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The hadal zone is a cluster of deep-ocean habitats that plunge to depths of 6000–11000 m below sea level. Research of the deepest marine zone
has occurred on a disjunct timeline and slower than shallower zones. Over the past 20 years, research efforts have surged with greater sampling
capabilities and an expansion of expeditions. We aimed to assess the state of hadal science by quantitively assessing the publishing landscape.
We applied a topic modelling approach and fit a Latent Dirichlet Allocation model for 12 topics to 520 abstracts from peer-reviewed papers,
reviews, and conference proceedings available on the Web of Science’s Core Collection between 1991 and 2021. The model outputs were
analysed with ecological modelling approaches to identify the main lines of research, track trends over time, and identify strengths and gaps. We
found that hadal science is occurring across all five broad disciplines of oceanography and engineering. Hadal research has exponentially grown in
the past 30 years, a trend that shows no signs of slowing. The expansion is most rapidly occurring to understand the biogeochemistry of trenches,
the functions of microbial communities, and the unique biodiversity inhabiting these ecosystems, and then the application of ‘omics techniques
to understand hadal life. The topic trends over time are largely driven by available technology to access and sample the deepest depths and
not necessarily the pursuit of specific scientific questions, i.e. the hadal research topics are bounded by the capabilities of available exploratory
vehicles. We propose three recommendations for future hadal research: (1) conduct multifeature studies that include all hadal geomorphologies
across their depth range, (2) establish a programme for seasonal or long-term sampling, and (3) strengthen cross-disciplinary research. This
continued acceleration in hadal research is pertinent for this last marine frontier given its vulnerability to multiple anthropogenic pressures and
cascading threats from global change.
Keywords: deep sea, Latent Dirichlet Allocation model, literature review, Ocean Decade, text analysis.

Introduction

Named a homage to Hades, the Greek god of the underworld
and his home (Bruun, 1956), the hadal zone extends from
6000 to 11000 m deep and consists of at least 47 geograph-
ically disjunct ecosystems that punctuate the abyssal plains
as subduction trenches, transform faults/fracture zones, and
troughs/basins (Stewart and Jamieson, 2018). While charac-
terized by high hydrostatic pressure, near-freezing tempera-
tures, and food scarcity (Jamieson et al., 2010), no two hadal
habitats are identical. Each feature varies in geomorphology,
total area, maximum depth, proximity to land, hydrography,
geologic age, and degree of seismicity (Jamieson et al., 2010).
Subduction trenches, 94% of the hadal zone, act as depocen-
ters by funnelling sediment and organic carbon to the trench
axis (Glud et al., 2013; Ichino et al., 2015). These feature-
specific conditions coupled with the separation of thousands
of kilometres shape isolated ecosystems to have high levels
of endemic species (Belyaev, 1989; France, 1993). The hadal
faunal community hosts representatives from nearly all major
taxa, e.g. fishes, cephalopods, crustaceans, echinoderms, poly-
chaetes, molluscs, cnidarians, bryozoans, foraminifera, bacte-
ria, and archaea (Gooday et al., 2008; Paterson et al., 2009;
Ritchie et al., 2015; Peoples et al., 2019a; Jamieson and Vec-
chione, 2020; Jamieson et al., 2021a, 2021b; Swan et al.,
2021). The hadal faunal community is distinct from the shal-
lower zones, like the communities of abyssal plains, and most
species are known from a single locality (Belyaev, 1989).

Due to extreme depths and the associated technological
challenges, hadal exploration and research have lagged that
of the shallower deep-sea and coastal ecosystems (Danovaro
et al., 2014; Jamieson, 2018). The number of hadal-rated
technologies has increased over the past fifteen years, such
as sensors and cameras (Glud et al., 2013; Brandt et al.,
2016), autonomous landers (Jamieson et al., 2009; Peoples
et al., 2019b), epibenthic sledges (Brandt et al., 2013), and
submersible vehicles (Kyo et al., 1995; Bowen et al., 2009;
Jamieson et al., 2019a). The technological advancements have
coincided with a rise in the number of multidepth and/or
multitrench sampling programmes, e.g. the HADal Environ-
ment and Educational Program (HADEEP) (Jamieson et al.,
2010), HADal Ecosystems Study (HADES) (Linley et al.,
2017), the Kuril-Kamchatka Biodiversity Studies (KuramBioI
& II) (Brandt and Malyutina, 2015; Brandt et al., 2020), the
Vema-TRANSIT Bathymetry of the Vema-Fracture Zone and
Puerto Rico TRench and Abyssal AtlaNtic BiodiverSITy Study
(Vema-TRANSIT) (Riehl et al., 2018), the HADES–ERC Ad-
vanced Grant and the recently established Danish Center for
Hadal Research—HADAL (Glud et al., 2021), the Five Deeps
and Ring of Fire expeditions (FDE and RoF) (Jamieson et al.,
2019a, 2021b), and expeditions support by Japan Agency for
Marine-Earth Science and Technology (JAMSTEC) (Kitahashi
et al., 2012; Kobayashi et al., 2012) and the Chinese Academy
of Sciences (Cui, 2018; Cui and Wu, 2018; Chan et al., 2020).
The expansion of sampling capabilities and programmes has
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Figure 1. Schematic of the topic modelling workflow used to investigate the trends across the hadal science publishing landscape.

translated to an increase in the number of peer-reviewed pub-
lished papers (Jamieson, 2018). Hadal science has been pos-
tulated to be past the exploration era and transitioning from
an observational to an experimental era (Jamieson, 2018).

