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Editorial on the Research Topic

Recent and emerging innovations in deep-sea taxonomy to enhance
biodiversity assessment and conservation
Deep-sea areas that extend from the shelf break down into hadal trenches are vast

and cover more than half of the Earth’s surface. In the early days of deep-sea exploration,

the deep sea was seen as an enormous, dark, and hostile environment barren of life

(Tyler, 2003; Danovaro et al., 2014), but it has since become clear that the deep ocean is in

fact an environment rich in biodiversity, which provides essential ecosystem services

(Cochonat et al., 2007; Armstrong et al., 2012; Thurber et al., 2014). Deep-sea ecosystems

are of immense importance for biogeochemical processes and cycles at a global scale

(Armstrong et al., 2012), and the latter are inevitably linked to biodiversity (Danovaro

et al., 2008). Increasing anthropogenic pressures on deep-sea ecosystems, stemming from

resource exploitation, pollution and climate change (Clark and Dunn, 2012; Pham et al.,

2014; Sweetman et al., 2017; Smith et al., 2020) will lead to a loss of biodiversity in deep-

sea ecosystems, thus affecting their structure and function (e.g., Danovaro et al., 2008;

Niner et al., 2018). Therefore, protecting deep-sea biodiversity should be a global

concern, and now is the time to grow our knowledge in this area.

Species are a basic unit of biodiversity. Taxonomy, the classification and naming of

taxa, is the fundamental science for exploring biodiversity and its drivers, thus

underpinning conservation management initiatives. However, with its high undescribed

diversity, taxonomy in the deep sea is facing major challenges. Most of the species collected
frontiersin.org
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from greater depths are new to science (Glover et al., 2002; Brandt

et al., 2007; Poore et al., 2015). Furthermore, with more sampling

and expeditions, also using advanced equipment such as Remotely

Operated Vehicles (ROV), help to more (new) species being

discovered (Bribiesca-Contreras et al., 2022). This large

unknown biodiversity not only impairs adequate estimation of

global deep-sea biodiversity, but also poses a great risk that species

will be lost before they are even discovered, let alone named. A

declining number of taxonomists (a rapidly growing issue known

as the taxonomic impediment) further exacerbates the situation

(Convention on Biological Diversity [CBD], 2010; Mora et al.,

2011; Engel et al., 2021). Deep-sea taxonomy is thus caught

between the need to robustly describe species and the implicit

requirement to do so as quickly as possible to keep up with

ongoing environmental changes.

Our aim for this Research Topic in Frontiers in Marine

Science was to bring together studies that advance the taxonomic

analysis of deep-sea metazoan species with focus on the

application of new methods and approaches. In particular, we

sought to highlight the role of taxonomy as a key discipline for

understanding and ultimately conserving deep-sea biodiversity.

This Research Topic comprises 14 scientific papers that shed

light on deep-sea taxonomy from very different perspectives,

involving different taxonomic groups and different

organizational levels of biodiversity – from genes to ecosystems.

To discriminate species and identify them as known or new

to science is the first step in taxonomy. However, even this can

often prove very difficult. Traditionally, deep-sea species have

been delineated and identified by their morphological

appearance. The presence of morphologically identical or

similar but genetically distinct species, polymorphisms,

ontogenetic plasticity or severe sexual dimorphism have led to

incorrect species assignments (e.g., Vrijenhoek, 2009; Brasier

et al., 2016; Christodoulou et al., 2020). A number of studies in

this Research Topic highlight these issues and provide novel

approaches to solving them. Several studies advocate an

integrative taxonomic approach as the most robust method for

accurately delimiting species. For example, using species’

biogeographical or bathymetric distributions, ecological

requirements, or phylogenetic origins, can help distinguish

between different species. Kürzel et al., for example, combined

evidence from morphological and molecular (DNA barcoding

and proteomics) analyses of a family of Icelandic isopods with

species distribution models to elucidate species boundaries. In

particular, they found proteomic fingerprinting to be a

promis ing tool for rapid and inexpensive species

differentiation. In addition, the authors recommend the use of

interactive keys, so-called multiple-access keys, especially for the

identification of deep-sea species, since they are very flexible and

can be modified to include newly described species. Frutos et al.

present a comprehensive overview of traditional and new

methods for peracarid crustacean taxonomy, with a focus on

morphological tools, but providing an overarching presentation
Frontiers in Marine Science
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of molecular genetic methods as part of an integrative practice.

Fixation and imaging procedures are presented in great detail.

Great importance has been attached to some microscopic

techniques, some of which have only rarely been applied to

deep-sea species, on the one hand to improve the morphological

analysis and on the other hand as a bridge to other biological

disciplines. Martı ́nez-Sanjuán et al. , used computed

microtomography (Micro-CT) for taxonomic research on

species in the molluscan class Solenogastres. While it was not

possible to obtain a sufficient resolution of some body parts,

micro-CT seems to be particularly valuable as a non-destructive

technique for morphological analysis in this taxon, and other

rare deep-sea animals. Micro-CT thus joins a number of other

microscopy techniques, including Confocal Laser Scanning

Microscopy (CLSM) or Environmental Scanning Electron

Microscopy (ESEM, Frutos et al.), in which the individual

specimen is not destroyed but remains available, for example

as invaluable collection material for future analyses including,

under certain conditions, also for molecular applications. As

deep-sea organisms are often only collected in limited numbers,

these methods enable high-quality imaging of this precious

material, while keeping a voucher as a reference.

In a deep-sea context, one is often confronted with the

inability to identify species unequivocally, whether due to

damaged specimens, cryptic species or if the species is new to

science. Open Nomenclature (ON) procedures are therefore

used to make these identifications consistent and thus

available for biodiversity data sets (e.g., Sigovini et al., 2016).

Prerequisite for this is that a physical specimen is present.

However, assessment of the biodiversity of deep-sea

megafauna is often based on analysis of still or video images.

In their study, Horton et al. provide guidelines for using ON for

image-based identifications and its implementation into

repositories for biodiversity data. The standardized use of ON

is likely to significantly improve the quality and comparability of

biodiversity datasets, thereby aiding monitoring of deep-sea

biodiversity changes.

Estimates of how many species occur in the deep sea

are greatly divergent (Grassle and Maciolek, 1992; May, 1992;

Poore and Wilson, 1993) because our view of deep-sea

biodiversity is strongly biased – both geographically and

taxonomically. Some areas are better sampled than others, e.g.

sampling effort in many areas of the North Atlantic is greater

than knowledge of the Southern hemisphere (e.g., Howell et al.,

2020 and citations therein). Furthermore, species with larger

body sizes and wide-ranging distributions tend to be discovered

and described earlier, while knowledge about small-bodied, less

conspicuous groups and those with restricted ranges is much

more limited (Mora et al., 2011; Higgs & Attrill, 2015). As

different taxa have been shown to exhibit different biodiversity

patterns in the deep sea (e.g., Brandt et al., 2007; Washburn et al.,

2021), and small-bodied taxa in particular contribute

significantly to overall biodiversity (Hessler and Sanders, 1967;
frontiersin.org
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Rex et al., 2006), a fundamental improvement in our knowledge

here is crucial. In this Research Topic, a number of papers

focused on understudied geographic regions or taxonomic

groups where much more research is required. Kniesz et al.

studied scavenging amphipod communities associated with

active and inactive hydrothermal vents in the Central and

South East Indian Ocean. Since the first vent fields in the

Indian Ocean were only discovered at the beginning of this

century, they are among the least explored habitats in the deep

sea. The authors discovered a rich assemblage of amphipods.

Yet, although the region was poorly explored, several species

were already known. A vent-endemic fauna could not be

inferred with certainty; however, some species appear to be

well adapted to the extreme conditions, particularly high

temperatures and hypoxia, that prevail at vents. Jażdżewska

et al. investigated the distribution of two widespread

scavenging amphipod species by means of integrative

taxonomy. The authors were able to provide evidence of

cosmopolitanism in a species spanning the Atlantic, Pacific

and Indian Oceans, while the other species likely represents a

complex of six previously undescribed species.

Australia has a very extensive continental slope, but sampling

at this depth in the region has been remarkably limited

(McCallum et al., 2015; Poore et al., 2015; O’Hara et al., 2020).

Very few samples have been taken especially within the Australian

Exclusive Economic Zone (EEZ), which has been shown to have a

highly diverse fauna (Poore et al., 2015; O’Hara et al., 2020). The

focus of the study by Błażewicz et al. were tanaidacean crustaceans

of the genus Pseudotanais collected from the southern Australian

slope. Prior to this, only one species was known from Australian

waters, with the authors’ new descriptions increasing the number

to six. Similar to Australia, national waters of many countries

include deep-sea habitats. Yet, although the deep sea is here

practically on the doorstep, it is often only little explored (cf.

Woodall et al., 2021; Amon et al., 2022). The studies by Stępień

et al. and Jóźwiak et al. examining the biodiversity of cumaceans

and tanaidaceans along a bathymetric gradient along the

Ghanaian slope (West Africa, central Atlantic) help to fill one of

these major biogeographic gaps. A high level of diversity was

found in both taxa, with most species previously undescribed. In

fact, Stępień et al. label the region as a biodiversity hotspot for

cumaceans. The region is exposed to hydrocarbon pollution from

the oil industry, which poses significant risks to biodiversity.

The discipline of biogeography relies on formally described

species (Glover et al., 2018). Grzelak et al. presents a description

of a new kinorhynch species collected from hadal depth of the

Atacama Trench (SE Pacific), thus contributing to expanding the

understanding of biogeographical patterns of isolation and

connectivity of the trench fauna. Similarly, the study by Passos

et al. focuses on a group that has only been little examined in the

deep sea by describing a new species of caudofoveate mollusc

from the Brazilian slope. Using species distribution models, their

distribution was evaluated in comparison to other congenerics,
Frontiers in Marine Science
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with strong differences in the ecological requirements and thus

in the distribution of the species in this group being identified.

Finally, the study by Stępień et al. examined the tandaidacean

genus Agathotanais from across the Pacific. The authors

provided a synopsis of the genus and a description of five new

species, bringing the total to 17 species known worldwide,

although it is likely that many more exist.

All studies of this Research Topic contributed to the goal of

expanding knowledge of deep-sea biodiversity through taxonomy

and thus offering tools and/or solutions for deep-sea conservation.

To be highlighted here are the studies by Stefanni et al. and

Thomas et al. Assessing the impact of human activities on the

deep-sea floor requires accurate data on the distribution of

biodiversity and its components - populations, species and

communities. Due to the spatial and temporal dynamics of

deep-sea ecosystems, the collection of long-term data is of

crucial importance. Cabled observatories play a key role here, as

they can record biodiversity data and relevant environmental

parameters continuously and over the long term. Stefanni et al.

present an overview of environmental DNA (eDNA)

metabarcoding in conjunction with cabled observatories to

support deep-sea biodiversity assessment. Due to the high

biodiversity in the deep sea, coupled with low specimen

numbers and the taxonomic issues of species identification and

delineation mentioned above, eDNA metabarcoding is emerging

as a very valuable tool for the study and monitoring of deep-sea

biodiversity. In particular, the integration of optoacoustic

technologies and eDNA seems to very much complement each

other to more fully capture deep-sea biodiversity and its changes.

The risk of extinction of deep-sea species due to human

activities is very real (Barbier et al., 2014). In addition to

mapping and describing deep-sea biodiversity, conservation

strategies need to be evaluated. The International Union for

Conservation of Nature (IUCN) Red List of Threatened Species

is one such tool to increase the visibility of threatened biodiversity

and provide objective guidelines for conservation actions by listing

species that are endangered or at the brink of becoming extinct.

However, Red List criteria have rarely been applied to deep-sea

species, although it has proven to be an ideal tool for identifying

threats to species and protecting them (Sigwart et al., 2019).

