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Abstract

Glass sponges (Porifera: Hexactinellida) have been the subject of scientific investigation
for over two centuries, yet the temporal and thematic structure of this research effort
has never been quantitatively evaluated. Here, we assessed taxonomic activity, geo-
graphical and bathymetric coverage, and keyword trends extracted from the indexed
literature. We found two different periods of intense taxonomic activity occurring in the
late 19th century and early 20th century, and then following World War II, with a steady
increase in currently indexed publication output following the establishment of the mod-
ern peer-review system. However, research has been disproportionately concentrated
on mesophotic and bathyal depths, whereas shallow and abyssal glass sponges have
received comparatively little attention, while hadal records remained largely confined to
the non-indexed literature until very recently. Furthermore, we found a decline in the
number of active experienced glass sponge taxonomists, with few new experts being
trained. This mismatch occurs as abyssal and hadal environments become increasingly
accessible, potentially constraining our ability to adequately study the taxonomy and
ecology of ultra-deep glass sponges.

Keywords: Bibliometrics; deep sea; bathymetry; taxonomy; abyssal; hadal; co-occurrence
network

1. Introduction
Few animal groups share the long evolutionary history and ecological importance

of the phylum Porifera Grant, 1836. One of the four classes of the Porifera, glass sponges
(Hexactinellida Schmidt, 1870 [1]), are characterized by a unique syncytial tissue or-
ganization, with a siliceous skeleton composed of spicules with a six-rayed, triaxonic
symmetry [2,3]. The class is mostly represented by deep-sea species, being one of
the most abundant and diverse megabenthic groups below in deep environment [4,5].
Nonetheless, few glass sponge assemblages are present in a limited number of shallow
locations: British Columbia, submersed caves in the Mediterranean (France and Croa-
tia), fjords in southern New Zealand, and coastal Antarctica [5–9]. These habitats are
generally characterized by cold-water conditions, and only a few glass sponge species
are currently known to form reefs in such coastal environments [10,11]. Our knowl-
edge of their global distribution remains fragmented [4], but continues to improve with
increasing deep-sea exploration.

The classification of glass sponges has traditionally relied on the subdivision into
two subclasses, Hexasterophora Schulze, 1886, and Amphidiscophora Schulze, 1886, de-
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fined by differences in their siliceous skeletal components, namely spicules, and in particu-
lar in the microscopic components, the microscleres [2]. Hexasterophora are characterized
by the presence of star-shaped microscleres called hexasters, while Amphidiscophora
lack hexasters and instead possess a distinct microsclere type known as amphidiscs [2]
although exceptions occur and some hexasterophoran genera may also exhibit amphidisc-
like microscleres [12,13]. Molecular phylogeny mostly supports the traditional Linnaean
classification [14,15], but it also revealed uncertainties at multiple taxonomic levels, includ-
ing the status of several high-level ranks. An emblematic case is represented by dictyonal
skeletons, which appear to have evolved multiple times across independent lineages, and
several traditionally recognized taxa are non-monophyletic [16,17]. These findings have
prompted substantial revisions of the higher classification of Hexactinellida, including the
resurrection of the order Sceptrulophora Mehl, 1992 [17,18]. Over the period covered by
our bibliometric survey, glass sponge systematics has shifted from a pure morphology-
and spicule-based approach towards integrative taxonomy, combining morphological and
molecular evidence [16,19,20].

Significant discoveries have continued to reshape our understanding of the group
and our ability to study them, with shallow and easily accessible glass sponges from
British Columbia and France that allowed us to acquire baseline knowledge about the
larval stage, physiology, ecology, and genomics of the class [21–25]. Despite these
progresses, substantial knowledge gaps persist in the biogeography and physiology of
the class. The deep sea remains one of the least sampled environments on Earth, resulting
in major regional coverages between the Northern and Southern Hemispheres [26,27]
and between oceans (i.e., very few data from the Indian Ocean [28]). Many aspects
of glass sponges’ life cycle remain unknown and are inferred from shallow, accessible
species, particularly about reproductive and larval stages, with information about post-
larval early stages and settlement in the deep sea being scarce and fragmented, and
totally absent for Amphidiscosida [25,29]. These limitations complicate attempts to
generalize biological and ecological patterns across the class, and even more so across
depth gradients, as very little information exists for deeper records of glass sponges in
the hadal zone [30,31].

Previous syntheses remain fundamental for understanding Hexactinellida, but they
addressed different objectives from those of the present review. Reiswig [29] provided a
taxonomic and systematic reassessment of the class after more than a century of study, while
Leys et al. [3] reviewed the broader biology of glass sponges, including their morphology,
physiology, ecology, distribution, and abundance. However, these works were not designed
to quantify how research effort on glass sponges is distributed across bathymetric zones,
oceans, taxonomic groups, or research themes.

Here, we use a bibliometric and bathymetric framework to assess how glass sponge
research has developed over time, how published studies are distributed across oceans and
depth zones, and which research themes remain most represented or underrepresented.
We also evaluate taxonomic effort through patterns of species description and authorship.
By doing so, we assess whether recent advances in deep-sea exploration, molecular system-
atics, and image-based surveys have reduced historical bathymetric and thematic biases
in Hexactinellida research, or whether knowledge of the class remains concentrated in
particular depths and research areas.