Despite the recent growth of hadal science, these ecosystems
are comparatively understudied to shallower zones, leaving
deep data and knowledge gaps in our understanding of how
these ecosystems function, which limits our ability to develop
strategies for monitoring and conserving the hadal zone (An-
gel, 1982; Jamieson, 2018; Danovaro et al., 2020). The United
Nations has declared 2021–2030 an international Decade of
Ocean Science for Sustainable Development (Ocean Decade),
served to focus research and technological development in
oceanography on protecting the World’s Ocean through ten
priority challenges (Ryabinin et al., 2019). These priority chal-
lenges include the hadal zone, specifically the need to “Un-
derstand and beat marine pollution” (Challenge 1) and “Pro-
tect and restore ecosystems and biodiversity” (Challenge 2).
Despite the remoteness of the hadal zone, human impacts
are evidenced, from plastic pollution to high levels of persis-
tent organic pollutants and mercury (Jamieson et al., 2017,
2019b; Blum et al., 2020; Weston et al., 2020; Vescovo et al.,
2021), and likely multiple other unmeasured ongoing and fu-
ture stressors. These impacts highlight that the extreme depths
and remoteness do not shield the hadal zone from the changes
and pressures occurring at the surface and on land. At the be-
ginning of the Ocean Decade, there is a critical opportunity to
assess the state of hadal science to identify research strengths
and potential data and knowledge gaps.

In this study, we aim to assess the state of hadal science
and understand the drivers of growth by developing a broad
picture of the publishing landscape. We employed a text anal-
ysis method, topic modelling—a statistical approach that as-
sesses the text in a corpus of abstracts and then identifies top-
ics that represent the key ideas based on the co-occurrence

patterns of words. Topic modelling uses a Latent Dirichlet Al-
location model (LDA) (Silge and Robinson, 2017), and model
outputs can be analysed with ecological modelling techniques
(Westgate et al., 2015). Topic modelling has been applied
across a variety of fields, such as conservation science (West-
gate et al., 2015; Mair et al., 2018), arid ecology (Greenville
et al., 2017), fisheries science (Syed et al., 2018), and ani-
mal pollination (Millard et al., 2020). Herein, we collated a
body of hadal literature from Web of Science (520 abstracts
from 1991 to 2021) and fit an LDA model for 12 topics
(Figure 1). We analysed the outputs to (i) uncover the main
lines of research or disciplines in hadal science, (ii) track how
hadal research has changed and grown over time, and (iii)
identify the strengths and gaps among the disciplinary and in-
terdisciplinary topics within hadal science. This broad view
of the state of hadal research aims to support future work
within the international research community to strategically
use valuable resources for sampling and data collection, de-
velop new research directions, and inform strategies to con-
serve the deepest parts of the ocean.

Material and methods

Literature search and abstract cleaning

A literature search was conducted on 16 December 2021, us-
ing the Web of Science’s Core Collection database for peer-
reviewed research papers, reviews, and conference proceed-
ings, herein collectively termed articles, published between
1970 and 2021. A total of 574 articles were returned using
the search terms, “hadal”, “full ocean depth”, “deep∗ ocean∗
trench”, and “Challenger Deep”, in the title, abstract, or au-
thor keywords. The asterisk captured the root word and any
suffixes, such as deep and deepest. These search terms were se-
lected to focus on research exclusive to the hadal zone. While
a term as specific as “Challenger Deep” is less desirable, as
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Exponential growth of hadal science 3

it is restrictive and may introduce potential bias, this term
caught several articles not captured by the other terms. Other
place-specific terms, such as “Mariana Trench” and “Japan
Trench”, were tested but determined to provide too broad of
results with research at shallower, non-hadal depths. “Subduc-
tion trench” was also considered as a search term, but it re-
trieved many non-marine studies.

We downloaded a BibTex file with the full record of the
574 articles from 1970 to 2021 and imported the file into
the programme R v. 3.6.3 (R Core Team, 2020) using the
package bibliometrix v 3.1.3 (Aria and Cuccurullo, 2017) (see
Supplementary material S1). Seven articles were manually re-
moved as determined to not be focused on the hadal zone. A
total of 47 articles lacked abstracts and were removed from
the text analysis. The remaining 520 articles with abstracts
were transformed into a corpus or “body of literature” and
prepared for the topic modelling analysis using the R pack-
age tm v. 0.7–8 (Feinerer et al., 2008). For the abstract clean-
ing, the search terms were removed, as they were common
to all abstracts (Figure 1). Numbers 1–11 written as words
and numerals were removed. The 174 common English words,
a pre-defined list of in the tm package, were discarded. Fur-
ther, the words “marine”, “deep-sea”, “sea”, “also”, “can”,
“may”, “like”, “well”, “will”, “along”, “the”, and publisher’s
copyright terms were removed. Hyphens and slashes were
changed to spaces, and punctuation was stripped. The remain-
ing words were stemmed back to their root. A total of 4599
words (∼70%) appeared in three or fewer abstracts and were
discarded, as rarely shared words are found to have mini-
mal influence on topics (Lu et al., 2017). The final corpus
had a vocabulary of 1910 words, and this was converted into
a matrix of document-term frequencies or a document-term
matrix.

The process of topic modelling requires text to analyse,
such as whole text or abstracts, used herein. The Web of Sci-
ence’s Core Collection database is limited to articles post-
1970. While the other Web of Science databases do return
publications before 1970, the abstracts are not configured to
be exported. Thus, these articles are unable to be part of our
topic modelling analysis. To account for the early hadal sci-
ence publishing landscape, we conducted a search on the Web
of Science’s All Databases between 1950 and 1990 using the
four search terms, “hadal”, “full ocean depth”, “deep∗ ocean∗
trench”, and “Challenger Deep”. A total of 50 articles were
returned. Two articles were manually removed as duplicates,
and another 14 articles were duplicate articles returned by the
Core Collection search.

For research field comparison, we gathered total article
counts for research of other ocean zones or ecosystem types.
The Web of Science’s Core Collections was searched between
1970–2000 and 2001–2021 using separate search terms,
“hadal”, “abyssal”, “hydrothermal vent”, “seamount”, “con-
tinental shelf”, and “coral reef” in the title, abstract, or author
keywords.