Thomas et al. evaluated the Red List status of more than 180

species of hydrothermal molluscs, particularly in light of

forthcoming mining activities to exploit deep-sea minerals from

these habitats and the associated risks to fauna. Given that only

one deep-sea species has previously been Red listed (Sigwart et al.,

2019), the study by Thomas et al. is unparalleled by classifying

more than 62% of the assessed species as threatened. At the same

time, the authors call for genuine conservation measures to

protect deep-sea fauna, such as the designation of marine

protected areas (MPAs), and, in the absence of sufficient

knowledge of the deep-sea biota, advocate a precautionary

approach to managing resource exploitation of deep-sea

ecosystems and thus safeguarding their high biodiversity.
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The destruction of habitats and the depletion of their resources

will have unpredictable consequences on the largely undescribed

deep-sea biodiversity, with further potential cascading effects on

ecosystem functions and services. The articles summarized in this

Research Topic each contributed a piece of the puzzle by using

taxonomic information to advance our understanding of deep-sea

biodiversity. Obviously, many gaps remain, but we think it has

been convincingly demonstrated that taxonomic research will

continue to play an important role in deep-sea exploration and

conservation. Future directions in this discipline include

encouraging the development of tools and techniques to describe

biodiversity as quickly and accurately as possible, but also

identifying ways to ensure stable taxonomy and taxonomic

expertise over the long term. The latter concerns enabling the

training of future taxonomists, but above all increased funding

initiatives as well as employment opportunities for taxonomists.

Taxonomy cannot be viewed in isolation, but is a highly integrative

field and must remain open to interlinking with other biological

disciplines. Similarly, the description of a species is greater than the

sum of its parts; “Every species is a masterpiece, exquisitely adapted

to the particular environment in which it has survived. Who are we

to destroy or even diminish biodiversity?” (E.O. Wilson).

Taxonomists are passionate about their research and it is also up

to them to spread the spark and convey the value and appreciation

of the variety of life in the deep sea.
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This paper recommends best practice for the use of open nomenclature (ON) signs
applicable to image-based faunal analyses. It is one of numerous initiatives to improve
biodiversity data input to improve the reliability of biological datasets and their utility
in informing policy and management. Image-based faunal analyses are increasingly
common but have limitations in the level of taxonomic precision that can be achieved,
which varies among groups and imaging methods. This is particularly critical for deep-
sea studies owing to the difficulties in reaching confident species-level identifications
of unknown taxa. ON signs indicate a standard level of identification and improve
clarity, precision and comparability of biodiversity data. Here we provide examples of
recommended usage of these terms for input to online databases and preparation of
morphospecies catalogues. Because the processes of identification differ when working
with physical specimens and with images of the taxa, we build upon previously provided
recommendations for specific use with image-based identifications.

Keywords: image-based analysis, taxonomy, identification, nomenclature, standardisation, biodiversity
informatics, taxonomic databases

INTRODUCTION

Improved technology and approaches for surveying the marine environment have led to a rapid
increase in the number of in situ images of both shallow water and deep-sea taxa, that are now being
used for biodiversity studies (Durden et al., 2016). The appropriate identification of organisms in
these images is critical to scientific, environmental management, and conservation assessments
(Durden et al., 2016; Thomson et al., 2018). Increasingly, these image-based methods are being
used to supplement or replace traditional approaches, in scientific research, in baseline surveys
of an ecosystem, and in repeat monitoring programmes. Such assessments are used to support
applications for the industrial extraction of marine resources, e.g., for oil and gas (Gates et al.,
2017); seabed mining (Amon et al., 2016; Durden et al., 2018; Simon-Lledó et al., 2020); and
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fisheries (Clarke et al., 2009; Murphy and Jenkins, 2010).
This approach is also used in conservation assessment (Bean
et al., 2017), and in the monitoring of Marine Protected Areas
(MPAs; Benoist et al., 2019). In all cases, these efforts require
the accurate and repeatable monitoring of biodiversity data
(Huvenne et al., 2016).

One major challenge for the identification of organisms in
images is a lack of knowledge of the local fauna. Image-based
surveys are often used to study remote locations, such as the deep
sea, where extensive knowledge of the fauna is often limited (e.g.,
Jones et al., 2014). In deep-sea regions globally, high proportions
of species are new to science, with estimates varying from 35
to 95% (Poore et al., 2015). Consequently, this has led to the
development of local or regional field guides (and catalogues)
describing the fauna recorded on images or videos, including
example images with textual descriptions of the characteristics
that helped identify the organisms, frequently without access to
corresponding physical specimens (Tilot, 2006; Gowlett-Holmes,
2008; Jones and Gates, 2010; Gervais et al., 2012; HURL, 2013;
Jacobsen Stout et al., 2015; National Oceanic and Atmospheric
Administration, 2020).

Such catalogues aim to improve consistency between
operators and surveys, and provide a morphological taxonomy
of the putative taxa encountered (Amon et al., 2017). However,
these catalogues lack consistency, are difficult to combine, have
missing details, are often only housed locally, and are rarely
machine readable without significant additional effort. This
greatly reduces the utility of the information from these surveys,
and therefore limits their scientific value. There are coordinated
international efforts to develop databases and reference guides
for the identification of marine species from images within a
region. For example, the Standardised Marine Taxon Reference
Image Database (SMarTaR-ID) that takes the North Atlantic
deep sea as a case study (Howell et al., 2019).

In situ images provide contextual advantages over ex situ
photographs and preserved specimens, including information
about natural habitat, colour in life, behaviour, interspecific
associations, and other ecological data (particularly useful for
relation of a species to habitat). Additional features from images,
such as shadows, may also be useful in detection of taxa
and for identification. In some cases, published works contain
taxonomic identifications from physical specimens together with
corresponding in situ photographs, though such works are
comparatively rare (Rogacheva et al., 2013).

There are numerous inherent challenges to the identification
of taxa from images without a corresponding specimen
(Howell et al., 2014, 2019; Durden et al., 2016). For example,
image orientation may mean that features normally used for
identification with a physical specimen are not visible. Organisms
may appear rotated, overturned, and may be retracted or in
unusual positions, while sessile animals may have only a single
plane of view (e.g., dorsal rather than lateral or ventral), so
diagnostic features may be hidden. Particular difficulties arise
when diagnostic features are internal or on the ventral or
lateral view. Similarly, the quality of the image may impact the
identification, and is determined by a number of factors including

the environmental conditions (e.g., turbidity and backscatter),
distance from the camera to the subject, illumination, camera
and/or video settings and platform (e.g., towed-platform,
autonomous underwater vehicles, remotely operated vehicles,
and baited remote underwater video systems) (Durden et al.,
2016). Improvements in platform stability, camera and/or
lighting technology may result in different taxonomic resolution
between datasets over time (Macreadie et al., 2018). Some
image annotation software, commonly used for marine studies,
such as the Video Annotation and Reference System (Schlining
and Stout, 2006), SQUIDLE+ (Williams and Friedman, 2015)
and BIIGLE (Langenkämper et al., 2017), provide tools for
recording levels of certainty of identification, such as classifying
identifications as ‘certain,’ ‘provisional,’ or ‘unconfirmed’ (Durden
et al., 2016), although explanations of these terms and how and
when to apply them is lacking.

Given these limitations, it is common practice in the
interpretation of image data to identify taxa to a taxonomic level
higher than species (e.g., genus, family or higher rank), with
individual taxa referred to as ‘morphospecies,’ ‘morphotypes,’ or
given operational taxonomic unit (OTU) reference codes, rather
than conventional taxonomic names. These OTU reference codes
are often used instead of binomial Linnaean names to refer to
organisms in publications, databases, and morphospecies image
catalogues (Althaus et al., 2015; Howell et al., 2019).

Minelli (2019) refers to a ‘Galaxy of non-Linnaean names,’
outlining the variety of non-Linnaean names currently in use,
and the problems arising in biodiversity informatics as a result
of the lack of standardisation of their usage. Conventional
Linnaean names are governed by codes of nomenclature (the
International Code of Zoological Nomenclature (International
Commission on Zoological Nomenclature [ICZN], 1999); the
International Code of Nomenclature for algae, fungi, and plants
(Shenzhen Code), (ICN, Turland et al., 2018); the International
Code of Nomenclature of Prokaryotes (ICNP, Parker et al., 2019)
and the International Committee on the Taxonomy of Viruses
[ICTV, Lefkowitz et al., 2018)]. Minelli (2019) divided non-code
compliant names into three groups: (1) open nomenclature; (2)
temporary names for undescribed species; and (3) ‘mixed lists’
where formal Linnaean names are mixed with informal names
[e.g., in databases such as the Barcode of Life Data System, BOLD,
20201 (Ratnasingham and Hebert, 2007); and GenBank, 20202

(Benson et al., 2008)]. Informal names are not currently governed
by any code, resulting in a wide array of usage, and greatly
complicating attempts to make comparisons between datasets.
There are also several issues with the data available in genetic
databases, a key one being the increasing number of sequences
deposited without reference to formal scientific names, which
has resulted in an explosion of ‘dark taxa’ (Page, 2016). This is
a substantial problem that results in the generation of additional
‘taxonomic entities’ with limited scientific meaning.

Open Nomenclature signs, hereafter ON signs, are commonly
used in taxonomic, ecological, and biodiversity studies, and

1http://www.boldsystems.org/
2https://www.ncbi.nlm.nih.gov/genbank/
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are extensively used in the designation of morphospecies and
OTUs. They provide a means to explain the uncertainty of an
identification. For example, ‘Brisinga sp.’ where the addition
of the ON sign ‘sp.’ after the genus name indicates that this
entity is identified as a species within the genus Brisinga,
but that the species is not known (which may be for a
variety of reasons). Sigovini et al. (2016) provided a review
of the history, a thorough discussion, and an updated list
of recommended open nomenclature signs, as well as some
preliminary suggestions for the standardisation of their use when
a physical specimen is available.

Despite the very useful recommendations by Sigovini et al.
(2016) in providing clear definitions of the ON signs in
current usage, it has become apparent that the implementation
of these terms in practice is not well known or understood
by many who use them, particularly those working on
image-based identifications. There remains a need for clearer
recommendations for the use of ON signs for this purpose.
This need for improved guidance in ON use is happening
alongside moves toward improved biodiversity data standards
to facilitate access to and comparability among datasets online
through a variety of openly accessible global databases and
is an essential step to ensure that biodiversity data generated
from marine images can meet FAIR data principles (Findable,
Accessible, Interoperable, and Reuseable; Wilkinson et al., 2016).
There are many such efforts underway with guidance on the
standardisation of names being discussed and implemented
by a variety of global databases and working groups (Welter-
Schultes, 2012; Vandepitte et al., 2015, 2018; Horton et al., 2017;
TDWG, 20203).

There are several online data repositories holding primary
biodiversity data, with differing applications, focussing separately
on sequence data or species occurrences (Table 1 in Rabone et al.,
2019 provides a comprehensive list and links). These include
GenBank and BOLD, Catalogue of Life (CoL4; Roskov et al.,
2020), the World Register of Marine Species (WoRMS5; WoRMS
Editorial Board, 2020), the Global Biodiversity Information
Facility (GBIF6; GBIF, 2020), and the Ocean Biodiversity
Information System (OBIS7; OBIS, 2020). One of the most
commonly used standards for sharing information about
biodiversity online is Darwin Core8 (Wieczorek et al., 2012),
which is maintained by the organisation Biodiversity Information
Standards (TDWG). The DarwinCore Archives data package
(DwC-A) is used for most datasets that are input to biodiversity
databases, with most data providers using GBIF’s Integrated
Publishing Toolkit9.

In this article we primarily draw on our experiences in
dealing with images from the deep-sea environment, where the
problems are particularly acute. Nevertheless, the same issues
arise throughout the marine, and indeed terrestrial, environment.

3https://www.tdwg.org/
4https://www.catalogueoflife.org/
5http://www.marinespecies.org/
6https://www.gbif.org/
7https://obis.org/
8https://dwc.tdwg.org/
9https://www.gbif.org/ipt

There are numerous reasons why an image-based identification
may not be able to provide any given specimen with a full
binomial Linnaean name, our recommendations for ON usage
may, therefore, be applicable in numerous applications, from
microscopic imagery of the plankton (Culverhouse et al., 2014)
to baited stereo-video surveys of fish assemblages (Langlois
et al., 2020) to aerial photographs of marine mammals
(Schweder et al., 2010).

We present recommendations for the best practice of ON
usage for taxon identification from images, including a discussion
of usages of ON signs and those to avoid, and suggestions for
integration with the Darwin Core. We present a flowchart for
decision-making of ON signs to use, and provide clear examples
for illustration from marine image datasets.