2. Materials and Methods
2.1. Software and Packages List

Analyses were performed with a combination of VOSviewer (ver. 1.6.20 [32]) and
RStudio (ver. 2025.09.1+401) as an IDE for R [33]. All code is publicly available on
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GitHub (https://github.com/MUDSRC/BibliometricAnalysis (accessed on 30 June
2026). We used the following packages in R: bibliometrix (ver. 5.1.1; [34]); dplyr (ver.
1.1.4; [35]); forcats (ver. 1.0.1; [36]); ggplot2 (ver. 4.0.0; [37]); lubridate (ver. 1.9.4; [38]); purrr
(ver. 1.1.0; [39]); readr (ver. 2.1.5; [40]); readxl (ver. 1.4.5; [41]); rlang (ver. 1.1.6; [42]); stringr
(ver. 1.5.2; [43]); tibble (ver. 3.3.0; [44]); tidyr (ver. 1.3.1; [45]); tidytext (ver. 0.4.3; [46]);
tidyverse (ver. 2.0.0; [47]); worrms (ver. 0.4.3; [48]).

2.2. Taxonomic Effort Evaluation

The R package worrms was used to extract a list of all accepted taxa within the class
Hexactinellida (Aphia ID = 22612) from the WoRMS (World Register of Marine Species)
database via its API. The resulting CSV file contained all taxonomic ranks from class to
species (Supplementary Material Table S1), along with AphiaID, authorship, and year of
description. Subfamilies and subgenera were manually added, but no subspecies were
retrieved [49], given the current lack of molecular studies on infraspecific taxa in glass
sponges. The year of description of each single species was extracted to visualize the
taxonomic effort over the years.

2.3. Bibliometric Analyses

Metadata of the relevant scientific literature was downloaded from Scopus (https:
//www.scopus.com/pages/home (accessed on 12 October 2025) and Web of Science
(WoS; https://www.webofscience.com/wos/woscc/smart-search (accessed on 12
October 2025) repositories in October 2025. The original query used was: “hexactinellida
OR hexactinellid OR hexactinellids OR (glass AND sponge) OR (glass AND sponges).”
However, the terms (glass AND sponge) and (glass AND sponges) returned numerous
articles from the medical field (e.g., silicosis, lung diseases) and materials science (e.g.,
glass and sponge-like materials), which were largely unrelated to the intended topic.
After exporting all available fields, the two datasets were imported into Microsoft
Excel as two separate CSV files. The two were then merged with Biblioshiny, from the
R package Bibliometrix [34].

Because the dataset was retrieved exclusively from Scopus and Web of Science, publica-
tions not indexed in these databases could not be systematically recovered. This particularly
affects older publications, monographs, expedition reports, and papers published in spe-
cialized or historical journals that are not indexed or are only partially indexed in these
repositories. Given the database-based nature of the bibliometric dataset, we did not manu-
ally add non-indexed sources in order to maintain a reproducible and internally consistent
search strategy.

The combined dataset was manually refined by removing documents that were ir-
relevant to the topic based on titles and abstracts; papers were retained if they included
any glass-sponge-related content (sponge- or deep-sea-related sources with no mention of
glass sponges were excluded). Papers focused on other sponge classes (e.g., Demospongiae
Sollas, 1885, Calcarea Bowerbank, 1862) were kept only when they provided ecological, tax-
onomic, or comparative context relevant to glass sponges, and similarly for the description
of hexactinellid-associated fauna.

For the manually refined dataset, each paper was screened for bathymetric, ge-
ographical, and topical information. When a paper reported a sampling depth or
depth range, it was assigned to one or more bathymetric zones, defined as: shallow
(<50 m), mesophotic (51–200 m), bathyal (201–3000 m), abyssal (3001–6000 m), and
hadal (>6000 m). Depth was assigned based on the depth at which the study was
conducted or where the samples were collected. If no depth or bathymetric range
was mentioned, no bathymetric zone was assigned. This included generic papers,
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biomimetic studies, reviews, phylogenetic studies, methodological papers, biochemi-
cal studies, and paleontological studies.

Similarly, each paper was assigned to one or more geographical regions: North Pacific
Ocean, South Pacific Ocean, North Atlantic Ocean, South Atlantic Ocean, Indian Ocean,
Southern Ocean, and Mediterranean Sea. Paleontological studies were not assigned to
a geographical region, as geographical assignment was reserved for studies involving
living specimens, recent samples, or direct field observations. Basin-focused studies were
assigned to the closest major oceanic region; for example, studies located on the Atlantic
side of the Arctic Sea were assigned to the North Atlantic Ocean.

Each paper was also assigned to one or more broad topic categories: biology and
taxonomy, ecology, paleontology, and biotechnology. These categories were defined based
on the main clusters identified in the keyword co-occurrence network. In the bathymetric,
geographical, and topic classifications, papers assigned to more than one category were
fractionally weighted across the relevant groups, so that each paper contributed a total
weight of one within each classification scheme.

Data cleaning was performed in R to correct synonyms and misspellings in key-
words using a custom normalization dictionary developed for this study. Both author
keywords and index keywords were extracted from each paper, merged, and standardized
by removing irrelevant terms and harmonizing variants (e.g., plural/singular, hyphen-
ation, multi-word inconsistencies). Special characters (accents, diacritics, etc.) were tem-
porarily removed to avoid character-encoding issues during processing and restored after
the analysis.

Biblioshiny was used to analyze the cleaned dataset, annual scientific production,
and publications per journal. The analysis of keyword co-occurrence was performed in
VOSviewer with the cleaned dataset. Both author and index keywords were used with a
full counting method. Only keywords with at least 10 occurrences were included in the
final network. The network was generated using association strength as a normalization
method (to improve cluster separation and readability), with attraction and repulsion
values set to 2 and 0, respectively. Clustering was performed with a resolution of 1.00,
and the minimum cluster size was set to 1. We produced a standard co-occurrence net-
work visualization and an overlay visualization where the color of each node represents
the average publication year for that specific keyword, ranging from blue (old topics) to
yellow (emerging topics).