Topic modelling

The LDA model requires two inputs, the document-term ma-
trix and the number of topics to be identified by the user. To
determine the number of topics, we first calculated the num-
ber of topics using the R package ldatuning v1.0.2 (Nikita,
2019) for 2 to 20, 25, 40, 50, 80, 100, 150, and 200 topics

with the metrics Griffiths and Steyvers 2004; Cao Juan, 2009,
and Arun 2010. The ldatuning results indicated the number
of topics to be between 50 and 80. Second, we ran a series of
test models for 8, 10, 12, 14, 15, 18, 20, 22, 24, 25, 30, and
50 topics. We manually inspected each model output for the
20 highest weighted words per topic, the titles per topic, and
the number of articles per topic over time. Each model out-
put was evaluated against three criteria: (1) a minimum of 15
articles per topic, (2) topics started before 2010, and (3) the
articles in a topic were largely derived from multiple journals
and research groups (i.e. not from a single special issue). We
determined 12 topics to best fit these criteria, providing a bal-
ance between capturing corpus complexity and interpretabil-
ity. The final LDA model was fit with Gibbs sampling, 5000
iterations, and discarding the first 1000 runs using the R pack-
age topicmodels v 0.2 (Grün and Hornik, 2011).

The LDA model outputs two matrixes, the probability of
words per topic and the probability of topics per abstract
(Grün and Hornik, 2011). Each topic is defined by a set of
co-occurring words. Then, each article is assigned to a topic
based on the highest probability. Following protocols in West-
gate et al. (2015) and Mair et al. (2018), the data were anal-
ysed for temporal trends of topics, topic co-occurrence within
abstracts, and potential research strengths and weakness via a
gap analysis.

Analysis of the trends and relationships among
topics

We used two indicators to investigate the publishing trends
in hadal science. The first indicator was the total number of
articles per topic and per theme. The second indicator was
the change in the number of articles per topic to identify if
the topic has been growing, declining, or steady over time. To
do this, we fit a generalized linear mixed-effects model with
a Poisson model and a log link (Westgate et al., 2015; Mair
et al., 2018) using the R package lme4 (Bates et al., 2015).
For each topic, a positive slope indicated an increased num-
ber of articles published over time, and a positive intercept
indicated a higher–than–average number of articles (Westgate
et al., 2015; Mair et al., 2018).

As each abstract is a mixture of topics, we evaluated the fre-
quency that pairs of topics co-occur within each abstract. The
topic weights per abstract were log10-transformed and Eu-
clidean distances were calculated. The resulting distances were
scaled from zero to one, where zero indicates the pair never co-
occurred and one denotes the pair always co-occurred (Mair
et al., 2018). The pairwise matrix of topic co-occurrence was
visualized with the R package corrplot v 0.84 (Wei and Simko,
2017).

To uncover the strengths and potential research gaps, we
conducted a gap analysis among the 12 topics. We log 10-
transformed the word weight per topic and topic weights per
abstract, calculated their Euclidean distances, and normalized
the results. In the product of the two matrixes, the highly
ranked and dissimilar pairs were topics that shared few to
no words and rarely co-occurred in articles (Westgate et al.,
2015). The strongest (< 10% quantile) and weakest (> 90%
quantile) connections between topics were visualized as a net-
work diagram with the R package circleplot v 0.4.1 (Westgate,
2016).
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Figure 2. An exponential increase in the hadal science literature available on the Web of Science. Grey bars show the 520 hadal science articles with
abstracts between 1970 and 2021 and represent the body of literature used for the topic modelling analysis. Black bars represent the 47 articles that
lacked abstracts and were not included in the topic modelling analysis. White bars represent the 34 articles retrieved from the All Databases between
1950 and 1970 but lacked abstracts and were not part of the topic modelling analysis.

Figure 3. Marine ecosystem publication comparisons. The number of articles retrieved from the Web of Science Core Collection database between
1970 and 2000 (grey) and 2001 and 2021 (black) is based on a search of titles, abstracts, and author keywords.

Results

An exponential rise in hadal science literature

The number of hadal science publications, including peer-
reviewed research papers, reviews, and conference proceed-
ings, has exponentially increased since 1956, the earliest
record of the search (Figure 2). The two literature searches
resulted in 51 publications before 1991 and 567 after 1990.
After 1990, 520 articles had abstracts and were the model in-
puts. The exponential rise in the publications started between
2007 and 2011, jumping from an average of 3.9 to 34.8 publi-
cations each year. Before 1996, some years lacked a single pub-
lication. Most of the articles were published in 2020, with 80

articles with abstracts and 4 articles without abstracts, closely
followed by 2021, with 79 articles with abstracts and 2 articles
without abstracts. A tabular summary of the 81 publications
not included in the topic model analysis is found in Supple-
mentary Table S1. A BibTex file of the 567 articles retrieved
from Web of Science and the initial input for the topic mod-
elling processing is provided in Supplementary Material S1.

The output of hadal zone research was 5–50-fold lower
than other marine zones or ecosystems (Figure 3). To high-
light this difference, between 1970 and 2021, the search term
“hadal” retrieved 404 articles, while the shallower “abyssal”
zone retrieved 5314 articles and “coral reef” 24408 articles.
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The hadal science literature is modelled into 12
topics covering 6 broad disciplines

Our topic modelling analysis was conducted on 1910 words
found in 520 abstracts collated between 1991 and 2021
and the LDA model was fit for 12 topics. Each topic was
named based on the top 20 stemmed words and article titles
and further assigned to six broad themes based on the dis-
ciplines within ocean sciences: “Contextual”, “Ocean Engi-
neering”, “Physical Oceanography”, “Chemical Oceanogra-
phy”, “Geological Oceanography”, and “Biological Oceanog-
raphy” (Table 1, with a full table in Supplementary Table S2).
The majority of the articles were placed within the theme of
“Biological Oceanography” across five topics, including the
largest topic, Biological diversity, with 77 articles. The topics
of “Omics, Bait-attending fauna, and Microbial communities
were above-average in the number of assigned articles (> 43
articles), and the topic of Geographic & bathymetric patterns
had the lowest number within the theme. The theme of ‘Ocean
Engineering’” included two topics, with the topic Vehicles &
sampling systems being the second-largest topic (n = 62). The
themes of “Geological, Chemical, and Physical Oceanogra-
phy” each had a single topic, respectively Geophysics & plate
tectonics, Geochemistry, Circulation & bathymetry. The topic
of Geochemistry was the third most popular topic (n = 58).
The theme of “Contextual” had the smallest topic, Pressure
adaptions (n = 18). The two “Contextual” topics included
words and article titles that were largely either multidisci-
plinary, field setting, or highlighted the uniqueness of the hadal
zone.