DIFFERENT USAGES OF ON SIGNS

A Flowchart to Aid ON Sign Selection
In considering the means to standardise the application of ON
signs to an identification, it is important to recognise that ON
signs are used for a variety of applications (Minelli, 2019). There
are currently three main types of ON sign usage employed in
association with image-based identification; (1) nomenclature
applied to an individual taxon in a single image to be used in
a publication and/or for entry to a database in a standardised
format (e.g., Darwin Core); (2) nomenclature applied to one or
more specimen images in a catalogue or morphospecies guide,
with explanations provided in the text (e.g., figure legends,
titles of sections on each morphospecies) and; (3) nomenclature
applied to a group of specimens for the purposes of data reporting
or formation of a data matrix for statistical analysis. In the
latter case, this could involve the amalgamation and refinement
of the nomenclature applied to associated individual specimens
and may include taxonomic roll-up to higher taxonomic ranks
(more confident identifications) and/or morphotype complexes.
The decision of which ON sign to use may vary depending on the
final application.

Sigovini et al. (2016) provided a flow chart to indicate
which ON sign should be used for a particular level of
certainty in identification. That flow chart can be applied at
lower taxonomic ranks of identification (higher resolution/more
detail), both when a specimen is available, and for an image-based
identification. However, image-based identifications pose their
own challenges and are more often made at higher taxonomic
ranks (lower resolution/less detail) than identifications of
physical specimens. In our assessments of a broad range of
deep-sea images and taxa, attempts to employ ON signs to
images (using Sigovini et al., 2016) frequently resulted in
uncertainties in usage rather than improved clarification and
consistency in the datasets. Consequently, we have developed
a similar method that has been specifically adjusted to use for
image-based identification. The simple flowchart we provide,
Figure 1, has been trialled and refined by both taxonomic
experts and variously experienced image annotators. Following
these trials, it is important to note that we now recommend
that the usage of certain ON signs should be limited to
physical specimens only.
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FIGURE 1 | Key steps to identification of taxa in images. The flowchart provides a means to determine the lowest rank of identification with certainty, and provides
an example of the ON sign to use in each case. For each ON sign the identifier can check (Figures 2, 3, 5, 6) for examples formatted for output in Darwin Core
terms. *There are various reasons for using stet., which will depend on the operator applying the ON sign. The reason for stopping should be given in the
identificationRemarks field, e.g., no experience of ID of this taxon (indicating it may be possible for another identifier with more experience of the group to take the
identification further). **incerta can be used at any level of the identification (phylum inc., class inc., order inc., fam. inc., gen. inc., sp. inc.). It indicates the
identification is not absolutely certain and should be added after the rank of uncertainty (e.g., Brisinga gen. inc.; Brisinga costata sp. inc.) If uploading the occurrence
data to GBIF/OBIS, the lowest taxonomic rank should be entered in the scientificName field and the ON sign in the identificationQualifier field. ***The use of ‘sp. nov.’
should be avoided for input to the field identificationQualifier as it is required by nomenclatural codes to explicitly indicate a new species, and may also result in
non-unique identifiers. The use of a unique sequential, alphanumeric code for new taxa is recommended for entry to the identificationQualifier field (see text and
examples in Figures 2, 3, 6) with further information about the new taxon held in the identificationRemarks field.

Open Nomenclature Signs in Darwin
Core Format
Examples of the usage of each ON sign are provided here for
input in the Darwin Core format for entry to online databases
and for peer-reviewed publications. The Ocean Biodiversity
Information System (OBIS) provides a manual for the entry
of taxonomic and identification data to Darwin Core in
the database fields ‘scientificName’ and ‘identificationQualifier’
as follows:

“. . .‘scientificName’ (required term). . . The name should be
at the lowest possible taxonomic rank, preferably at species
level or lower, but higher ranks, such as genus, family, order,
class etc. are also acceptable. . .The scientificName term should
only contain the name and not identification qualifications

(such as ?, confer or affinity), which should instead be supplied in
the identificationQualifier term. . .”10.

Darwin Core format therefore allows for the incorporation
of ON signs in the field identificationQualifier, and also
for the inclusion of remarks about an identification in the
identificationRemarks field11. Darwin Core also includes a
taxonConceptID field, defined as “An identifier for the taxonomic
concept to which the record refers – not for the nomenclatural
details of a taxon”, that can be used to form a namestring
that combines scientificName and identificationQualifier. In the
case of non-code compliant names, the use of a namestring

10http://obis.org/manual/darwincore/
11dwc.tdwg.org/terms/
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or coding that is a combination of the scientificName and the
identificationQualifier similarly becomes the taxonConceptID
and therefore we recommend this field for these entries. It is
most important that these fields are used in a standardised way
in biodiversity informatics, in publications, and in field guides or
morphospecies catalogues.

We have assessed the number of unique values of these three
Darwin Core terms. Currently there are 1,048,576 records from
499 datasets that use at least one of these three DwC terms in
OBIS. There are 4315 unique values of identificationQualifier, 411
unique values of identificationRemarks, and 3623 unique values
of taxonConceptID.

While we would expect numerous unique values to appear in
the identificationRemarks field, it is clear that this field is not
very well used. There are very large numbers of unique values in
the other two fields suggesting that to date, there has been little
attempt to standardise these data.

DISCUSSION OF ON SIGNS TO
USE/AVOID FOR IMAGE-BASED
IDENTIFICATION

We have provided in Figures 2, 3 some clear examples of the
recommended usage of open nomenclature and how it should
be applied in Darwin Core format. Importantly, the usage in
different formats (biodiversity informatics, publications, field
guides, and morphospecies catalogues) may drive the decision on
which ON sign to use.

Species (Singular), sp.
Species rank is the basic, gold-standard, taxonomic level to which
ecological studies generally aspire. However, in many image-
based identifications it is not possible to know, with certainty,
the species-level identity of an organism. In such cases, the taxon
is usually given the ON sign ‘sp.’ i.e., Genus sp. The use of
this ON sign alone is discouraged, as it does not indicate the
reason that the identification was not determined to the species
level. As indicated by Sigovini et al. (2016), we recommend that
the term be supplemented with an additional qualifier, either
stet. (stetit) or indet. (indeterminabilis) [see sections “Stetit (stet)”
and “Indeterminabilis (indet.)]. Where neither of these terms
apply, for example in the case of confirmed, but undescribed
new species, a unique taxon identifier code (e.g., Eurythenes sp.
DISCOLL.PAP.JC165.674) should be used. Simple alphanumeric
codes are commonly encountered in both publications and
databases (i.e., Eurythenes sp. 1 or Eurythenes sp. A) and should
be avoided. Such simple codes are unlikely to remain unique
identifiers beyond the dataset in question. By providing a more
complex coding system relating to a collection or sample number
(for physical specimens), or expedition/dive number/time stamp
(for image-based taxa) when combined with the higher taxon,
the namestring used becomes a unique identifier for that OTU.
Chapman (2005) referred to this issue as ‘Domain Schizophrenia’
and emphasised the importance of establishing a formula to
produce ‘unpublished names’ that remain unique once databases
begin to be combined. For example, the unique species code could

take the form adopted by the Australian Botanical community:
<Genus> sp. <colloquial name or description> (<voucher>):
(see Chapman, 2005); or could be formulated as is currently being
recommended in the OBIS manual for creating a unique code for
the Darwin Core field occurrenceID:

“There are no guidelines yet on designing the persistence of this
ID, the level of uniqueness (from dataset to global) and the
precise algorithm and format for generating the ID, but in the
absence of a persistent globally unique identifier, one could be
constructed by combining the institutionCode, the collectionCode
and the catalogNumber (or autonumber in the absence of a
catalogNumber)” (Figure 4).

We therefore recommend that for taxa confirmed as new
to science, temporary names be constructed for input to the
‘identificationQualifier’ field, and where physical specimens are
available, the same temporary name should be used on specimen
labels, input to museum databases and genetic sequence
databases etc. thus facilitating links between these important
datasets. The name construction can be managed by using a
combination of the institution, museum or collection code (e.g.,
as found on the Global Registry of Scientific Collections12),
and the sample number or museum accession number, or a
combination of the expedition/dive number/time stamp (for
image-based taxa).

Species (Plural) spp.
The ON sign ‘spp.’ is used to indicate the presence of more
than one species of the same genus, whose identification
was not achieved (Sigovini et al., 2016). The usage of ‘spp.’
applied to image-based identifications depends much on the
planned output (see section “Different Usages of ON Signs”).
In single image identifications for upload to online databases in
Darwin Core, usage of ‘spp.’ is discouraged as clearly a single
specimen cannot be identified to multiple species. In these cases,
we recommend that, sp. indet. [see section “Indeterminabilis
(indet.)] is used.

For use in morphospecies catalogues or in analyses, Durden
et al. (2016) advocate for the use of spp. to indicate a species
complex, noting that “of forty rockfish species (Sebastes spp.),
five are visually very similar unless an extreme close-up view of
the gill cover and erect dorsal fin are obtained. All five species
can be listed as separate terms, along with an additional term
‘Sebastes complex,’ for use when species-level identification is
not appropriate, but where species-level identification can also
contribute to ‘Sebastes complex’ quantification.”

However, for reporting or analysis purposes, taxa may need
to be merged where consistent identification or discrimination
of those taxa was not possible across all the images annotated,
or to enable comparison with other datasets. For example,
two morphotypes can be identified as belonging to the same
taxonomic group (e.g., genus or family) based on visible
characteristics, but the identifier is unable to distinguish these
two morphotypes consistently in the entire set of images, because
the distinguishing features are not always visible (e.g., owing

12https://www.gbif.org/grscicoll
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FIGURE 2 | Example usage of the recommended ON signs for image-based identifications and how to format the identification for input to online databases such as
OBIS/GBIF in Darwin Core format. Examples images and identifications are provided from Arnés-Urgellés et al. (2020).
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FIGURE 3 | Examples of more diffcult scenarios encountered in deciding on an image-based identification, and how to format the identification for input to online
databases in Darwin Core format. Example scenarios are for two taxa indicating where identification at the taxonomic levels of family, genus, and species, are the
same ‘=,’ different ‘6=’ or if this information is unknown. Scenario 1 taxa are reproduced from Buglass et al. (2019). Scenario 2 and 3 images are from Arnés-Urgellés
et al. (2020).

to variation in image quality and altitude of the camera). In
such cases it is reasonable to merge the taxa to the next higher
taxonomic rank (also called taxonomic roll-up) and to label this

new merged group, which obviously contains more than one
taxon, Family spp. or Genus spp. An example of this usage is
provided in Figure 5.
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FIGURE 4 | The recommended method used to construct unique occurrenceID terms for OBIS, from the OBIS Manual (http://obis.org/manual/darwincore/).

FIGURE 5 | An example of the different levels of certainty of an identification as applied to different images of the same possible taxon, along with recommended ON
signs for each. Image 1 and 2 are from Arnés-Urgellés et al. (2020), Image 3 is reproduced with permission from the National Geographic Society’s Exploration
Technology Lab, and Image 4 is from NOAA Offce of Ocean Exploration and Research Benthic Deepwater Animal Identification Guide
(https://www.ncei.noaa.gov/waf/okeanos-animal-guide/Dendrobranchiata006.html).

Similarly, in the case of an image catalogue, where a series
of photographed specimens of two or more taxa that cannot
be discriminated confidently are provided, the use of spp. is
reasonable. In these cases, the series of photographed specimens

is provided with an identification qualifier, such as Colus spp.,
to indicate that there are two (or more) known species in the
region and these taxa cannot be separated with confidence, and
is usually accompanied by some notes indicating the difficulties
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of image-based identification, along with further information
about the known species in the region (Jones and Gates, 2010;
Fourt et al., 2017; Stefanoudis et al., 2018).

Higher Taxa
Sigovini et al. (2016) indicate the use of fam. sp. and fam. gen.
sp. (which can also be abbreviated to e.g., Zoarcidae sp. and
Nematoda sp.), which has the same ON sign meaning as ‘sp.’
alone, and indicates that the taxon has not been identified beyond
that higher taxonomic rank. For greater consistency of datasets,
since Genus sp. without an explanatory ON sign is discouraged,
so are Zoarcidae gen. sp. or Nematoda fam. gen. sp. as there is
no indication as to why the identification stopped at that level,
and therefore, should not be input to the identificationQualifier
field. This may be particularly important for image-based
identification, as confident taxonomic identification is often
limited to higher taxonomic ranks than are possible if we have
a specimen at hand, better image resolution, or different planes
of view. In such cases, we recommend that stet., inc., or indet. are
incorporated into the identificationQualifier [see sections “Stetit
(stet),” “Indeterminabilis (indet.), and “Incerta (inc.)”].