3. Results
3.1. Taxonomic Effort

As of November 2025, the World Porifera Database [50] lists a total of 710 accepted
species of glass sponges. The current classification consists of two subclasses,
four orders (plus “Hexasterophora incertae sedis”), 19 families (with seven sub-
families), and 126 genera (with 26 subgenera). Figure 1 presents the number of
species described per year and the cumulative taxonomic effort over 191 years.
One-hundred four researchers participated in taxonomic descriptions. Franz Eih-
lard Schulze (1840–1921) was the primary taxonomist for the class and described
147 species. The ten most prolific contributors to taxonomy were Franz E. Schulze
(Germany, 147 taxa), Konstantin Tabachnick (Russia, 117), Henry M. Reiswig (Canada,
94), Isao Ijima (Germany, then Japan, 92), Claude Lévi (France, 66), Michelle Kelly
(New Zealand, 49), Dorte Janussen (Germany, 36), Emile Topsent (France, 34), Robert
Lendenfeld (Austria, 33), and Larisa Menshenina (Russia, 26).
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Figure 1. Number of species described per year (in blue) and consequential cumulative number of
species described (in red) for the class Hexactinellida.

3.2. Bibliometric Analyses

Our combined database searches returned 1903 records. Manual refinement reduced
this number to 931 relevant records, which formed the basis for the study-effort classification
and were successfully imported into Biblioshiny. The Biblioshiny “Main Information” table
was used to provide descriptive summary statistics (Table 1). The documents span the
period 1876–2025 and were published across 331 sources. Articles, including records jointly
classified as articles and other document types, represented 817 records (87.8%), while reviews
accounted for a further 63 records (6.8%). The remaining records included book chapters,
books, conference and proceedings papers, corrections, editorials, letters, notes, meeting
abstracts, news items, short surveys, and 13 documents without an assigned category. A
total of 2525 authors contributed to the database, with an average of 4.72 co-authors per
document and an international co-authorship rate of 43.82%. Seventy-two authors produced
103 single-authored documents. The dataset had an annual publication growth rate of 2.24%,
a mean document age of 15.1 years, and an average of 29.78 citations per document.

Table 1. Main descriptive information of the bibliographic collection analyzed obtained from Biblioshiny.

General Metadata

Timespan 1876:2025
Sources (Journals, Books, etc) 331

Documents 931
Annual Growth Rate % 2.24
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Table 1. Cont.

Document Average Age 15.1
Average citations per doc 29.78

Documents Information

Keywords Plus (ID) 2944
Author’s Keywords (DE) 2243

Authors Information
Authors 2525

Authors of single-authored docs 72

Authors Collaborations

Single-authored docs 103
Co-Authors per Doc 4.72

International co-authorships % 43.82

Documents category

not assigned 13
article 773

article; book 1
article; book chapter 15
article; early access 1

article; proceedings paper 27
book 2

book chapter 13
conference paper 3

correction 4
editorial material 4

erratum 1
letter 1

meeting abstract 1
news item; early access 1

note 2
proceedings paper 5

review 58
review; book chapter 5

short survey 1

The overall trend shows an increase in publications on the topic, reaching a maximum
in 2013 with 38 documents (Figure 2). Some early documents published by Clarke [51],
Sollas [52,53], and Hinde [54] were outliers in our indexed database: they appeared much
earlier than all the others, so they were removed to focus the analysis on the period of
sustained indexed publication growth. Excluding these, the main publication period
(1962–2025) has an average annual output of 17.5 papers (SD = 15.7, median = 12). After
2005, the number of indexed publications per year remained consistently above 20, and
after 2012 above 30 (excluding 2025, not concluded at the time of the analysis).

The top three journals by number of publications were the Journal of Paleontology
(42 documents), Zootaxa (40), and Frontiers in Marine Science (33) (Figure 3). Other notable
journals included Deep-Sea Research Part I: Oceanographic Research Papers (24), the Journal
of the Marine Biological Association of the United Kingdom (22), Marine Ecology Progress Se-
ries (22), Deep-Sea Research Part II: Topical Studies in Oceanography (16), Palaeogeography,
Palaeoclimatology, Palaeoecology (13), PLoS One (12), Marine Biodiversity (10), and PeerJ (10).
Thirty-five sources published between five and ten papers, while 283 published fewer
than five.

https://doi.org/10.3390/oceans7040068

https://doi.org/10.3390/oceans7040068


Oceans 2026, 7, 68 7 of 26

 
Figure 2. Annual number of publications; blue line represents the overall trend over the years; red
vertical line marks the start of the COVID-19 pandemic.

 

Figure 3. Rank−frequency distribution of major journals (with more than 5 publications), highlighting
the top three journals for the number of publications in our dataset.
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3.3. Study Effort
3.3.1. Bathymetric Range

Of the 927 sources in the manually refined list, we were able to assign a bathymetric
range to 366 of them (39%) (Figure 4A). Studies in the bathyal zone comprised almost
half of the assigned papers (165.9) and showed a notable increase before the COVID-19
pandemic, making this the most abundant depth category. Mesophotic studies started
early in the timeline and remained consistently the second most represented depth range
(94.6 studies), followed by abyssal (66.9). Studies in shallow waters (including those
mentioning glass sponges in marine caves) accounted for 36.6 papers. Only three studies
covered or mentioned hadal glass sponges.