Scientific output is growing exponentially

The analysis of topic frequency allowed us to assess the tem-
poral dimension of the publishing landscape, specifically the
rise of topics from the lag to the exponential growth phase
of hadal science (Figure 4). Across the study period, all top-
ics have grown or remained steady over time. No topic has
decreased in popularity. Two growth patterns were identi-
fied, exponential and stair-step. Vehicles & sampling systems
and Pressure adaptions were the only topics present in 1991,
whereas most topics first appeared between 1998 and 2004.
Perspectives & human influence was the latest topic to appear,
with the first article published in 2009. Geochemistry and
Microbial communities were the two fastest-growing topics
(highly positive slope), and the topics Designing for full ocean
depth and ‘Omics also grew. Bait-attending fauna and Biodi-
versity discovery have also grown since 2010, however, they
displayed a stair-step growth pattern instead of a smooth ex-
ponential growth. Vehicles & sample systems showed an over-
all steady but boom-bust trend in the articles over time. Geo-
physics & plate tectonics, Perspectives & human influence,
and Geographic & bathymetric patterns were non-growing
topics, each averaging one to three articles per year with a
single-year spike in the number of articles. Pressure adaptions
was the slowest growing topic.

Co-occurrence of topics and research gaps

The co-occurrence of topics and gap analysis allowed us to in-
vestigate the strength of the disciplinary and interdisciplinary
connections within hadal science (Figure 5). The correlation
matrix highlighted some expected and unexpected levels of
co-occurrence (Figure 5a). The two Contextual topics were
moderate to frequently co-occurred with other topics across

the themes, which was expected given their high generality.
Moreover, the highest co-occurrence was between Pressure
adaptions and Geographic & bathymetric patterns, which was
closely followed by Circulation & bathymetry and Design-
ing for full ocean depth and ‘Omics and Microbial commu-
nities. The highly specific topic of Geophysics & plate tec-
tonics had moderate co-occurrence with most topics, particu-
larly Circulation & bathymetry and Designing for full ocean
depth. While high co-occurrence was initially expected within
Biological Oceanography, Biodiversity discovery paired with
Microbial communities and ‘Omics had surprisingly low co-
occurrence. Biodiversity discovery was also rarely paired with
both Ocean Engineering topics, Circulation & bathymetry,
and Geochemistry. Further, an unexpected disconnection was
present between Vehicles & sampling systems and Geochem-
istry and the five Biological Oceanography topics, as these dis-
ciplines rely on vehicles to collect and recover samples from
hadal depths.

We focused the presentation of the gap analysis on the pairs
with the highest similarity, suggestive of research strengths,
and highest dissimilarity, potentially representing research
gaps (Figure 5b). Microbial communities and Pressure adap-
tions were hubs for high similarity both between each other
and other topics. Pressure adaption was highly connected to
Perspective & human influence, ‘Omics, and Designing for
full ocean depth. Microbial communities was tightly linked to
Geographic & bathymetric patterns and ‘Omics. In contrast,
Vehicles & sampling systems was highly dissimilar with Mi-
crobial communities, Geochemistry, Geophysics & plate tec-
tonics, Geographic & bathymetric patterns, and ‘Omics. The
topics of Geochemistry and Biodiversity discovery were also
highly disconnected.

Discussion

The most important finding is that research outputs from
hadal science are exponentially growing with no indications
of slowing, especially within biology and geochemistry. This
growth signifies that the historical lack of technical capabil-
ity that inhibited access to the deepest parts of our oceans
no longer exists. However, studying the deepest parts of the
ocean remains challenging—success first requires the expen-
sive technical infrastructure to reach and sample the hadal
zone, including ship time and resources for expeditions, and
not least of all expertise to measure the environment, docu-
ment biodiversity, and understand how life thrives in this high-
hydrostatic pressure environment. With increasing direct and
indirect pressures threatening the hadal zone, our gap analy-
sis highlighted that more multifeatures studies and sampling
systems and strengthening cross-disciplinary connections are
essential to comprehensively understand the deepest marine
frontier during the Ocean Decade.

Hadal publishing timeline—a transition to
exponential growth

The hadal science publishing landscape reflects the challenges
to studying this remote marine zone, particularly with the
low publication rate until the mid-2000s (Figure 2). The 1948
Swedish Albatross expedition proved that, despite the extreme
conditions, life existed in the hadal zone with the first success-
ful hadal trawl at the Puerto Rico Trench (Eliason, 1951; Ny-
belin, 1951; Madsen, 1955). From then, the global Galathea
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Exponential growth of hadal science 7

Figure 4. Publishing trends in hadal science over time. (a) Topics that have grown in the number of articles have a positive slope, while topics with a
constant (or declining) publishing rate have a negative slope. Topics with a higher-than-average number of articles have a positive intercept, and those
with a lower-than-average have a negative intercept. (b) Number of articles per topic over time. The dashed vertical line represents 2010 and TN denotes
the total number of articles.