Stetit (stet.)
This ON sign means it stood/stays or remained here, indicating
the identification stopped at this taxonomic rank. Stetit can be
employed for a variety of reasons, which require clarification. It
may be used in the sense of Sigovini et al. (2016), indicating that it
is a choice to go no further, i.e., “I called this taxon ‘Ostracoda stet.’
because I did not attempt to identify the ostracods any further; I
simply noted they were ostracods and stopped there.”

Alternatively, the identifier may have been unable to take the
identification further, so the identification stayed at that rank,
i.e., “I called this taxon ‘Ostracoda stet.’ because although I made
every attempt to identify the ostracods to a lower taxonomic
rank, I did not have the expertise/time/identification resources
available, so Ostracoda was the lowest rank to which I could
identify the taxon.”

In many cases, image annotators will be providing
identifications for images across a range of phyla, and by using
‘stet.’ in a dataset, image-based identifications with this ON sign
can then be easily collated, and sent to a taxonomic expert who
may be able to provide a more precise identification to a lower
taxonomic rank. It is therefore important that the reason for
stopping is recorded, this can be via the identificationRemarks
field, or in the text of a morphospecies catalogue, e.g., ‘no
experience in identifying this taxon’ (indicating it is possible
to take the identification further). In cases where the identifier
wishes to indicate that the same (or another) image annotator
or indeed an expert taxonomist would be unable to identify the
same image-based taxon further, then the ON sign should be
‘indet.’ [see section “Indeterminabilis (indet.)”].

Indeterminabilis (indet.)
We follow the recommendation of Sigovini et al. (2016) that the
ON sign indet. is taken to mean that the taxon is indeterminable
beyond a certain taxonomic level. For the cases considered by
Sigovini et al. (2016), this inability to identify a specimen further

was considered to result from to the deterioration or lack of
diagnostic characters, particularly in the case of damaged material
or partial specimens. This is also equally relevant to image-based
identifications, where diagnostic characters are often not visible
or resolvable in the image, which could be owing to the resolution
of the image, or the orientation of the taxon in the field of view.
This ON sign can be applied at any taxonomic rank.

Incerta (inc.)
Sigovini et al. (2016) recommended the ON sign ‘inc.’ to
indicate ‘uncertain identification’ and to replace the use of the
question mark symbol ‘?’ which is considered as a variable
character (wildcard) by most computing software. In image-
based identifications, this ON sign can be used at all taxonomic
levels (e.g., Aristidae fam. inc.), while it is less likely to be
used at higher taxonomic ranks when a physical specimen
is available. Incerta differs from indeterminabilis [see section
“Indeterminabilis (indet.)”] which is used where the identifier
cannot identify further as the characters are not visible/present,
whereas incerta is to be used where characters are visible, but
the identification remains uncertain. Even if the taxon in an
image is clearly identifiable, absolute certainty may not always
be possible. Incerta can be used at any level of the identification
and since it indicates the identification is not absolutely certain, it
should be added after the rank of uncertainty (e.g., Chimaera gen.
inc.; Hydrolagus trolli sp. inc.). The choice of which taxonomic
rank to enter into the scientificName field will depend on
the level of certainty of the identifier. We have provided 2
examples of the possible different entries that may be needed
for an ‘image annotator’ versus a ‘taxonomic expert’ in Figure 6.
Such distinctions will allow these tentative identifications to be
easily collated for later identification by an expert, as for the
‘stet.’ example.

Species affinis (sp. aff.)
Imaged specimens are commonly identifiable to an entity close to,
or with an affinity to, a known taxon (family, genus or species),
but with clear distinction from it. This ON sign is often used
in the taxonomic literature to signify that the identifier believes
the taxon to be a new species, such as ‘Eurythenes sp. nov. aff.
sigmiferus’. We recommend that the term ‘sp. nov.’ is not used
in the identificationQualifier field, which, as indicated in Sigovini
et al. (2016), is a nomenclatural act. Although use of this ON sign
in online datasets and catalogues does not make a name available
with respect to the current codes of nomenclature (International
Commission on Zoological Nomenclature [ICZN], 1999; ICN,
Turland et al., 2018; ICNP, Parker et al., 2019), we recommend
that the terms ‘sp. nov.’ and ‘sp. nov. aff.’ be avoided to prevent
confusion. Information about the potential new-to-science taxon
may be included in the identificationRemarks field. The terms
may be used in published papers and morphospecies catalogues,
where a taxon is believed to be new but is not described, as this
commonly occurs with image-based identifications, particularly
in deep-sea studies (Pawson et al., 2015). The examples in Pawson
et al. (2015) are written as Paroriza ? new species, which could
cause problems if input in this format to global biodiversity
databases. Therefore, we recommend that confirmed new taxa

Frontiers in Marine Science | www.frontiersin.org 9 February 2021 | Volume 8 | Article 62070218

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-620702 February 8, 2021 Time: 11:11 # 10

Horton et al. Open Nomenclature for Image Identifications

FIGURE 6 | Examples of how to format the identification for input to online databases in Darwin Core format for an image annotator vs. taxonomic expert
identification. Example scenarios are for two taxa indicating where identification at the taxonomic levels of family, genus, and species are the same ‘=,’ different ‘6=,’
or if this information is unknown. Image 1 and 2 are reproduced from Buglass et al. (2019).

should be amended to the format Paroriza sp. [unique123] aff.
pallens, including a description of why the taxon differs from
P. pallens (Koehler, 1895) and is considered new to science,
in the identificationRemarks field or in the text, as in Pawson
et al. (2015). Duffy et al. (2016) referred to ‘Paracallisoma
sp. 6’ and there is a discussion in the text indicating that it
is likely to be a new taxon. The simple alphanumeric code
used by the authors is not recommended [see section “Species
(Singular), sp.”]; a better option would have been ‘Paracallisoma
sp. DISCOLL.56761’. Using a unique namestring for probable
new taxa when referring to them in publications and databases,
allows a consistent means of referring to them and allows
them to be clearly referenced in later papers, including in the
synonymy of a new species description, and to provide links
between datasets.

Confer (cf.)
As indicated in Sigovini et al. (2016), cf. is from the Latin confer,
meaning to be compared with. The use of this ON indicates that
the identifier cannot be certain of the identity of the species (or
higher taxonomic rank) until a more detailed comparison can be
made, for example with some type or reference material, or to
consult a taxonomic expert.

This ON sign is very widely used in image-based
identifications to indicate that the identifier believes the
species to be similar, or most likely equates to a certain species
(or higher taxonomic rank) but they cannot say for certain
without further study of more images or a physical specimen.
Since the terms cf. and aff. are often confused and their current
usage is inconsistent, the term cf. is discouraged in application
to image-based identifications, and in particular for use in
online datasets. Where diagnostic features are unclear, the
lowest level of identification should be moved up a rank to,
e.g., Calamocrinus sp. indet. (or Calamocrinus diomedae sp.
inc.) instead of Calamocrinus cf. diomedae, and the information
regarding the likely identity of the species should be included in
the identificationRemarks field and/or in the corresponding text
section of an image catalogue.

There are cases where confer is used for image-based
identifications in the true sense. In Simon-Lledó et al. (2019) the
image of Bathystylodactylus is referred to as Bathystylodactylus cf.
echinus, and this is because a specimen was available and even
after study of the specimen, and consultation with a taxonomic
expert, the authors determination remained that comparison
with more material was indeed necessary (pers. comm. Sammy
De Grave, Oxford University Natural History Museum).
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DISCUSSION

When identifying taxa from images, there are numerous
challenges (Durden et al., 2016), but the decisions on how to
indicate a standard level of identification, enabling comparisons
between datasets have not been explored in detail to date.
There will always be a degree of uncertainty with taxon
identifications solely from images (i.e., without a corresponding
specimen), and while this cannot be eliminated from image-
based biodiversity datasets, the provision of a robust decision
mechanism to standardise and clarify the uncertainty will
improve the subsequent use and comparability of datasets.

In this article, we recommend the use of consistent open
nomenclature, as commonly applied with physical specimens,
and recently updated and clarified by Sigovini et al. (2016) to
provide a robust set of standard terms for use in image-based
identifications.

Today numerous published datasets and papers make use
of ON signs. Yet, there is currently much confusion and little
evidence of standardisation in the usage of these ON signs, or
even explanations as to what is meant by them. The current
lack of standardisation presents a clear risk for the future use
of many datasets.

There are some good examples of consistent use of ON
signs, or at least, clear explanations of the usage in particular
cases. For example, Glover et al. (2016) in their paper on
the Echinodermata from the Clarion-Clipperton Zone, indicate
that for a species “similar to a morphologically well-defined
species name where we lack comparable genetic data from
type material or from the type locality, or when genetic data
previously published in Genbank is incompatible with ours, we
use the open nomenclature expression “cf.”.” In their dataset, the
morphological identifications are provided with a clear coding,
e.g., Asteroidea sp. (NHM_054) or Freyastera cf. benthophila, the
meaning of which is clearly defined in the text of their paper.

The decision on which ON to use in image-based
identifications can be difficult, particularly so when working
with taxonomic experts, accustomed to making species-level
determinations and to using ON signs for physical specimens.
In cases where the expert taxonomic opinion is ‘I cannot be
certain, as I cannot see the necessary morphological characters,
but it looks most like the species Xus yus.’ then that taxon must
be regarded as indeterminabilis, it cannot be determined further,
and should be recorded as Xus indet. However, the use of Xus cf.
yus is regularly seen being used for such cases with image-based
identifications, and this ON usage should be discouraged.

As we have detailed in this article (see section “Discussion
of ON Signs to Use/Avoid for Image-Based Identification”),
appropriate and consistent use of open nomenclature and
Darwin Core terms enables both: (a) secure biodiversity data
consistent with the FAIR principles (Wilkinson et al., 2016) –
Findable, Accessible, Interoperable, and Reuseable; and (b) the
ability to capture and record additional information on potential
identifications and putative new taxa without compromising the
immediate reusability of initial standardised identifications.

In the case of the image-based identifications of deep-sea
taxa from which we have developed our ideas, we recommend

the uniform banking of such data with the Ocean Biodiversity
Information System. It is clear from our brief analysis of the
current usage of the relevant Darwin Core terms in OBIS, that
there is already a critical need to provide guidance on the
unambiguous and standardised entry of ON signs into the right
data fields. Annotation software could incorporate these ON
signs to facilitate outputs with suitable references to the certainty
of identifications in images. Our recommendations are equally
applicable in comparable shallow-water operations, and indeed
in non-marine settings. We hope that this article will help both
taxonomic experts and image analysts to make informed choices
in applying ON signs in the future, and thus improve the quality,
comparability, and longevity of biodiversity datasets.
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Deep-sea trenches are one of the last frontiers for deep-sea exploration and represent
a large reservoir of undiscovered biodiversity. This applies in particular to organisms
belonging to smaller-size classes, such as meiofauna. Among different meiofauna taxa,
kinorhynchs represent a large gap in our knowledge about global marine biodiversity
in general, but primarily in extreme deep-sea environments. Out of the more than
300 known mud dragon species, only a single species has ever been described from
hadal depths (> 6000 m), i.e., Echinoderes ultraabyssalis from the Kuril-Kamchatka
Trench. The results presented in this paper are based on material collected during a
research expedition in 2018 investigating the Atacama Trench environment. We provide
a first overview and comparison of the diversity and abundance of mud dragons in
the Atacama Trench, the adjacent abyssal plain and continental slope off Chile. The
study revealed six species of Echinoderes. Of these, Echinoderes mamaqucha sp.
nov. is described as a new species and morphological data of three undescribed
species are given. Because of the low number of available specimens, we provide only
a brief description of these three species and comparison with their morphologically
closest congeners, but formal descriptions are not given. Moreover, Echinoderes juliae
and Echinoderes pterus were also recovered. Echinoderes juliae was described from
the abyssal plain off Oregon and along the continental rise off California, at 2702 to
3679 m depth. Echinoderes pterus is known from the high Arctic, the North Atlantic,
and the Mediterranean Sea, and has also been reported to show a wide bathymetric
distribution, from 675 to 4403 m. Interestingly, E. mamaqucha sp. nov. dominated at
the trench stations and it reached its highest abundance at the deepest station, at
8085 m water depth. The only other single individual that was found in the Atacama
Trench was Echinoderes sp.1. The remaining four species were all found at the abyssal
and slope stations. The obtained results seem to confirm previous hypotheses about
geographic isolation of deep-sea trenches and relatively low connectivity with other
habitats, reflected by limited diversity of sediment dwelling fauna, particularly in the
deepest parts of trenches.