 

Figure 4. (A) Occurrence of publications partitioned by bathymetric zone, including “Not assigned”
papers. (B) Violin plot showing the number of publications per year across bathymetric zones. Darker
colors represent deeper zones.

Temporal patterns differed among bathymetric zones (Figure 4B). Mesophotic studies
appeared earliest in the dataset and remained present across most of the publication
timeline. Bathyal studies became especially frequent after the 2010s, forming the most
represented bathymetric category overall. Abyssal studies also increased mostly in recent
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decades, although they remained less represented than bathyal studies. Shallow-water
records were more scattered through time, maintaining a low presence, while hadal glass
sponge studies appeared only after 2019.

3.3.2. Geographical Area

Of the 927 papers in the manually refined list, we were able to assign a geographical
area to 329 of them, while 604 papers (65.2%) did not contain sufficient geographical
information for assignment (Figure 5A). Among the assigned publications, the North
Pacific was the most represented region, accounting for 116.5 papers (12.5% of the full
dataset), followed by the North Atlantic with 83 papers (9%). The Southern Ocean was also
relatively well represented, with 49 papers (5.3%), while the Mediterranean Sea accounted
for 27 papers (2.9%). The Indian Ocean, South Pacific, and South Atlantic were less
represented, with 22.4 (2.4%), 17 (1.8%), and 11.2 papers (1.2%), respectively. Overall, the
geographical distribution of the literature was strongly skewed towards the North Pacific
and North Atlantic, whereas southern and Indo-Pacific regions remained comparatively
underrepresented; specifically, the North Atlantic and the North Pacific accounted for more
than 20% of the full dataset, and more than 60% of the studies that were geographically
assigned in our analysis.

 

Figure 5. Publications by geographical area. (A) Occurrence of publications partitioned by geograph-
ical area, including “Not assigned” papers. (B) Violin plot showing the number of publications per
year across the different geographical areas.
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The North Atlantic was the first region to appear in our dataset, followed by the
Southern Ocean and the Mediterranean Sea. The North Pacific appeared later, around 1990,
but registered a strong increase in publications after the 2010s (Figure 5B), becoming the
most represented geographical region overall. Publications from the Indian Ocean, South
Pacific, and South Atlantic were more temporally restricted and mostly concentrated in
recent decades.

3.3.3. Research Topics

The co-occurrence of 119 keywords that appeared at least ten times in the dataset was
mapped using VOSviewer. The network (Figure 6A) revealed four keyword clusters: a
central taxonomy-focused cluster (in yellow), an ecology cluster (red), a biotechnology
cluster (in blue), and a paleontology cluster (in green). The taxonomy cluster also includes
a few molecular and genomic-related keywords (“phylogeny”; “molecular phylogeny”; “se-
quence”), but it mostly groups strict taxonomic terms and sponge classes and orders (most
importantly, “hexactinellida”), with reference to Antarctica. The ecology cluster focuses
on deep-sea biodiversity and the ecology of the class. Prominent terms include “ecology”,
“deep-sea”, “diversity”, “biodiversity”, “Atlantic”, and to a lesser degree “Pacific”, along with
other benthic groups such as “corals” and a general “megafauna”. While the two previous
clusters are extremely well interconnected, the paleontology cluster has some notable links
to the taxonomy cluster, but the majority of nodes are within the cluster itself. This is
the consequence of three factors: the presence of “porifera” in the cluster; the presence
of geology-related terms (“lagerstatte”, “shale”); and study locations being no longer ma-
rine and not relevant to contemporary glass sponge science (“mountains”; the Chinese
province of Anhui; the Danish island of Bornholm). The biotechnology cluster, instead,
highlights long-term interest in spicules, silica biomineralization, protein expression, and
skeletal architecture in glass sponges. However, despite the number of studies focused
on the mechanical properties of Euplectella aspergillum Owen 1871, this species does not
emerge as a keyword in the network. Moreover, although genomic and molecular phy-
logeny terms are assigned to the taxonomy cluster, their spatial proximity to biotechnology
nodes suggests they function as a conceptual bridge between classical systematics and
biomineralization-focused research.

Overlaying the network by the average publication year (Figure 6B) revealed con-
trasting temporal patterns. Although the dataset used covers a period from 1960 to 2025,
the keywords’ average publication years are centered between 2010 and 2018. This mis-
alignment emerges from the strong increase in publications over recent decades, and the
average publication year captures the mean temporal distribution of specific keywords
instead of the historical origin; these two facts explain the strong skew towards 2010–2018.
Keywords in the taxonomy and paleontology clusters are spread across the entire temporal
span, indicating no clear temporal bias toward older or more recent research. Keywords
associated with the biotechnology cluster show earlier average publication years, suggest-
ing that this research focus was more prominent in earlier decades. Temporal patterns
indicate a declining interest in several species associated with the biotechnology cluster.
In particular, studies focusing on Rhabdocalyptus dawsoni Lambe, 1893, whose accepted
name is now Acanthascus (Rhabdocalyptus) dawsoni (Lambe, 1893) [21,55] and Monorhaphis
chuni Schulze, 1904 [56–58], reflect a concentration of influential studies published prior to
2010. Instead, Pheronema carpenteri (Thomson, 1869) remains a recurrent topic in the ecology
cluster, given the large number of studies that focus on this species [59–63]; however, its
average publication year (2015) is intermediate relative to other ecology-related keywords,
reflecting sustained research attention across multiple decades rather than a predominantly
recent focus.
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Figure 6. (A) Keyword co-occurrence network: biology and taxonomy cluster (yellow), ecology cluster
(red), biotechnology cluster (blue), and paleontology cluster (green). (B) Keyword co-occurrence
network with average publication year overlay; keywords with older average publication years
appear in violet, while more recent ones appear in yellow.