and Vitjaz expeditions of the 1950s jump-started the hadal
literature with results based on trawl data, first reporting the
presence of tanaids, isopods, fishes, and the wider faunal com-
munity (Wolff, 1956a, 1956b, 1959), and that life occurs to
full ocean depth (Bruun, 1951). These first comprehensive
expeditions provided a steady, albeit small, stream of pub-
lications, and set the foundation for taxonomy and system-
atics across all hadal taxa (Belyaev, 1966, 1989). Most im-
portantly, these expeditions provided numerous hypotheses
about the dynamics of hadal ecosystems, which are only being
tested with modern expeditions. For example, Wolff (1970)
proposed that the hadal faunal community was distinct from
the abyssal plains, where trench communities exhibited large
degrees of endemism, driven by both pressure tolerance and
more favourable feeding conditions. The community differ-
ence has been further tested and represents an ecotone shift
for amphipods, fishes, and microbes at hadal depths (Jamieson

et al., 2011; Nunoura et al., 2015; Tarn et al., 2016; Lin-
ley et al., 2017) and most recently investigated in fracture
zones (Weston et al., 2021). Another example is Wolff (1960)
first inferred that hadal trenches supported elevated commu-
nity biomass relative to the neighbouring abyssal plains. Since
then, hadal trenches have been shown to transport organic
material at the trench axis and hotspots for early diagenesis
(Ichino et al., 2015; Glud et al., 2021). These early papers also
led to hypotheses on the antiquity and evolutionary origin
of hadal fauna (Andriashev, 1953; Zenkevitch and Birstein,
1953) as highlighted by the ‘Omics topic; this hypothesis is
now being coming testable with more extensive specimen col-
lections and the application of genomic techniques.

In the 1990s, hi-tech exploration was being tested with the
development and use of the JAMSTEC ROV Kaikō, which be-
came the second vehicle, and the first scientific vehicle, to reach
Challenger Deep. ROV Kaikō could collect sediment, which
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8 J.N.J. Weston and A.J. Jamieson

Figure 5. Similarity and differences among topics. (a) Correlation matrix of the co-occurrence of topics within abstracts. White/zero indicates that the
two topics never co-occurred in an abstract, while dark blue/one denotes that the pair of topics always co-occurred. (b) Gap analysis within the hadal
science literature. High similarity (solid line) between topics indicates that words and topics are highly shared within abstracts, indicating research
strengths. High dissimilarity (dashed line) between topics represents a lack of shared words and topics within abstracts, suggestive of research gaps.

led to a series of studies on extremophilic microbes and pro-
tists (Kyo et al., 1995; Kato et al., 1997, 1998; Akimoto et al.,
2001; Barry and Hashimoto, 2009). The loss of ROV Kaikō
during a typhoon in 2003 (Momma et al., 2004) highlighted
the high cost and risk of loss of large exploratory vehicles and
the dramatic effect that the loss of one vehicle could make
on an emerging research field. Unfortunately, this type of loss
and impact repeated itself with the HROV Nereus in 2014
(Cressey, 2014).

Since 2006, the technological advances in collecting phys-
ical samples and making in situ measurements have gener-
ated larger and comparative datasets, which has directly trans-
lated into an exponential growth of the publishing landscape
(Figure 2). This resurgence in hadal research has been in part
driven by the extensive use of free-fall lander vehicles, due to
their lower financial risk to reward ratio compared to ROVs
and human-occupied vehicles, the lack of cabling attached to
the surface vehicle, which allows them to be deployed and re-
covered from smaller vessels, and well-suited to complex to-
pography (Jamieson, 2016). Landers have been used across
disciplines, including being fitted with still and video cameras
that inspect sediment characteristics (Stewart and Jamieson,
2018) and document the diversity and behaviour of bait-
attending fauna in situ (Jamieson et al., 2013, 2021a; Linley et
al., 2017; Jamieson and Vecchione, 2020; Swan et al., 2021),
baited traps to collect specimens with minimal physical dam-
age to their body (Lacey et al., 2016; Gerringer et al., 2017b),
sediment samplers to recover intact sediment cores (Oguri et
al., 2013) and water samples (Nunoura et al., 2016), and O2

profilers to measure rates of benthic respiration rates (Glud et
al., 2013; Wenzhöfer et al., 2016). This preferential use of lan-

ders is translated within the corpus to the dedicated topic of
Bait-attending fauna and the fast-paced growth of Geochem-
istry and Microbial communities (Figure 4b). In addition to
lander-based studies, box corers and epibenthic sledges have
been deployed as part of sampling expeditions at the Kuril–
Kamchatka Trench and surrounding abyssal plains and tran-
secting across the Mid-Atlantic Ridge from the Vema Frac-
ture Zone to the Puerto Rico Trench (Brandt and Malyutina,
2015; Riehl et al., 2018; Brandt et al., 2020). A high num-
ber of these expeditions outputs were sorted into Biodiversity
discovery and Geographic & bathymetric patterns for an ex-
tensive range of taxa.

The publishing trends of the theme of “Ocean Engineer-
ing” show that continual efforts are being taken to engineer
a range of vehicle types to overcome the challenges of study-
ing the hadal zone (Figure 4b). Remarkably before 2019, only
two human-occupied vehicles had been to the deepest point on
Earth, Challenger Deep (i.e. the bathyscaphe Trieste and the
submarine Deepsea Challenger), albeit there has been hadal
depth dives with the Shinkai 6500 (Takagawa et al., 1989) and
the bathyscape Archimède (Jarry, 2003; Jamieson, 2020). This
relative lack of submersibles has shifted with the recent devel-
opment of two full-ocean-depth rated and human-occupied
submersibles, the DSV Limiting Factor with the adjoining cir-
cumglobal Five Deeps and Ring of Fire expeditions 2018–
2022 (Jamieson et al., 2019) and the Fendouzhe submersible
(Du et al., 2021). Further, there are several new remote ex-
ploratory vehicles (e.g. Orpheus; Shank et al., 2019, Haidou-
1; Cong et al., 2021), full ocean depth multibeam sonar tech-
nologies (Bongiovanni et al., 2021), and the vision to extend
the Argo Program to full ocean depth (Roemmich et al., 2019).
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Exponential growth of hadal science 9

These recent and significant advances on the horizon in tech-
nological abilities to reach, sample the water column, and sur-
vey the seafloor are anticipated to bring substantial expansion
to the hadal science literature.