Keywords: deep-sea, meiofauna, Echinoderes mamaqucha, new species, taxonomy
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INTRODUCTION

Kinorhynchs, small meiobenthic organisms with retractable,
scalid-covered head and segmented trunk, also known as mud
dragons, are exclusively marine invertebrates that occur mostly
in muddy or fine-grained sandy sediments, from the shallow
waters to the hadal depths (Neuhaus, 2013). A clearer picture
of kinorhynch fauna, diversity and community structure at
shallower depths is emerging (Sørensen et al., 2012; Yamasaki
et al., 2012; Dal Zotto and Todaro, 2016; Landers et al., 2018,
2020; Cepeda et al., 2019a,b; Grzelak and Sørensen, 2019a,b), but
knowledge about mud dragons at abyssal (3000–6000 m) and
hadal depths (>6000 m) [for definition of depth zone see Harris
et al. (2014) and Jamieson et al. (2010)] is still extremely limited.
This is mostly due to the remoteness of the deep-sea ecosystem,
technical difficulties in obtaining reliable samples and scarcity of
taxonomic expertise.

Deep-sea trenches can reach depths of 11000 m and their
geomorphological features (funnel-like topography, very steep
walls, and high hydrostatic pressure) constitute a challenge
for logistics and equipment, and thus a serious constrain for
biodiversity studies of these habitats (Jamieson et al., 2010).
However, information from trenches is essential not only to
understand bathymetric patterns in diversity and their regulatory
mechanisms in deep-sea environments, but also overall of marine
biodiversity and biogeography. These habitats may provide new
insights into the factors shaping distribution patterns at the deep-
sea floor and modify existing ecological paradigms. Trenches
are separated from each other by remoteness spaces at abyssal
depths, what might support high level of species endemism
(Belyaev, 1989). In terms of meiofauna taxa, this statement still
needs to be verified.

Hadal trenches remain the least studied and their kinorhynch
fauna is almost completely unexplored, as we so far only
know about a single identified hadal species, Echinoderes
ultraabyssalis Adrianov and Maiorova (2019), described
from 9411–9540 m water depth in the Kuril-Kamchatka
Trench (Adrianov and Maiorova, 2019). The only other
known records of kinorhynchs from hadal depths are the
finding of an unidentified specimen of Echinoderes from
9000 m in the Kermadec Trench (unpublished finding
by D. Leduc, see Zeppilli et al., 2018) and unidentified
kinorhynchs from 7200 m in the Atacama Trench,
reported by Danovaro et al. (2002).

The first kinorhynch identified from abyssal depth was
Fissuroderes rangi Neuhaus and Blasche (2006) described
from the Hikurangi Plateau east of New Zealand at 3202 m
water depth by Neuhaus and Blasche (2006). A few years
later Neuhaus and Sørensen (2013) reported Campyloderes
cf. vanhoeffeni Zelinka (1913) in the Guinea Basin at 5064 m
and in the southeastern deep-sea region of Canary Island at
depths between 5055 m and 5118 m. Sánchez et al. (2014a,b)
described three additional species, i.e., Mixtophyes abyssalis
Sánchez et al. (2014a,b), Cristaphyes nubilis (Sánchez et al.,
2014a,b), and Krakenella farinelli (Sánchez et al., 2014a,b),
from the Guinea Basin, at depths between 5100–5175 m.
The remaining and more recent reports of identified abyssal

kinorhynchs are restricted to five areas: (1) abyssal plains,
3100–3300 m, around North Atlantic seamounts, from where
Yamasaki et al. (2019) describe Echinoderes kaempfae Yamasaki
et al., 2019; (2) the East Mediterranean, 675–4403 m, from where
Yamasaki et al. (2018a) describe Echinoderes pterus Yamasaki
et al., 2018a,b; (3) abyssal plains, 3351–5766, in the vicinity of the
Kuril-Kamchatka Trench, from where Adrianov and Maiorova
(2015, 2016, 2018a,b) describe Cristaphyes abyssorum (Adrianov
and Maiorova, 2015), Condyloderes kurilensis Adrianov and
Maiorova (2016), Meristoderes okhotensis Adrianov and
Maiorova (2018a), and Parasemnoderes intermedius Adrianov
and Maiorova (2018b); (4) the abyssal plains, 3250–3853 m, off
the Northwest American continental slope, from where Sørensen
et al. (2018) describe E. anniae, E. dubiosus, E. hamiltonorum, E.
juliae, E. lupherorum, E. hviidarum, E. yamasakii, and Sørensen
et al. (2018, 2019) report three additional known kinorhynch
species, E. cf. unispinosus Yamasaki et al. (2018a,b), Fissuroderes
higginsi Neuhaus and Blasche (2006), and C. kurilensis; (5)
the Clarion-Clipperton Fracture Zone, 4319–5012 m, in
the tropical East Pacific, from where Sánchez et al. (2019)
describe Cephalorhyncha polunga, Echinoderes shenlong, and
Meristoderes taro.

The present contribution is the result of studies of
kinorhynchs found in samples collected during Cruise SO261,
which took place in 2018, in the Atacama Trench region, as part
of the multidisciplinary HADES European Research Council
(HADES-ERC) study of deep trench systems. Previous studies
conducted in the Atacama Trench established the presence of
abundant metazoan meiofauna community (Danovaro et al.,
2002, 2003) and protozoan Foraminifera (Sabbatini et al.,
2002). Despite the fact, that meiobenthos is a key component
of benthic fauna inhabiting the Atacama Trench, biodiversity
studies have been conducted only for nematodes (Gambi
et al., 2003). The main purpose of this study is to provide
the first assessment of the species richness and distribution
of Kinorhyncha in the Atacama Trench and the adjacent
abyssal plain. Here, we contribute with the description of a
new species of Echinoderes, the second deepest kinorhynch
species described so far. Furthermore, we provide detailed
morphological data of three additional undescribed species and
report two known species.

MATERIALS AND METHODS

Study Area
The study area is located in the Atacama Trench, part of
the Peru-Chile Trench system, which is the longest trench of
the Pacific Ocean, stretching for almost 6000 km along the
coast of Peru and Chile (Figure 1). The Atacama Trench is
narrower than other Pacific trenches (64 km in width), and
with a maximum depth of 8065 m it is the deepest trench
of the East Pacific and tenth deepest trench in the world
(Jamieson et al., 2010). The Atacama Trench was formed by
the subduction of the Nazca and Antarctic plates beneath the
continental South American Plate. It is a seismically active
area, resulting in occasional gravity-driven sediment slides
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FIGURE 1 | Maps showing location of the Atacama Trench area (A) and detailed overview of the sampling stations (B).

(Lemenkova, 2019). The Atacama Trench is located in an area
with significant upwelling events that lead to high primary
production (Fossing et al., 1995).

Sample Collection and Preparation
The sampling was undertaken in March 2018, during the cruise
(SO261) with German research vessel RV ‘Sonne,’ within a
framework of the multidisciplinary HADES European Research
Council (HADES-ERC) study of deep trench systems. A multi-
corer with tubes of 9 cm internal diameter was used to

retrieve bottom sediment from six stations arranged along
the 450-km transect in the Atacama Trench (stations 2 to
6, and 10) and three stations located at the abyssal plain
(7) and continental slope (1 and 9) off the Atacama Trench
(Table 1 and Figure 1). From each deployment, three cores
were taken from the MUC and subsampled for meiofauna
analysis (5 cm in length and 2.9 cm in diameter). The samples
were fixed with 4% buffered formaldehyde. In the laboratory
samples were washed with freshwater in a 20 µm sieve
and meiofauna organisms were extracted using centrifugation
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TABLE 1 | Coordinates and basic data of sampling stations and Echinoderes species identities; total no of kino.- total number of processed kinorhynchs (adults and
juveniles), species- species identity, together with number of recorded Echinoderes adult specimens, LM-light microscopy, SEM-scanning electron microscopy,
NHMD-no – Natural History Museum of Denmark catalog number.

Station Location Date Latitude (S) Longitude (W) Depth (m) Total no of kino. Species Mounting NHMD-no

1 continental slope 06.03.2018 23◦ 48.72′ 70◦ 50.04′ 2560 4 E. juliae (1), LM NHMD-872652

Echinoderes sp. 3 (1) LM NHMD-872651

2 trench 23.03.2018 21◦ 46.86′ 71◦ 12.48′ 7994 12 E. mamaqucha sp. nov. (3) LM + SEM NHMD-872645-46

3 trench 17.03.2018 23◦ 02.94′ 71◦ 18.12′ 7915 11 E. mamaqucha sp. nov. (2) LM + SEM NHMD-872647

4 trench 14.03.2018 23◦ 21.78′ 71◦ 20.60′ 8085 26 E. mamaqucha sp. nov. (10) LM + SEM NHMD-872636-43

5 trench 11.03.2018 23◦ 49.02′ 71◦ 22.32′ 7770 14 E. mamaqucha sp. nov. (2) LM NHMD-872648-49

6 trench 08.03.2018 24◦ 15.96′ 71◦ 25.38′ 7720 12 E. mamaqucha sp. nov. (2) LM + SEM NHMD-872635

Echinoderes sp.1 (1) LM NHMD-872653

7 abyssal plain 20.03.2018 22◦ 56.22′ 71◦ 37.08′ 5500 5 E. mamaqucha sp. nov. (1) LM NHMD-872650

Echinoderes sp. 2 (1) LM NHMD-872654

9 continental slope 28.03.2018 20◦ 19.97′ 70◦ 58.70′ 4050 5 E. pterus (1) SEM

10 trench 26.03.2018 20◦ 19.14′ 71◦ 17.46′ 7770 7 E. mamaqucha sp. nov. (1) LM NHMD-872644

with LUDOX solution, following the standard protocol (Vincx,
1996). Kinorhynchs were picked up and stored in a 4%
formaldehyde solution. For preparation of light microscopy
(LM) slides, specimens were dehydrated through a graded series
of glycerine and mounted in Fluoromount-G. The specimens
were examined with an Olympus BX51 microscope with
differential interference contrast, and photographed with an
Olympus DP27 camera. Measurements were made with CellˆD
software. Line art figures were made with Adobe Illustrator
CS6. Specimens for scanning electron microscopy (SEM) were
dehydrated through a graded alcohol-acetone series and critical
point dried. Dried specimens were mounted on aluminum
stubs, sputter coated with a platinum/palladium mix and
examined with a JEOL JSM-6335F Field Emission scanning
electron microscope.

All specimens were identified to species level, except for
the juveniles. Identification of kinorhynchs to species level was
based on the relevant taxonomic literature (Herranz et al., 2018;
Sørensen et al., 2018; Yamasaki et al., 2018b, 2020; Adrianov and
Maiorova, 2019).

RESULTS

Systematics
Class Cyclorhagida Zelinka (1896) sensu Sørensen et al. (2015)

Order Echinorhagata Sørensen et al. (2015)
Family Echinoderidae Carus (1885)
Genus Echinoderes Claparède (1863)
Echinoderes mamaqucha sp. nov.
ZooBank.org lsid: zoobank.org:pub:1A9867FF-1C58-4F17-

A869-F7534B262518.

Material Examined
Holotype
Adult female, collected on March 8, 2018 at station 6 (Figure 1
and Table 1), from 7720 m depth, in the Atacama Trench
(24◦15.96′S 71◦25.38′W), mounted in Fluoromount-G, deposited

at the Natural History Museum of Denmark, under catalog
number NHMD-872635.