A more detailed analysis of the most common keywords revealed 45 “common key-
words” (frequency > 25) with a median value of 34 and a mean of 64.62 ± 99.65 (avg ± SD).
The three most common keywords were “Porifera” (538 occurrences), “Hexactinellida”
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(481 occurrences), and “Demospongiae” (109 occurrences) (Figure 7A). After the latter,
the number of occurrences dropped below 100, and after “British Columbia” below 50.
Temporal analysis (Figure 7B) shows that “Metazoa, “Hexactinellida, and “Porifera” are the
first keywords to appear in the dataset, followed by “Demospongiae” and “Rhabtocalyptus-
dawsoni”, and by the remaining other keywords shortly after. “Rhabtocalyptus-dawsoni” is
also the only keyword to disappear before 2020 without reappearing, in line with Figure 5B,
confirming a declining interest in this species.

 
Figure 7. Most common keywords (>25 occurrences). (A) Absolute frequency of keywords in the
dataset. (B) Violin plots showing the temporal distribution of each keyword across the time span
considered.

After dividing the sources according to the clusters from Figure 6, we found that
“Biology and Taxonomy” was the most represented topic, accounting for 385.2 publications
(41.4% of the full dataset) (Figure 8A). “Ecology” was the second most represented topic,
with 224.4 publications (24.1%), followed by “Paleontology” with 188.4 publications (20.3%).
“Biotechnology” had only 131.9 publications (14.2%), representing the smallest of the four
topic categories.

Temporal trends at the paper level broadly reflected the patterns observed in the key-
word analyses but provided a clearer overview of changes in research focus through time
(Figure 8B). Biology and taxonomy appeared earliest in the dataset and remained the domi-
nant research topic across the full timeline, with a strong concentration of publications after
2010. Ecology and paleontology also appeared early, but became more prominent mainly
in recent decades, particularly after the 2000s. Biotechnology showed a narrower temporal
distribution, with most publications concentrated after the 2000s and 2010s. Results from
Figures 6 and 8 confirm the centrality of taxonomy and organismal biology in indexed
glass sponge research. They also highlight a slight decrease in paleontological studies
after the 2010s, coinciding with a comparable increase in ecology-focused publications.
Biotechnology remained the most niche topic, with a rapid surge of interest between 2000
and 2010.
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Figure 8. Publications by topic. (A) Occurrence of publications partitioned by topic. (B) Violin plot
showing the number of publications per year across different research topics.

4. Discussion
Glass sponge science has historically focused on mesophotic and bathyal species.

While shallow and abyssal glass sponges have received increasing attention after the 2000s,
hadal glass sponges have been virtually absent from peer-reviewed publications pre-2022,
confined to expedition reports and monographs [12,64–66]. These kinds of sources also
represent the earlier way of publishing species descriptions, with taxonomy representing a
central pillar of glass sponge science, connecting biotechnology, ecology, and paleontology.
Today, however, the taxonomy of this group is at risk: few active specialists remain, and
fewer early-career researchers are being trained to replace them.

4.1. Taxonomic Effort

The taxonomic history of glass sponges is complex, with several species originally
described as members of other groups before the formal recognition of Hexactinellida as
a distinct taxon [29]. The first formally described living species later attributed to glass
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sponges is generally considered to be Hyalonema sieboldi Gray, 1835. An early attempt to
separate these sponges from other groups was made by Thomson [67] through his “Vitrea”
taxon, although this still included some lithistid demosponges. Only a few years later,
Schmidt [1] refined the concept of “Hexactinellidae”, helping to establish the modern
taxonomic concept of the class [29].

Taxonomy represents one of the core lines of research within glass sponge science. Our
analysis revealed two main periods of intense taxonomic activity: a huge number of species
descriptions from the 1880s to the 1930s (with a peak between 1880 and 1890), and from the
1990s to the present (Figure 1). The first increase likely reflects the expansion of deep-sea
exploration and classical taxonomic work during the late 19th and early 20th centuries.
In particular, the publication of major expedition reports, including Schulze’s treatment
of the Hexactinellida collected by H.M.S. Challenger, provided a large number of new
species descriptions from material collected during early deep-sea expeditions and early
works of Ijima [68–70]. The second increase, beginning around the 1990s, is probably
driven by a combination of renewed deep-sea sampling, increased accessibility of deep-sea
technologies, and the broader expansion of scientific publishing. Therefore, the recent rise
should not necessarily be interpreted only as a glass-sponge-specific trend, but also as part
of the wider growth in scientific output over recent decades.

After a highly productive early period when every new sampled glass sponge could
have easily been a new species, the mid-20th century witnessed a pronounced decline in the
description of new species. In contrast with the latter and today’s protocols, the majority
of these early descriptions come from monographs and expedition reports rather than
journals, as we can see in production from Franz E. Schulze [69,71], Isao Ijima [70,72–74],
Emile Topsent [75] and Robert von Lendenfeld [76]. However, it must be acknowledged
that many of these early descriptions are inadequate by modern standards, and holotypes
could be in very poor condition or even lost [77]. No new species were described during
the decade preceding the Second World War and for more than ten years after it ended.
Taxonomic publications resumed only with the exceptional revisionary contribution of
Claude Levi in 1964 [65]. This does not imply a total absence of expeditions following the
end of the war (as many of the pioneering deep-sea expeditions such as Galathea and Vityaz
began in the early 1950s). Rather, it highlights the consistent time lag between discovery
and publication, which can often be decades long. Today, the number of described species
continues to increase, driven largely by expeditions to previously unexplored or scarcely
sampled regions, such as Antarctica [78,79], the Clarion–Clipperton Zone [80,81], the Bering
Sea [82–84], and the Kuril–Kamchatka Trench [85,86].