The strengths and drivers of hadal science growth

Our topic modelling analysis has highlighted that hadal sci-
ence is ongoing across all five broad fields of oceanography
and engineering, with the expansion largely driven by research
into the geochemistry of trenches (Geochemistry), the func-
tions of microbial communities in the sediment, water, and mi-
crobiomes (Microbial communities), the unique biodiversity
inhabiting these ecosystems (Bait-attending fauna and Biodi-
versity discovery), and the utilization of genomics, metabar-
coding, and transcriptomics to understand hadal life at the
genetic and cellular level (‘Omics) (Figure 4).

Although no topic decreased in popularity, Pressure adap-
tions was the slowest growing and smallest topic (Figure 4b;
Table 1). Adaptation to high hydrostatic pressure is such a sig-
nificant prerequisite to the colonization and survival of hadal
fauna that this was unexpected. However, Pressure adaptions
was represented since 1991, highly co-occurrence with the
other topics (Figure 5a), and strikingly, high similarity with
“Biological Oceanography” and “Ocean Engineering” top-
ics (Figure 5a). The articles assigned to this topic were also
varied across scales, ranging from pressure-tolerant metabo-
lites and enzymes (e.g. Gerringer et al., 2017a; Kaleem et
al., 2020) and diverse organisms, including bacteria, stalked
crinoids, holothurians, amphipods, and fishes (Oji et al., 2009;
Kobayashi et al., 2012; Downing et al., 2018; Li et al., 2018;
Gerringer et al., 2020). Yet, the steady growth of this topic
may also result from a bias towards visual imaging by hadal-
rated landers and vehicles, and the relatively low diversity of
taxa obtained by baited traps [e.g. fishes (Gerringer et al.,
2017b) and amphipods (Lacey et al., 2016)], which are cur-
rently commonplace. It is still generally not feasible to bring
live specimens to the surface, thus controlled experimentation
is excluded. Overall, Pressure adaptions trends with other top-
ics do then reflect its research core within hadal science.

This reliance on so few technologies and limited expeditions
to sample the hadal zone is evidenced as the growth of Bait-
attending fauna and Biodiversity discovery displayed a stair-
step growth in contrast to smooth exponential growth (Figure
4b). This is mirrored in the topic of Vehicles & sampling sys-
tems that showed an overall boom-bust trend in the articles
over time (Figure 4b). In essence, a new technology comes on-
line, is used to generate new research, which is published and
then in some cases that technology is lost or is superseded by
the next generation, which prompts another increase in publi-
cations. The stair-step is only visible because there are so few
technologies in the global pool. As more technologies arise at
a more frequent pace, the stair-step trends will likely smooth.

One such example is in the topics of Geochemistry, Micro-
bial communities, and ‘Omics, which were the three fastest-
growing topics (Figure 4b). These sudden increases are in part
accounted for by the significant investment by China in hadal
infrastructure, with a strong focus on the Mariana Trench
(Cyranoski, 2016). To highlight, 40 of the 79 papers pub-
lished in 2021 were from Chinese scientists, largely on Mar-
iana Trench and 26 were geochemistry or microbial studies
(i.e. 56% Geochemistry, 88% ‘Omics, and 82% Microbial
communities). The rise in ‘Omics was strongly connected with

Microbial communities (Figure 5), which indicates the impor-
tance of decreased sequencing cost and increased availabil-
ity of techniques to answer questions at the molecular and
cellular levels. In addition to single cellular species, the topic
of ‘Omics also included multicellular organisms such as am-
phipods and snailfishes (e.g. Ritchie et al., 2018; Li et al., 2019;
Mu et al., 2021). We anticipate the topic of ‘Omics to continue
to rise and become more tightly linked with other “Biological
Oceanography” topics as these techniques are essential to un-
derstanding the eco-evolutionary dynamics of life across the
hadal zone.

The influence of technology on topic output trends is also
evidenced in Geophysics & plate tectonics and Circulation
& bathymetry, as steady but non-growing topics (Figure 4).
These subjects are largely based upon ship-mounted tech-
nology, and not reliant on expensive, experimental, and rare
hadal-rated vehicles. Further, as submersibles and landers are
intrinsically linked to the benthos few circulation models ex-
tend to full ocean depth and few studies in the hadopelagic
beyond microbial studies from water samples. The most com-
prehensive assessment of the hadopelagic is six decades old
(Vinogradov, 1961). Expanding research on these topics in
the future is highly pertinent. As several seismically active
trenches are located near land (e.g. Peru–Chile, Japan, and
Java trenches), understanding subduction dynamics is essen-
tial for earthquake and tsunami preparedness, as well as impli-
cations for the carbon cycle (Kioka et al., 2019b). Within the
topic of Circulation & bathymetry, the potential for full ocean
depth Argo floats will fill a critical data to understand ecosys-
tem implications for a warming deep ocean (Brito-Morales et
al., 2020a; Meinen et al., 2020), leading to the inclusion of
the hadal zone in ocean modelling. From an ecological per-
spective, understanding hadal circulation is important to in-
vestigations of dispersal and connectivity within and among
hadal features (Ritchie et al., 2017; Weston et al., 2021).

The relative late emergence of Perspectives & human in-
fluence as a topic in hadal science is perhaps not surprising
given it is a very contemporary topic that is emerging across
all environmental sciences (Haunschild et al., 2016; Ramírez-
Malule et al., 2020; Sorensen and Jovanović, 2021) (Figure
4). While attention had been raised to the need for trench
conservation (Angel, 1982), studies of contamination or pol-
lution in sediment or animals and observations of litter on
the seafloor are often incidental studies, where the observa-
tions are made in the pursuit of other research objectives. The
topic of Perspectives & human influence also highlighted that
the hadal zone is the last marine frontier and thus an over-
looked zone within ocean science. As such, many of the arti-
cles are focused on introducing and bringing attention to the
hadal zone (Blankenship-Williams and Levin, 2009; Jamieson
et al., 2010). Interestingly, several articles within our corpus
were not hadal-based studies but did contextually reference
the hadal zone within the abstract. For example, Frýda et al.
(2011) describe an Early Devonian tryblidian and highlight
that modern-day species inhabit the hadal zone. By providing
introductions, Perspectives & human influence showed that
hadal science, while relatively small is reflective, with multi-
ple reviews, discussions of development, and future strategies
(Cui and Wu, 2018; Jamieson, 2018; Xu et al., 2018), which
may indicate the desire for the hadal science to be strategic
given the high-resource cost.

