institutional signals should therefore be
considered as the indexed activity rather than a
census of all work. Nevertheless, the internal
coherence of the collaboration and keyword
networks, together with convergence across
multiple figures and tables, suggests that the
major structural conclusions are robust.

Priorities going forward. Three gaps are
persistent. First, species and stage balance:
tropical anguillids and their yellow-eel phases
remain under-sampled for age, growth, and
movement analyses relative to A. anguilla and A.
Jjaponica; targeted Sr:Ca and isotope studies on
these taxa would correct geographic and
ontogenetic bias. Second, exposure biology:
pollutant-specific contrasts in organotin and
organochlorine burdens mapped onto otolith
chronologies need replication across basins and
species, with explicit links to growth reductions
and migratory success. Third, wuse in
management: otolith evidence should be
integrated into passage design, stocking efforts,
and basin-scale connectivity planning, with
transparent tests of whether restocking returns
reproductive value or simply relocates mortality
risk. Collectively, these directions align with the
field’s current trajectory from descriptive
chronologies to mechanistic, management-
relevant reconstructions of eel life histories. By
leveraging the global network illustrated here
and by increasing access to high-value datasets,
otolith science can continue to sharpen
conservation strategies for anguillid eels under
accelerating environmental change.
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