Beyond historical fluctuations, glass sponge taxonomy is now affected by the “taxo-
nomic impediment” [87,88]. Identifying species already described is a slow process, usually
carried out by a limited number of experts or curators, but the capacity to describe new
species is even rarer and slower [77,89]. This challenge is amplified in the big data era, as
rapid molecular approaches contrast sharply with the slower pace of classical taxonomy.
However, at the current time and technological development, these new techniques are
not yet enough to describe a new species on their own [88,90,91], while crucial in cutting
costs in conservation and ecology. An example of this unalignment between classic taxon-
omy and new molecular techniques can be seen in the Hyalonema genus, which includes
121 accepted species but for which we have only 53 species-level sequences on GenBank
(www.ncbi.nlm.nih.gov/genbank (accessed on 30 June 2026)). Molecular techniques
coupled with taxonomical comparison over a high number of specimens could resolve the
monophyly of certain taxonomic ranks (e.g., the family Euretidae and the subfamilies of
Euretidae and Euplectellidae), as well as clarify the possible existence of subspecies within
Hexactinellida, long-standing and complex issues that are currently unresolved [19,49,92].
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Integrative taxonomy is a slow, expensive, but necessary process that should become the
norm in order to attract new talents into taxonomy with highly transferable skills [93,94].

The current population of glass sponge taxonomists is composed of scholars who are
approaching or have surpassed the age of retirement, leaving few young researchers to
inherit their expertise (pers. com). Only five of the ten most prolific taxonomists retrieved
are still alive: Konstantin M. Tabachnick, Michelle Kelly, and Larisa Menshenina, all of
whom remain professionally active, and Dorte Janussen and Claude Lévi, both retired.
This demographic imbalance highlights a critical generational gap in taxonomic expertise.
Species descriptions are typically published in highly specialized journals with low impact
factors (excluding the “Zootaxa” phenomenon), receiving limited attention outside their
niche [95,96]. When this limited visibility is combined with the extensive training required
to specialize in a particular group [97], taxonomy becomes less appealing to students, as
well as to funding bodies who favor applied hypothesis-driven science. As a result, taxon-
omy risks being regarded as a secondary research activity, with attention and resources
that will shift towards more popular topics [96]. Yet its importance remains fundamental.
Our findings from the co-occurrence network emphasized the close connection between
taxonomy, ecology, and paleontology. As Agnarsson and Kuntner [98] highlighted, tax-
onomy is a critical pillar of biological sciences; without it, the foundations of phylogeny,
ecology, and conservation biology are weakened, since each depends on accurate species
identification and classification.

4.2. Bibliometric Analyses

Our bibliometric analysis considers only the peer-reviewed literature properly in-
dexed in global databases and thus excludes the early pre-peer-review literature or highly
specialized niche works that were never digitally cataloged. This is important because
much of the foundational deep-sea literature, such as major 19th- and early 20th-century
expeditions (Challenger, Valdivia, Siboga, and the Galathea expeditions), was published
outside modern peer-review frameworks [99]. Oceanography and deep-sea research had
a major push from military interest in seafloor mapping and acoustics due to the Cold
War [100,101]; however, these military-driven surveys and expeditions did not have a
focus on biological sampling. The combination of a shift in the funding landscape towards
non-biological aimed expeditions and being at the beginning of the peer-review system
could explain why, even with a solid knowledge preceding the two world wars, glass
sponge science saw a renewed growth from the 1960s onwards. This phenomenon afflicts
both general glass sponge research, taxonomic descriptions, and palaeontological studies,
with the latter two slowly shifting from monographs to indexed publications.

During the years that followed, and particularly after the 1990s, with the introduction
of digital indexation (regarding this study, WoS introduced digital indexing in the 1990s and
Scopus in 2004), keyword analysis confirms the centrality of paleontology and taxonomy
in glass sponge research. This stable presence is confirmed by the prominence of journals
such as Journal of Paleontology and Zootaxa, which together published the largest number of
studies in our dataset.

4.3. Bathymetric Range

Glass sponges are deep-sea animals that have been mostly studied at mesophotic
and bathyal depths. These bathymetric ranges represent a compromise between depth
and accessibility, as they are located on or near the continental margin [102]. Shallow
waters are more accessible from a depth perspective, and glass sponges occur only in a
few cold-water locations or inside caves [3,7], which limits scuba-based investigations
and, consequently, the number of publications. Knowledge of abyssal glass sponges has
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increased in recent years, with a slow but steady rise in the number of publications. This
growth has been driven by advances in deep-sea technologies and the increasing number
of scientific expeditions conducted in international waters. Moreover, deep-sea-mining-
related studies, in particular in the Clarion–Clipperton Zone [80,81], strongly contributed
to the increased scientific interest in the Pacific abyssal zone.