The fundamental drivers of topic trends over time (increas-
ing, stair-step increasing, or steady but non-growing) are all
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10 J.N.J. Weston and A.J. Jamieson

underpinned by the technology and the frequency of expedi-
tions. Geochemistry and Microbial communities are increas-
ing as numerous studies can be derived from core samples
taken by lander or submersible, whereas understanding pres-
sure adaptations across multiple taxa is hampered by a lack
of diversity that can be readily sampled at such depths. Fur-
thermore, the current reliance on submersibles and landers is
distinctively lacking in seasonal or inter-annual studies. While
there are a few long-term studies in hydrography (Taira et
al., 2004; van Haren, 2020), there has yet to be any attempt
at monitoring hadal communities for long periods. The gap
analysis showed high dissimilarity among Vehicles & sam-
pling systems and the topics within all four Oceanography
themes (Figure 5b). Therefore, the gaps are likely derived from
research topics that require samples or datasets that are not
easily obtained from contemporary vehicles, and expanding
research requires the capability to recover more samples and
conduct in situ experiments across the hadal zone.

Gaps within hadal science

While topic modelling illustrates an expansion of hadal re-
search, these efforts have largely focused on one location.
The underlying location bias resulted from the search terms
“full ocean depth”, “deep∗ ocean trench”, and “Challenger
Deep.” These search terms increased the number of abstracts
that were not captured by the term “hadal” at the expense
of largely focusing the corpus on the Mariana Trench and
more specifically the Earth’s deepest point, Challenger Deep.
This bias has been coined as the “Challenger Deep effect”
(Jamieson, 2018). Further, Jamieson (2018) warned that fo-
cusing on one location would hinder progress in understand-
ing the complexity across the entire hadal zone. The place
terms, such as “kermadec” within Bait-attending fauna and
“kuril” within Biodiversity discovery, do illustrate that sub-
stantial research does exist outside of the Mariana Trench.
However, knowledge gaps are present. This gap is readily seen
with recently resolved uncertainty with the deepest location
in each ocean and poorly resolved bathymetric maps (Stew-
art and Jamieson, 2019). Further, vast swathes of the hadal
zone remain unexplored and unstudied (Jamieson, 2018), es-
pecially with non-subduction features and hadal features out-
side the Pacific Ocean (Stewart and Jamieson, 2019; Weston
et al., 2021). Meanwhile, the Mariana Trench has undergone
an immense degree of scrutiny regarding simply how deep it
is (Fujimoto et al., 1993; Gardner et al., 2014; van Haren et
al., 2017; Bongiovanni et al., 2021; Greenaway et al., 2021).

Although rapidly growing, hadal science still lags behind
other marine zone and ecosystems, as evidenced in the bulk
number of publications (Figure 3). Further, disciplines and
topics were absent from topic modelling outputs, which are
present in more established fields (Mair et al., 2018; Costa
et al., 2020). These absences are critical to highlight at the
start of the Ocean Decade, especially with the recognition
of the threats to the deep sea from multiple direct and in-
direct pressures (Ramirez-Llodra et al., 2011; Howell et al.,
2020). While the topic of Perspectives & human influence in-
cluded anthropogenic impacts, from microplastic contamina-
tion to halogenated organic pollutants (Jamieson et al., 2017;
Peng et al., 2018; Blum et al., 2020; Cui et al., 2020), topics
or words related to conservation, management, and climate
change were noticeably absent. Further, the high disconnect
between Geochemistry and Biodiversity discovery indicates

knowledge gaps between organisms, species, and communities
with their hadal environment (Figure 5b). Climate change, a
warming deep ocean, and the predicted cascading effects do
pose a serious threat to the hadal zone communities (Levin
and Bris, 2015; Brito-Morales et al., 2020b). These commu-
nities are intrinsically linked to surface-derived food supply
and the organisms are highly evolved to the low-temperature
conditions (Smith et al., 2008; Gerringer, 2019; Meinen et al.,
2020).

Danovaro et al. (2020) conducted an expert elicitation
to identify the most important ecological variables needed
to manage and conserve the deep sea. We can compare the
state of hadal science to those top identified ecologies vari-
ables for five scientific areas. For “Biodiversity”, the essen-
tial ecological variables were identified classifying and quan-
tifying macro- and meso-zooplankton in the water column,
macro- and mega-fauna in the sediment, and measuring com-
munity composition and species distributions. As evidenced
from topic modelling, these biodiversity variables are within
the strengths of hadal science (e.g. the topics of Biodiver-
sity discovery, Baited-lander fauna, Microbial communities,
and Geographic & bathymetric patterns). However, the stud-
ies within these topics have been largely one-off sampling
events at a fixed lander point and often lack multidepth and
multitrench sampling, and never seasonally or inter-annually.
The essential variables for “Ecosystem functions” are trophic
structure and benthic faunal biomass. Several studies have in-
vestigated the trophic structure and food webs (Blankenship
and Levin, 2007; Liu et al., 2020; Tokuda et al., 2020), putting
hadal science on track to monitor these values. However,
these studies only provided a limited snapshot for that one
hadal feature. Hadal science is severely lacking in the remain-
ing three scientific areas, namely “Impact/risk assessment”,
“Global change, adaption, and evolution”, and “Conserva-
tion”. The essential ecological variables for these scientific ar-
eas are dependent on having a baseline to track changes over
time, such as habitat loss, population size, and species distri-
bution, which are only able to be measured through repeated
sampling strategies. Another key variable is the identification
of vulnerable habitats. Arguably, discovery is still ongoing for
all the types of hadal habitats present (Stewart and Jamieson,
2018). Furthermore, given that trenches are depocenters of
material, pollution will only increase in these enclosed ecosys-
tems that host endemic species (Peng et al., 2020). It could be
reasonable to classify large portions of the hadal zone as a
vulnerable habitat.