Paratypes
Eleven females and four males collected at stations (station
2, 3, 4, 5, 7, 10) located along the Atacama Trench axis
(Figure 1 and Table 1), mounted in Fluoromount-G, deposited
at the Natural History Museum of Denmark (NHMD-872636
to NHMD-872650).

Additional Material
Four females and one male mounted for SEM and stored in the
personal collection of MVS.

Etymology
The species name refers to Mama Qucha, sea- and fish goddess in
Inca Mythology, protectress of sailors, and Sea Mother.

Diagnosis
Echinoderes with middorsal acicular spines on segments 4 to
8, and in lateroventral positions on segments 6 to 9. Tubes
present in subdorsal and ventrolateral positions on segment 2,
lateroventral positions on segment 5, lateral accessory positions
on segment 8 and laterodorsal positions on segment 10; tubes on
segment 2 very short and truncate.

Description
Adults with head, neck and eleven trunk segments (Figures 2A,B,
3A, 4A). Overview of measures and dimensions are given in
Table 2. Distribution of cuticular structures, i.e., sensory spots,
glandular cell outlets, spines and tubes, is summarized in Table 3.

The head consists of a retractable mouth cone and an introvert
(Figure 4B). The external mouth cone armature consists of
nine outer oral styles, each composed of two joined units,
arranged as one style anterior to each introvert sector, except
the middorsal sector 6; each outer oral style with basal fringe
consisting of six spinous tips. The introvert was partly retracted
in one specimen, and otherwise fully retracted in remaining ones;
hence information was only available for the anteriormost scalid
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FIGURE 2 | Line art illustrations of Echinoderes mamaqucha sp. nov. (A) female, dorsal view; (B) female ventral view; (C) male, segments 10–11, dorsal view; (D)
male, segments 10–11, ventral view. gco1, glandular cell outlet type 1; lat, lateral accessory tube; ldt, laterodorsal tube; ltas, lateral terminal accessory spine; lts,
lateral terminal spine; lvs, lateroventral spine; lvt, lateroventral tube; mds, middorsal spine; pe, penile spines; pf, papillary flap; sdt, subdorsal tube; si, sieve plate; ss,
sensory spot; vlt, ventrolateral tube.

rings. Ten primary spinoscalids present, each consisting of a basal
sheath and a distal end piece with a blunt tip. The sheaths have
two distinctively differentiated transverse fringes: a most basal
fringe with fringe tips attaching to the surface of the scalid, and
a slightly more distal fringe where the fringe tips emerge from
a transverse furrow; distal to this second fringe, the sheath has
a dense hair cover. End pieces are smooth and flexible. Ring

02 has 10 spinoscalids, and Ring 03 has 20. All spinoscalids in
these rings are well-developed, and consist of a basal sheath and a
pointed end piece; the basal sheaths of spinoscalids in both rings
terminate into fine, fringed margins, whereas those of Ring 03
have in addition a strong, basal median spike (Figure 4B). The
number of spinoscalids and their exact morphology could not be
determined posterior to Ring 3.
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FIGURE 3 | Light micrographs showing overview and details of Echinoderes mamaqucha sp. nov. (A,D–F) Female holotype (NHMD-872635). (B,G) Male paratype
(NHMD-872636). (C) Female paratype (NHMD-872641). (A) Ventral overview. (B) Segments 1 to 5, dorsal view. (C) Segments 1 to 5, ventral view. (D) Segments 10
to 11, dorsal view. (E) Segments 5 to 10, dorsal view. (F) Segments 7 to 9, ventral view. (G) Segments 10–11, dorsal view. lat, lateral accessory tube; ldt,
laterodorsal tube; lts, lateral terminal spine; ltas, lateral terminal accessory spine; lvs, lateroventral spine, followed by segment number; lvt, lateroventral tube;
mdgco1, middorsal glandular cell outlet type 1; mds, middorsal spine, followed by segment number; pdgco1, paradorsal glandular cell outlet type 1; pdss,
paradorsal sensory spot; pe, penile spine; pf, papillary flap; sdss, subdorsal sensory spot; sdt, subdorsal tube; si, sieve plate; te, tergal extension; vlt, ventrolateral
tube; vmgco1, ventromedial glandular cell outlet type 1.

Neck with 16 placids. Midventral placid broadest, 12 µm in
width and 18 µm in length. Remaining placids narrower, 9 µm in
width and 17 µm in length, similar in size. Four dorsal and two
ventral trichoscalid plates are present, each carrying a thick and
bushy trichoscalid.

Segment 1 consists of a complete cuticular ring (Figures 2A,B,
3B,C, 4A,C,D). One pair of sensory spots is located in
laterodorsal positions, anterior on the segment, but not
at anterior margin. Sensory spots on this and following

segments small and rounded, with numerous micropapillae
surrounding a central pore (Figures 4C,D,F–H). Two
longitudinally arranged glandular cell outlets type 1 present
in middorsal position, and one additional pair present
in lateroventral positions (Figures 4C,D). Cuticular hairs
relatively well-spaced, distributed evenly around the segment,
except in hairless ventromedial areas on anterior segment
half (Figures 4C,D). Posterior segment margin almost
straight, forming a pectinate fringe; pectinate fringe tips

Frontiers in Marine Science | www.frontiersin.org 6 June 2021 | Volume 8 | Article 67073528

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-670735 June 4, 2021 Time: 12:1 # 7

Grzelak et al. Hadal Mud Dragons

FIGURE 4 | Scanning electron micrographs showing overviews and details of Echinoderes mamaqucha sp. nov. (A) Lateroventral overview. (B) Mouth cone and
introvert sectors 8 to 7. (C) Segments 1 to 3, dorsolateral view, with close-up showing subdorsal tube on segment 2. (D) Segments 1 to 2, ventral view.
(E) Segments 5 to 7, dorsolateral view. (F) Segments 8 to 9, dorsolateral view, with close-up showing papillary flap on segment 9. (G) Segment 9, lateral view.
(H) Segments 6 to 8, ventral view. (I) Segments 10 to 11 of male, lateral view. (J) Segments 10 to 11 of female, dorsal view. (K) Segments 9 to 11 of female, ventral
view. (L) Segments 8 to 11, lateroventral view. lat, lateral accessory tube; ldss, laterodorsal sensory spot; ldt, laterodorsal tube; lts, lateral terminal spine; lvgco1,
lateroventral glandular cell outlet type 1; lvs, lateroventral spine, followed by segment number; mdgco1, middorsal glandular cell outlet type 1; mds, middorsal spine,
followed by segment number; mdss, middorsal sensory spot; mlss, midlateral sensory spot; oos, outer oral style; pdss, paradorsal sensory spot; pe, penile spine; pf,
papillary flap; psp, primary spinoscalid; sdss, subdorsal sensory spot; sdt, subdorsal tube; si, sieve plate; sp, spinoscalid followed by introvert ring number; tr,
trichoscalid; vlss, ventrolateral sensory spot; vlt, ventrolateral tube; vmss, ventromedial sensory spot.
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TABLE 2 | Measurements from light microscopy of Echinoderes mamaqucha sp.
nov. (in µm) from the Atacama Trench, including number of measured specimens
(n) and standard deviation (SD).

Character n Range Mean SD

TL 16 252–325 296 20.8

MSW-6 16 63–69 67 1.7

MSW-6/TL 16 20.8–26.7% 22.9% 1.8%

SW-10 16 53–56 54 0.9

SW-10/TL 16 16.8–21.6% 18.4% 1.4%

S1 16 28–35 31 1.8

S2 16 24–30 26 1.6

S3 16 24–31 27 1.7

S4 16 28–35 30 1.9

S5 16 29–36 32 1.8

S6 16 34–40 36 1.9

S7 16 34–42 38 1.8

S8 16 39–45 42 1.6

S9 16 39–44 41 1.7

S10 16 33–43 36 3.2

S11 16 25–32 28 2.0

MD4 (ac) 16 35–43 40 2.4

MD5 (ac) 15 43–53 47 3.1

MD6 (ac) 15 47–57 52 3.5

MD7 (ac) 16 63–80 72 4.6

MD8 (ac) 16 96–120 109 7.5

LV6 (ac) 16 34–42 38 2.4

LV7 (ac) 16 40–49 45 2.9

LV8 (ac) 16 49–57 54 2.1

LV9 (ac) 16 58–69 64 3.3

LTS 16 170–206 187 9.7

LTS/TL 16 54.4–75.8% 63.5% 6.7%

LTAS 12 58–72 68 3.9

(ac), acicular spine; LTAS, lateral terminal accessory spine; LTS, lateral terminal
spine; LV, lateroventral; MD, middorsal; MSW-6, maximum sternal width, measured
on segment 6 in this species; S, segment lengths; SW-10, standard width, always
measured on segment 10; TL, trunk length.

thin, weakly developed, well-spaced with even shorter and finer
tips in between.

Segment 2 consists of a complete cuticular ring, with minute
(<5 µm) tubes located in subdorsal and ventrolateral positions
(Figures 3B,C, 4C,D); tubes are not differentiated into thick
proximal part and thinner distal tubular part with lateral wings,
but are merely short tubular, truncate tips. Sensory spots present
in middorsal, midlateral and ventromedial positions. Glandular
cell outlets type 1 present in middorsal and ventromedial
positions. Pachycyclus of anterior segment margin interrupted
in middorsal position. Secondary pectinate fringe present near
anterior segment margin of this and following segments, but
usually covered by the preceding segment. Cuticular bracteate
hairs lightly scattered on ventral side and more densely in dorsal
and lateral areas. Pectinate fringe tips slightly longer than on
preceding segment, but still very flexible; margin between tips
very finely serrated.

Segment 3, and remaining segments, consists of one
tergal and two sternal plates; pachycycli of anterior segment

margins with interruption in middorsal positions and
around tergosternal and midsternal junctions. Segment
with glandular cell outlets type 1, located in middorsal
and ventromedial positions. On this and following seven
segments, cuticular hairs arranged in two to three rows across
the tergal plate, except for hairless midlateral areas, and
on the lateral halves of the sternal plates; paraventral and
ventromedial areas devoid of hairs. Pectinate fringe as on
preceding segment.

Segment 4 with flexible acicular spine in middorsal position
and pairs of glandular cell outlets type 1 located in paradorsal and
ventromedial positions (Figures 2A,B, 3B). Cuticular hairs, and
pectinate fringe of posterior margin as on preceding segment.

Segment 5 with acicular spine in middorsal position and
relatively short (10 µm) tubes in lateroventral positions
(Figures 2A,B, 3C,E); tubes are longer and more slender than
those on segment 2, but without the common differentiation
into thick bases and end piece with lateral wings. Pectinate
fringe tips of posterior margin slightly longer; glandular
cell outlets type 1, and cuticular hairs otherwise as on
preceding segments.

Segment 6 with acicular spines in middorsal and lateroventral
positions (Figures 2A,B, 3E, 4E,H). Sensory spots present in
paradorsal and midlateral positions. Glandular cell outlets type 1,
and pectinate fringe of posterior margin as on preceding segment.

Segment 7 with acicular spines in middorsal and lateroventral
positions (Figures 2A,B, 3E,F, 4E,H). One pair of sensory spots
located ventromedially. One specimen (out of five examined
under SEM) lacked this character and one showed only one
sensory spot on the right sternal plate; for some specimens
examined under LM presence/absence of ventromedial
sensory spots could not be confirmed. Other structures as
on preceding segment.

Segment 8 with acicular spines in middorsal and lateroventral
positions (Figures 2A,B, 3E,F, 4L). Middorsal spine long,
reaching posterior part of segment 11, but never exceeding its
margin (Figure 3G). Short tubes (<10 µm) present in lateral
accessory positions (Figures 3F, 4L); tubes resemble those on
segment 2. Sensory spots located in paradorsal positions only,
hardly visible due to the presence of a papillary flap - a
V-shaped structure present middorsally at the posterior part of
the segment (Figures 2A, 3E, 4F). Glandular cell outlets type
1 present in paradorsal and ventromedial positions. Cuticular
hairs on sternal plates as on preceding segment; hairs on tergal
plate scarcer with hairless middorsal and paradorsal patches
(Figure 4H). Pectinate fringe of posterior margin with shorter
tips, on dorsal side much less developed in comparison to
preceding segment.