In contrast, hadal glass sponges have received little attention, despite recent evidence
indicating far higher abundance and diversity than previously expected [31]. The historical
scarcity of hadal records for glass sponges is a direct consequence of technological limi-
tations and the geographical remoteness of most hadal zones. For most of the twentieth
century, biological research below 6000 m was constrained by extreme logistical, finan-
cial, and technical challenges [103]. As a result, depth-distribution patterns inferred from
the literature and biodiversity databases have been strongly biased toward bathyal and
upper abyssal zones, reinforcing the assumption that glass sponges are rare or marginal
components of hadal ecosystems. Therefore, their distribution remains poorly under-
stood, with this knowledge gap reflected in global biodiversity databases such as OBIS
(https://obis.org; accessed on 30 June 2026), which, for example, display only 6 glass
sponges deeper than 6000. Three of these records correspond to a single specimen, collected
during the second Danish Galathea expedition (1950–1952) at 6770 m depth northeast of
New Zealand and identified by Lévi (1964). The two remaining hadal glass sponges come
from the same region, are currently part of the NIWA Invertebrate Collection, and have not
yet been published in the peer-reviewed literature.

While only two sources have explicitly mentioned hadal glass sponges, they have
been sporadically reported in books and expedition summaries [12,64–66]. They mostly
consist of isolated observations, a few species descriptions, or anecdotal reports. Hadal
glass sponges appeared in our peer-reviewed collection only in 2022, being briefly observed
in the Java Trench [30]. A comprehensive assessment of known hadal glass sponges was
published only later [31], extending the depth range of the class to beyond 7000 m and
documenting 31 new morphotypes from a variety of hadal regions, based on more than
120 directly observed specimens. Whether there is a bathymetric or an environmental
gradient that glass sponges cannot pass remains an unanswered question for the future.
With only three species formally described from the hadal zone (Caulophacus (Caulophacus)
hadalis Lévi, 1964; Caulophacus (Caulodiscus) lotifolium Ijima, 1903; Hyalonema (Cyliconema)
apertum Schulze, 1886), there is an important and immediate opportunity for improving our
biogeographical and taxonomical knowledge at the same time, possibly phylogenetically
linking hadal species to neighboring abyssal taxa.

4.4. Geographical Distribution

The geographical distribution of the studies retrieved shows a strong bias towards
the Northern Hemisphere, with the North Pacific and the North Atlantic being the most
studied locations. This does not represent a major presence of glass sponges in the Northern
Hemisphere, but rather highlights historical and logistical biases in deep-sea research effort,
institutional capacities, and access to appropriate sampling infrastructures; visual estima-
tion of the deep seafloor [26], its mapping resolution [27] and specimen sampling [104]
confirm this bias towards the Northern Hemisphere, with major knowledge gaps for the
Southern Hemisphere.

The North Atlantic was the first geographical area represented in our dataset, with
Pheronema carpenteri (Thomson, 1869) being the main species of interest in the area. This
species has been studied from multiple perspectives, including population structure, ecol-
ogy, associated assemblages, and microbiome composition [59,60,63,105–108]. Other North
Atlantic studies focused more broadly on deep-sea communities from the Mid-Atlantic
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Ridge and adjacent areas, including sponge assemblages and other benthic communities
associated with seamounts, ridges, and bathyal to abyssal habitats [109–117].

Studies in the Antarctic environment followed a different trend, as it has long been
considered a key environment for glass sponges, due to its cold and silica-rich waters, but
as an extreme and isolated environment, it has been historically understudied, with many
studies focusing on the Weddell Sea and carried out by German researchers, as part of
the EASUZ, the ANDEEP I-III, and the SYSTCO expeditions [78,79,118–122]; it is worth
noticing that even if research is carried out with specific time-limited projects, the research
output for glass sponges in the Southern Ocean remains stable across the years.

In the case of the Mediterranean Sea, the oldest publication retrieved was the discovery
of the Hexactinellid Cave [7], reflecting the importance of and cave-associated glass sponge
records in this region [9,24], with a few additions and records for deep-sea species in recent
years [123,124].

In contrast, the North Pacific appears later in the dataset but becomes the most
represented region overall, especially after the 2010s. This increase likely reflects both the
expansion of Pacific deep-sea exploration and the exceptional research attention given to
British Columbia’s shallow reefs [10,23,125–127], various Pacific Seamounts [116,128–131],
and the Clarion–Clipperton Zone [81,132–136].

4.5. Research Trends

Glass sponges have been historically studied mostly from a taxonomic point of view.
This is not only confirmed by our results, biased by indexed-only publication, but also by the
various monographs and non-indexed books, by various authors already discussed in the
previous sections [71,74,137,138]. Taxonomic papers keep improving our understanding of
the biodiversity of glass sponges in new areas [139] and of the phylogenetic relations within
the class [14], with an increase in molecular techniques and integrative taxonomy [140],
combining classical spicule-based approach and genetic markers.

Paleontological research represents another major component of the glass sponge
literature. This is expected, given the rich fossil record of Hexactinellida and the historical
importance of fossil sponge reefs, particularly in Mesozoic and Jurassic deposits [141,142].
Many paleontological studies are closely connected to taxonomy, because they fo-
cus on the description, revision, and interpretation of fossil taxa and reef-building
assemblages [143–146].

Compared to other classes of sponges (where research about in situ experiments,
population assessments, larval ecology, molecular biology, and biochemistry represent
some of the normal methodologies), glass sponges suffer from the limited experimental
capabilities in deep-sea environments. Nevertheless, recent years have seen a steady
increase in experimental and large-scale ecological studies on the physiology of shallow
and cave glass sponges, conducted both in vivo and in situ [3,11,23,147].