The topic modelling approach allowed us to distil and
gain an overarching view of the past 30 years of hadal re-
search. Yet, there are considerations given that topic mod-
elling has typically been predominantly applied to a larger
corpus, with > 1000 articles and > 20 topics (Westgate et al.,
2015; Greenville et al., 2017; Mair et al., 2018), yet not ex-
clusively, as Tulloch et al. (2016) analysed 641 articles within
the species distribution model literature. With a smaller cor-
pus, one consideration was capturing the highest number of
articles. With the small size of hadal literature, we included re-
views and conference proceedings, as these articles do reflect
a time point within hadal science. Some articles are not cap-
tured by the Web of Science search, particularly papers pub-
lished in Russian and those lacking the search terms in the ti-
tle, abstract, or keywords (e.g. Shimanaga and Yanagi (2016)
on litter in the Ryukyu Trench). To not introduce bias, we ad-
hered to the results from search terms. Given both the size and
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temporal dynamics of the hadal corpus, the number of topics
was given much consideration. This step is critical as the num-
ber of topics influences the interpretation of patterns in the
corpus (Westgate et al., 2015). We found that > 15 topics lead
to splitting or over-subdividing of topics, reducing the overall
explanatory power. For example, with 18 topics, there were
topics for both new species and new records of known species,
yet new records only spanned between 2016 and 2020. Op-
posingly, fewer than eight topics resulted in an over-lumping
of topics. Based on our developed criteria, we chose 12 topics
to best capture the complexity of the corpus, although the op-
timal number of topics is likely between 10 and 14 topics. Our
results do demonstrate that topic modelling can be applied
to a small corpus to qualitatively track research changes over
time, with strong attention paid to the search terms that maxi-
mize the recovered articles and selection of comparatively few
topics.

Recommendations for the future of hadal science

By conducting a broad assessment of hadal science through
the literature, we targeted the research strengths within the
field, and importantly identified gaps and the drivers thereof.
This reflection, at the start of the UN’s Ocean Decade, allows
for the projection of research avenues and directions for the
next 30 years of hadal science. Thus, we propose three recom-
mendations for future hadal research.

The first recommendation is to conduct multifeature sam-
pling that spans seismic and aseismic features of various ge-
omorphologies (trench, trough, fracture zone, basin, etc.). As
each hadal habitat has unique feature-specific conditions and
hosts high levels of endemic biodiversity, it is critical to dis-
cover the species that live there and then contextualize the
role of depth, feature type, and local environmental condi-
tions on those ecosystems. Studies should resist focusing on
the deepest point and capture the changes across the entire
hadal depth range and connections to the surrounding abyssal
plains. Non-subduction (aseismic) features and features out-
side of the Pacific Ocean have been under-represented in the
literature, largely because most hadal trenches are in the west-
ern Pacific (Stewart and Jamieson, 2018). Future research ex-
peditions should endeavour to include non-subduction hadal
features, particularly those nearby or adjoining larger subduc-
tion features. Expeditions such as the Five Deeps and the Ring
of Fire expeditions have begun to provide a strong example
of the benefits of global multifeature and depth studies. For
example, a multitrench assessment of fish, gelatinous organ-
isms, and decapods are revealing contrasting diversity of fam-
ilies within different trenches and shifts in vertical distribution
that appear driven by local bottom temperature and oxygen
(Jamieson et al., 2021a, 2021b; Swan et al., 2021). Further,
there is a growing body of papers demonstrating even large
and conspicuous animal groups, such as the octopods and
squids (Jamieson and Vecchione, 2020, 2022), are present at
hadal depths, but so far discovered in a limited number of
trenches. Therefore, these trends of presence/absences and the
documenting of the geographic and bathymetric distribution
of fauna only become apparent in multifeature studies.

The second recommendation is to conduct seasonal or long-
term sampling of select hadal features. With the technological
and logistical challenges associated with conducting hadal sci-
ence, most sampling effort is focused on one-time campaigns
to a feature. While there are many campaigns to Challenger

Deep, they often occur by different research groups and are
not designed for comparability. Both situations have resulted
in a gap in tracking and understanding temporal dynamics
at hadal depths. With engineering and technological innova-
tion strongly embedded within hadal science, future direc-
tions should aim to develop a long-term sampling strategy and
install hydrographic observations/moorings (e.g. Itou et al.,
2000). Within this strategy, a focus should be given to captur-
ing large events, such as mass wasting following earthquakes,
rather than simply examining the after-effects (Oguri et al.,
2013; Bao et al., 2018; Kioka et al., 2019a), that might be
rare but have extensive implications for biological succession,
trophic coupling and element cycling (Bigham et al., 1893;
Heezen et al., 1955). A long-term sampling strategy will simul-
taneously be essential for developing a baseline for identifying
and tracking the impacts of global change.

Finally, the third recommendation is to strengthen the dis-
ciplinary and cross-disciplinary connections existing within
hadal research. While this recommendation may seem obvi-
ous, it is essential to accelerate the elucidation of important
ecological aspects in which to contextualize with the wider
ocean environment. The hadal zone is an inherently dynamic
suite of ecosystems, where the physical, chemical, and biolog-
ical are closely intertwined across geographic space and time,
and each discipline faces similar logistical challenges. Given
the multiple impacts and grand challenges facing the deepest
marine zone, the future of hadal science should continue to
expand with cross-disciplinary research projects, teams, and
missions that leverage the global expertise of engineers, geol-
ogists, oceanographers, geochemists, and biologists.
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