Segment 9 with a pair of lateroventral spines. Rounded
and very small sieve plates present in sublateral positions
(Figures 2B, 3F, 4G). Sensory spots present in paradorsal,
subdorsal, midlateral and ventrolateral positions (Figures 2A,B,
4F,G,K,L). Paradorsal pair difficult to detect due to the presence
of a papillary middorsal flap, which however is smaller than
on preceding segment (Figure 4F). Cuticular hair covering less
dense than on preceding segment; central part of the tergal plate
devoid of hairs. Pectinate fringe tips slightly shorter on lateral
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TABLE 3 | Summary of nature and location of sensory spots, glandular cell outlets, tubes and spines arranged by series in Echinoderes mamaqucha sp. nov.

Position MD PD SD LD ML SL LA LV VL VM

Segment

1 gco1,gco1 ss gco1

2 gco1,ss tu ss tu gco1,ss

3 gco1 gco1

4 ac gco1 gco1

5 ac gco1 tu gco1

6 ac gco1,ss ss ac gco1

7 ac gco1 ac gco1,ss*

8 ac gco1,ss tu ac gco1

9 gco1,ss ss ss si ac ss gco1

10 gco1,gco1 ss tu ss gco1

11 gco1 ss ss pe x3 (♂) ltas(♀) lts

LA, lateral accessory; LD, laterodorsal; LV, lateroventral; MD, middorsal; ML, midlateral; PD, paradorsal; SD, subdorsal; SL, sublateral; VL, ventrolateral; VM, ventromedial;
ac, acicular spine; gco1, glandular cell outlet type 1; ltas, lateral terminal accessory spine; lts, lateral terminal spine; si, sieve plate; ss, sensory spot (*not present in all
specimens); tu, tube; (♀), female condition of sexually dimorphic characters; (♂), male condition of sexually dimorphic characters.

sides, otherwise as on preceding segment. Glandular cell outlets
type 1 as on preceding segments.

Segment 10 with minute, very slender laterodorsal tubes near
posterior segment margin (Figures 2A,C, 3D, 4I,J); appearance
of the tubes similar in both sexes. Sensory spots present in
subdorsal and ventrolateral positions. Subdorsal pair located in
the middle of the segment, but in a few cases, one sensory spot
is shifted posteriorly to a position very close to posterior segment
margin. Glandular cell outlets type 1 present as two middorsal
ones and one pair in ventromedial position. Cuticular hairs
scarcer than on preceding segment. Anterior part of the tergal
plate devoid of hairs; hairs on the sternal plates short and present
mostly on the lateral halves and near posterior segment margin.
Margins of the sternal plates extend midventrally (Figure 4K).
Pectinate fringe with very short tips.

Segment 11 with a pair of long lateral terminal spines
(Figures 2A,B, 3A). Females with strong, stout lateral terminal
accessory spines (Figures 2A,B, 3A,D). Males with three pairs
of penile spines; median penile spine stouter than dorsal and
ventral ones, but all three pairs generally stout and rigid,
gradually tapering in distal 1/4 (Figures 2C,D, 3G, 4I). Sensory
spots present in paradorsal and subdorsal positions. The latter
ones located at the posterior margin of the tergal extensions
(Figure 4J). One middorsal glandular cell outlet type 1 present.
Tergal extensions short and rounded (Figures 2, 3D,G). The
posterior margin of the sternal plates also rounded, not exceeding
beyond, but nearly as long as tergal extensions. Pectinate fringe
of posterior margin with short tips, except in lateral positions
where longer and more flexible fringe tips are present. The
segment completely devoid of cuticular hairs, but has a relatively
dense covering of hair-like extensions in the mid- and paradorsal
positions, as well as small patches present in paraventral and
ventromedial areas.

Differential Diagnosis
The spine and tube distribution in the middorsal and
lateroventral series of E. mamaqucha sp. nov., with middorsal
spines on segments 4 to 8, and tubes/spines in lateroventral

positions of segments 5 to 9 is the most common pattern
observed among species of Echinoderes and is shared by 44
congeners (Yamasaki et al., 2020). However, when we combine
these characters with the presence of subdorsal and ventrolateral
tubes on segment 2 we shorten the list to only 3 species,
i.e., E. adrianovi Herranz et al. (2014), E. levanderi Karling
(1954), E. kanni Thormar and Sørensen (2010) (Karling,
1954; Thormar and Sørensen, 2010; Herranz et al., 2014;
Sørensen, 2018). Despite the coincidence of spine/tube formula
E. mamaqucha sp. nov. can still be easily distinguished from
the abovementioned species based on other traits, e.g., very
short tubules, dimensions of acicular spines, shape of tergal
extension, and general appearance of primary pectinate fringe.
Echinoderes levanderi cannot in any way be confused with
E. mamaqucha sp. nov. since the morphometrics of both species
differ significantly. Echinoderes levanderi is conspicuously larger,
has markedly longer lateral terminal spines, and consequently,
shows a larger proportion of lateral terminal spine to trunk
length (90.5%) than E. mamaqucha sp. nov. (63.5%). Most
importantly, however, E. levanderi possesses sublateral tubes
on segments 5 and 8, very characteristic large sieve plates,
pointed tergal extension and extremely well-developed pectinate
fringes with very long tips throughout the body (Sørensen,
2018). Echinoderes mamaqucha sp. nov. is more similar to
E. kanni and E. adrianovi, and shares the presence of lateral
accessory tubes on segment 8, dorsal tubes on segment 10
and the absence of glandular cell outlet types 2 (Thormar
and Sørensen, 2010; Herranz et al., 2014). Nevertheless, both
species can be distinguished from E. mamaqucha sp. nov. by
their markedly longer (up to 2–4 times) tubes, much shorter
and thinner lateral accessory terminal spines, and pointed
tergal extensions (Thormar and Sørensen, 2010; Herranz et al.,
2014; Yamasaki et al., 2019). Both species also have very
prominent cuticular perforation sites which are missing in
E. mamaqucha sp. nov.

Interestingly, E. mamaqucha sp. nov. shows a much closer
general resemblance with E. bathyalis Yamasaki et al. (2018a,b)
and E. dubiosus Sørensen et al. (2018). Both are deep-water
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species, described from East Atlantic (> 2500 m water depth)
and North-Eastern Pacific (> 3500 m water depth), respectively
(Sørensen et al., 2018; Yamasaki et al., 2018b). Echinoderes
mamaqucha sp. nov. and these two species share identical spine
patterns and are characterized by having a long middorsal spine
on segment 8 and long lateroventral spines on segment 9. The
spines easily reach and even extend beyond the posterior margin
of segment 10. However, in E. mamaqucha sp. nov. none of them
extends beyond the posterior margin of segment 11, whereas
in the two latter species the middorsal spine on segment 8
and lateroventral spines on segment 9 always extent beyond
the terminal segment (Sørensen et al., 2018; Yamasaki et al.,
2018a,b). Echinoderes mamaqucha sp. nov. also resemble the two
species in terms of trunk shape and length, and in possessing
short tergal extension. Nevertheless, the posterior edge of the
tergal plate is more pointed in E. bathyalis and E. dubiosus.
In addition, E. mamaqucha sp. nov. has uncommon middorsal
structures on segments 8 and 9 that resemble those reported
for the first time from E. dubiosus and described as papillary
flap (Sørensen et al., 2018). This trait is present on segment 9
only in E. dubiosus, but its similarity with the structures found
on segments 8 and 9 in E. mamaqucha sp. nov. is striking.
Sørensen et al. (2018) described the structure as “papillary flap
or tuft of papillae, flanked by a pair of paradorsal sensory spots,”
which is exactly what can be observed for E. mamaqucha sp.
nov. Furthermore, similar to E. dubiosus, E. mamaqucha has
laterodorsal tubes on segment 10 and lateral tubes on segment
8. In the latter species, tubes are located in lateral accessory
position, whereas they are sublateral in E. dubiosus. The most
striking difference between E. mamaqucha sp. nov and two
other species is, however, the tube arrangement on segment 2.
While E. mamaqucha sp. nov. is characterized by the presence
of subdorsal and ventrolateral tubes on this segment, both
E. dubiosus and E. bathyalis lack this character, and have instead
one pair of glandular cell outlet type 2 in midlateral position.
Even though the tubes in the new species are extremely short and
sometimes difficult to visualize in LM, and that the attachments
of tubes might sometimes resemble glandular cell outlets type
2, the structures still appear in different positions. Therefore,
presence of tubes on segment 2 makes E. mamaqucha sp. nov.
easily distinguishable from its two other deep-sea, and potentially
closely related, congeners.

Other Species of Echinoderes
Besides E. mamaqucha sp. nov. five additional species
of Echinoderes, represented by one specimen each, were
identified in the investigated material. One specimen was
identified as Echinoderes juliae Sørensen et al. (2018)
and one as Echinoderes pterus Yamasaki et al. (2018a,b),
whereas the three remaining ones could not be identified
with certainty. All three unidentified species share several
characters with already described species, but they also showed
character traits that made exact identification uncertain.
Although they might represent undescribed species, formal
descriptions will not be provided since all specimens occurred
only as singletons.

Echinoderes juliae Sørensen et al. (2018)
(Figure 5 and Table 4)
Material examined: adult female, collected on March 6, 2018, at
station 1, at 2560 m depth, on abyssal plain, east of the Atacama
Trench (23◦49′S 70◦50′W) (Figure 1 and Table 1), mounted in
Fluoromount-G, deposited at the Natural History Museum of
Denmark, under catalog number NHMD-872652.

Brief Description
Echinoderes with middorsal spines on segments 4 to 8 and spines
in lateroventral positions on segments 6 to 9. Tubes present
in lateroventral position on segment 5 only. Glandular cell
outlets type 2 present in subdorsal, laterodorsal, sublateral and
ventrolateral positions on segment 2, in sublateral positions on
segments 3, 4 and 8, and in midlateral positions on segment 5
(Figures 5B–D). Tergal extensions conspicuous long and slender,
with long, flexible tips (Figure 5E).

Remarks
Echinoderes juliae belongs to one of the deep-sea species
originally found on the abyssal plain off Oregon and along the
continental rise off California, the Northeast Pacific at 2702
to 3679 m depth (Sørensen et al., 2018). Despite significant
geographical distance (ca. 7000 km) between the type locality and
the Atacama Trench region, the morphology and morphometrics
of the examined specimen are completely in line with the original
description of E. juliae in Sørensen et al. (2018) (Figure 5 and
Table 4). Differences were detected neither in sensory spots
positions nor in glandular cell outlets types 1 and 2.

Echinoderes pterus Yamasaki et al.
(2018a,b) (Figure 6)
Material examined: adult female, collected on March 28, 2018,
at station 9, at 4050 m depth, on abyssal plain, east of the
Atacama Trench (20◦20′S 70◦59′W) (Figure 1 and Table 1),
mounted in aluminum stub for SEM and stored in the personal
collection of MVS.

Brief Description
Echinoderes with middorsal spines on segments 4 to 8 and
spines in lateroventral positions on segments 6 to 9. Tubes
present in lateroventral position on segment 5 and in laterodorsal
position on segment 10. Characteristic tufts of long hairs
present in laterodorsal positions on segment 9. Glandular cell
outlets type 2 absent.