Biomaterialogical and bioinspired materials science studies remained a niche topic in
the field, and can be divided into two main topics: structural biomimetics and materials
properties, in particular regarding the ultrastructure of Euplectella [148–151] and the molec-
ular mechanisms of silica deposition [152–154], with a specific set of the literature focused
on giant spicule-bearing Monorhaphis chuni Schulze, 1904 [56–58]; molecular applications,
from the use of glass sponges as natural eDNA samplers [155] to the study of bacterial
communities [107,108,156,157]. While the first topics were trending in the first years of the
2000s, and while biomaterialogy and biomimetics are still subjects of publication nowadays,
molecular studies are becoming increasingly relevant. A recent review by Ehrlich [158],
the biomimetic potential of sponge biosilica remains largely unexplored, as only a few
species have been investigated in sufficient detail. Possible applications extend from bioin-
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spired architecture [159] and the development of improved optical fibers [160,161], to
biomedical technologies, including topical peptide-delivery systems [162] and scaffolds for
bone-tissue engineering [163]. Thus, biomimetics remains a relevant and developing re-
search direction, even as molecular and biotechnological studies are becoming increasingly
prominent [153,158].

Our bibliometric research shows that glass sponges have been and are still studied
from different points of view. Taxonomy and paleontology remain central to the field, with
ecological studies becoming more present as the deep-sea becomes more accessible, while
biotechnological investigations are shifting from bio silica and biomimicry towards more
modernomics approaches.

4.6. Limitations of Current Bibliometric Databases

Publications before the 1960s, particularly species descriptions from the 19th century,
are difficult to compare with the modern literature [77]. Early works did not lack scientific
accuracy, as natural history and taxonomy were often evaluated through editorial judgment
and correspondence between specialists, but some practices accepted at the time would not
be accepted today. For example, Gray [164] established Semperella from Semper’s descrip-
tion of Hyalonema schultzei Semper, 1868, without examining the type material. Beyond
such taxonomic examples, the main difference lies in publication format and bibliographic
structure [99]. At that time, access to publishing and data collection was limited to a
small number of individuals, usually from privileged backgrounds; early authors such
as Franz Eilhard Schulze and Isao Ijima contributed with a large number of descriptions
enclosed in impressive monographs [69–71,74]. These works remain taxonomically valid,
but database-based bibliometric workflows do not easily capture them.

Many early monographs and reports are currently not indexed following modern stan-
dards, being absent from popular search engines and, in many cases, lacking a DOI, a key
feature of modern bibliographical research [165]. This represents an important limitation
for bibliometric analyses, which is further complicated by differences in coverage between
Scopus and Web of Science, as both databases show specific biases in terms of disciplines,
journals, document types, countries, and languages [166]. Non-English publications are
rarely translated (such as Koltun’s monograph [138], made available in English in 1972),
remaining accessible solely in their original language, as for “Bottom fauna of the West
Pacific deep-sea trenches” by Belyaev and Mironov [64], still available only in Russian, or
Schrammen’s paleontological and taxonomic work (e.g., as “Die Kieselspongien der oberen
Kreide von Nordwestdeutschland” [137]), which can be found only in German. This is
further exemplified by Schmidt’s Grundzüge einer Spongien-Fauna des atlantischen Gebietes
(1870), a fundamental work for the development of the taxonomy of glass sponges, but one
that remains difficult to retrieve through modern indexing systems and is not available
in English [1,29]. These limitations are not restricted to the historical literature: journals
may also be removed from online indexed repositories for a variety of reasons, and their
presence or absence can directly affect the results obtained from database-specific queries.

4.7. Future Directions of Glass Sponge Science

The future of glass sponge science will depend on the possibility of maintaining
taxonomic expertise while training a new generation of taxonomists, at a time when both
physical samples and image-based observations are rapidly increasing. Combining reliable
taxonomic knowledge with large in situ image datasets represents a natural objective
for the coming decades and could substantially accelerate the documentation of glass
sponge diversity in poorly explored areas, especially in the Southern Hemisphere; this
cannot be done if early works remain locked behind language barriers, lack of proper
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indexation, or paywalls [167]. Rather than treating image-based observations only at the
class level, regional reference lists of morphotypes, supported by known species and type
material, could allow identifications to begin at lower ranks, such as family or genus.
This would improve biodiversity and distribution assessments, even when species-level
identification still requires detailed taxonomic investigation through specimen examination
and spicule preparations.

Video-based surveys could also be integrated with molecular data, opening the possi-
bility of combining image-derived community information with eDNA and other DNA-
based approaches. However, this potential remains limited by the scarcity of comprehensive
and publicly available reference sequences for many hexactinellid families and genera, and
by the fact that existing sequences are not always linked to confidently identified species
or voucher material. A multi-integrative approach combining image-based morphotypes,
specimen-based taxonomy, and DNA-based community data built on reliable reference
libraries is ambitious but should represent a major objective for glass sponge research in
the coming decades.

5. Conclusions
Glass sponge research has historically been dependent on large oceanographic ex-

peditions bringing back massive collections, often analyzed in the following years, and
resulting in extensive taxonomic monographs. Although taxonomic activity remains a
core topic, our results show that the apparent structure of the field is also influenced by
indexing biases, as many older monographs, expedition reports, non-English publications
are lacking DOIs and remain absent from modern databases such as Scopus and Web of
Science. Glass sponge science is now diversifying, with increasing attention to ecology,
physiology, omics, biomaterials, and biomimicry. This diversification is uneven in the field:
bathyal and mesophotic studies remain comparatively better represented than abyssal and
especially hadal ones, while several geographical areas, particularly in the Southern Hemi-
sphere, remain understudied. As deep-sea exploration expands, the number of specimens
and image-based observations exceeds the descriptive capacity of the limited number of
specialists. The main challenge for the coming decades will be to maintain and strengthen
taxonomic expertise while integrating new molecular, ecological, and technological ap-
proaches, so that newly explored regions and depths can be properly characterized and
finally start to fill geographical and bathymetric gaps.
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