Remarks
Echinoderes pterus is a species with a wide geographic
distribution, ranging from the high Arctic, the North Atlantic,
and into the Mediterranean Sea (Yamasaki et al., 2018a), and it
has also been reported to show a wide bathymetric distribution,
from 675 to 4403 m. Besides having this unusually wide range,
E. pterus possesses a set of traits that easily distinguishes it from
other congeners. The most characteristic is the presence of tufts
of hairs on segment 9 - a structure unique for E. pterus. The
second feature is the conspicuously thick and long lateroventral
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FIGURE 5 | Light micrographs showing overview and details of female Echinoderes juliae (NHMD-872652) collected at station 1. (A) Ventral overview. (B) Segments
1 to 5, ventral view. (C) Segments 1 to 5, dorsal view. (D) Segments 5 to 9, ventral view. (E) Segments 9 to 11, dorsal view. ldgco2, glandular cell outlet type 2; lvt,
lateroventral tube; mds, middorsal spine, followed by segment number; mlgco2, glandular cell outlet type 2; pdss, paradorsal sensory spot; sdgco2, subdorsal
glandular cell outlet type 2; sdss, subdorsal sensory spot; si, sieve plate; slgco2, sublateral glandular cell outlet type 2; te, tergal extension; vlgco2, ventrolateral
glandular cell outlet type 2.

spines on segment 9, however this character is observed only
in the male representatives of the Arctic and North Atlantic
populations (Yamasaki et al., 2018a). In the examined material
we found only one female specimen, thus lateroventral spines
on segment 9 could not be used as a diagnostic character.
Exact morphometric details of our specimen are also unavailable
because it was mounted for SEM. Nevertheless, the examined
specimen possesses the diagnostic key features of E. pterus, i.e.,
the spine and tube pattern and the presence of the tufts of
hairs on segment 9 (Figures 6D,G). Moreover, we were able
to confirm the presence of almost all sensory spots, according
to the original description provided by Yamasaki et al. (2018a);
the only exception were sensory spots in paraventral positions
on segment 8 and in subdorsal positions on segment 10 that
could not be observed due to the mounting position of the
examined specimen. In addition to this, our specimen, similar to
E. pterus, has long, rather thin cuticular hairs distributed along
the body (except segment 1), and a primary pectinate fringe
with long, thin tips, characteristically curved in the paraventral

sectors of segment 1 and 2 (Figure 6, see also Figure 6C in
Yamasaki et al., 2018a). Segment 1 is completely hairless, except
for hairs associated with the relatively large sensory spots present
in subdorsal and laterodorsal positions (Figures 6A,B,E,F),
which is also characteristic for the type specimens of E. pterus.
Therefore, the identity of the examined specimens seems to
be unquestionable.

Echinoderes sp. 1 (Figure 7 and Table 4)
Material examined: one female, collected on March 8, 2018, at
station 6, at 7720 m depth in the Atacama Trench (24◦16′S
71◦25′W) (Figure 1 and Table 1), mounted in Fluoromount-G,
deposited at the Natural History Museum of Denmark, under
catalog number NHMD-872653.

Brief Description
Echinoderes with middorsal spines on segments 6 and 8, and
spines in lateroventral positions on segments 6 to 9. Tubes
present in ventrolateral positions on segment 2, lateroventral
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TABLE 4 | Measurements from light microscopy of Echinoderes species from the Atacama Trench with comparison of measurements for the closely related species.

Character E. juliae present
study

E. juliae
Sørensen et al.,

2018

Echinoderes sp.
1

E. ultraabyssalis
Adrianov and

Maiorova, 2019

Echinoderes sp.
2

E. dubiosus
Sørensen et al.,

2018

Echinoderes sp.
3

E. hakaiensis
Herranz et al.,

2018

TL 300 285–327 257 255–340 278 238–281 211 266–382

MSW 56 51–54 59 53–60 60 60–70 47 62

MSW/TL 18.7% 15.6–18.6% 23.0% 16–22% 21.7% 22–25% 22.3% 16–23%

SW-10 44 41–47 46 42–49 51 51–57 39 46–47

SW-10/TL 14.7% 12.8–15.4% 17.9% 13–17% 18.6% 19–22% 18.5% 12–17%

MD4 (ac) 48 31–44 51 30–52 55 40

MD5 (ac) 55 42–56 56 41–78

MD6 (ac) broken 59–70 59 42–51 69 64–87 85 60

MD7 (ac) 80 67–78 113 68–93

MD8 (ac) 97 71–98 70 65–76 193 96–136 81 75–80

LV6 (ac) 47 33–43 35 31–40 45 28–56 26 30–31

LV7 (ac) 50 41–48 39 38–42 58 32–68 30 30–34

LV8 (ac) 55 44–61 45 39–49 74 39–91 30 25–34

LV9 (ac) 62 40–60 46 47–60 94 79–120 30 27–33

LTS 222 205–248 234 181–205 337 186–323 145 128

LTS/TL 74.0% 68.8–78.8% 91.1% 59–73% 121% 75–118% 69% 48–33%

LTAS 126 128–133 50 42–47 70 61–78 49 35–38

(ac), acicular spine; LTAS, lateral terminal accessory spine; LTS, lateral terminal spine; LV, lateroventral; MD, middorsal; MSW, maximum sternal width; S, segment lengths;
SW-10, standard width, always measured on segment 10; TL, trunk length.

positions on segment 5, lateral accessory positions on segment
8 and laterodorsal positions on segments 9 and 10.

Adults with head, neck and eleven trunk segments
(Figures 7A,D). Overview of measures and dimensions are
given in Table 4.

Segments 1 and 2 composed of complete cuticular rings.
Segment 1 with glandular cell outlet type 1 in middorsal
position and sensory spots in subdorsal and ventrolateral
positions (Figure 7C). Posterior margin of this and following
nine segments with primary pectinate fringe. Segment 2 with
ventrolateral tubes and pair of ventromedial glandular cell outlets
type 1 (Figure 7B). No structures observed on the tergal plate.
Cuticular hairs on both segments relatively long, distributed
around the segments, but covering only the posterior parts.
Segments 3 to 11 consist of one tergal and two sternal plates.
Pachycycli of anterior segments margins with clear interruptions
in middorsal positions and around tergosternal and midsternal
junctions (Figures 7A,D). Segments 3 and 4 with ventromedial
glandular cell outlet type 1 only; no sensory spots or other
traits observed. Segment 5 with lateroventral tube, a pair of
sensory spots located midlaterally, and ventromedial glandular
cell outlets type 1; similar outlets present at following four
segments as well (Figure 7E). Segment 6 with middorsal
acicular spine, lateroventral spines, paradorsal, midlateral and
ventromedial sensory spots and glandular cell outlets type 1 in
paradorsal position (Figures 7D,E). Segment 7 with lateroventral
spines, pair of paradorsal and midlateral sensory spots and
paradorsal glandular cell outlets type 1 present. Segment 8 with
spines in middorsal and lateroventral positions, lateral accessory
tubes, paradorsal sensory spots and paradorsal glandular cell
outlets type 1 (Figures 7D,E). Segment 9 with lateroventral
spines, distinct, long laterodorsal tubes and three pairs of

sensory spots, located in paradorsal, subdorsal and ventrolateral
positions; small sieve plate located in lateral accessory positions
(Figure 7F). Segment 10 with laterodorsal tubes, sensory spot
and two glandular cell outlets type 1 located middorsally, and
a pair of sensory spots in ventrolateral position. Segment 11
with a pair of very long lateral terminal spines (Figure 7A),
nearly reaching trunk length (Table 4). Female with relatively
strong and long lateral terminal accessory spines. Sensory
spots present in paradorsal positions. A protuberance-like
structure emerges between segments 10 and 11 in middorsal
position (Figure 7F).

Remarks
The spine pattern with middorsal acicular spines on segment 6
and 8 is extremely rare among Echinoderes species. This trait is
shared only with three species, i.e., E. daenerysae Grzelak and
Sørensen (2018) in Grzelak and Sørensen (2018), E. hviidarum
Sørensen et al. (2018) and E. ultraabyssalis Adrianov and
Maiorova (2019) (Grzelak and Sørensen, 2018; Sørensen et al.,
2018; Adrianov and Maiorova, 2019). The latter two are typical
deep-water species, described from the Northeast Pacific (ca.
2700 m water depth) and Northwest Pacific (< 9000 m water
depth), respectively, while E. daenerysae is known from shallower
waters of the Arctic Ocean (100–250 m water depth).

A second very rare feature of Echinoderes sp. 1 is the presence
of laterodorsal tubes on segment 9. Interestingly, all three
abovementioned species have laterodorsal tubes on this segment,
which suggests that these four species might be closely related.
The only other species with tubes in this position on the tergal
plate is Echinoderes belenae Pardos et al. (2016), but this species
cannot in any way be confused with Echinoderes sp. 1 due to
the presence of 3 middorsal spines, on segment 4, 6 and 8,
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FIGURE 6 | Scanning electron micrographs showing overview and details of female Echinoderes pterus collected at station 9. (A) Segments 1 to 3, lateral view.
(B) Segments 1 to 3, ventral view. (C) Segments 9 to 11, ventral view. (D) Segment 9, lateral view. (E) Lateral overview. (F) Ventral overview. (G) Segment 10, lateral
view. ldss, laterodorsal sensory spot; ldt, laterodorsal tube; lvgco1, lateroventral glandular cell outlet type 1; lvs, lateroventral spine, followed by segment number;
sdss, subdorsal sensory spot; th, tuft of hairs; vlss, ventrolateral sensory spot; vmss, ventromedial sensory spot.

numerous tubes in various positions and short lateral terminal
spines (Pardos et al., 2016).

Echinoderes sp. 1 shares different features with E. daenerysae,
E. hviidarum and E. ultraabyssalis. These include the relatively
small body size (<300 µm), presence of tubes in lateroventral
positions on segment 5 and in lateral accessory positions on
segment 8, as well as long lateral terminal spines and absence of
glandular cell outlet type 2. Echinoderes sp. 1 furthermore shares
the presence of a middorsal protuberance between segments 10
and 11 with the latter two species. Nevertheless, E. hviidarum
is easily distinguished from Echinoderes sp. 1 by the absence of
tubes on segment 2. In contrast, E. daenerysae and Echinoderes
sp. 1 share the presence of ventrolateral tubes on segment 2,
whereas only E. daenerysae has tubes in laterodorsal positions
also. Among the three species, E. ultraabyssalis appears to be
morphologically closest to Echinoderes sp. 1. This is the deepest
kinorhynchs species described so far, and similar to Echinoderes
sp. 1, it possesses one pair of tubes, located ventrolaterally

on segment 2. Morphometrics of both species also show great
resemblance (Table 4), with the exception of the proportions
of the lateral terminal spines vs. trunk length. Echinoderes sp.
1 has longer lateral terminal spines, nearly as long as the trunk
length (LTS/TL = 91%), while the lateral terminal spines in
E. ultraabyssalis are no longer than 2/3 of the trunk length (mean
LTS/TL = 59%). It appears that also the arrangement and number
of sensory spots show some differences between these two species.
Although only one specimen was available for examination and
we cannot exclude the possibility that some sensory spots were
missed, we can at least confirm their presence in subdorsal
positions on segment 11 and in midlateral positions on segments
5 and 6. None of these were described for E. ultraabyssalis.
However, the key character to distinguish Echinoderes sp. 1
from E. ultraabyssalis is the presence of laterodorsal tubes on
segment 10. Although the presence of such tubes can be difficult
to visualize with LM, the tubes are well visible in Echinoderes
sp. 1, while their absence in E. ultraabyssalis was confirmed
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FIGURE 7 | Light micrographs showing overview and details of female Echinoderes sp. 1 (NHMD-872653) collected at station 6. (A) Ventral overview. (B) Segments
1 to 5, ventral view. (C) Segments 1 to 5, dorsal view. (D) Dorsal overview. (E) Segments 5 to 8, ventral view. (F) Segments 9 to 11, dorsal view. lat, lateral accessory
tube; ldt, laterodorsal tube; ltas, lateral terminal accessory spine; lts, lateral terminal spine; lvs, lateroventral spine, followed by segment number; lvt, lateroventral
tube; mdgco1, middorsal glandular cell outlet type 1; mds, middorsal spine, followed by segment number; mlss, midlateral sensory spot; pdss, paradorsal sensory
spot; pr, protuberance; sdss, subdorsal sensory spot; vlt, ventrolateral tube; vmgco1, ventromedial glandular cell outlet type 1; vmss, ventromedial sensory spot.

with SEM (Adrianov and Maiorova, 2019). Therefore, we believe
that, even though the differences between Echinoderes sp. 1
and E. ultraabyssalis are subtle, we should consider them as
diagnostic until more material becomes available for comparison.
It seems clear that the two species are closely related hadal/deep-
sea trench species.

Echinoderes sp. 2 (Figure 8 and Table 4)
Material examined: one female, collected on March 20, 2018,
at station 7, at 5500 m depth in the Atacama Trench (22◦56′S
71◦37′W) (Figure 8 and Table 1), mounted in Fluoromount-G,
deposited at the Natural History Museum of Denmark, under
catalog number NHMD-872654.

Brief Description
Echinoderes with middorsal spines on segments 4 to 8, and spines
in lateroventral positions on segments 6 to 9. Tubes present in
lateroventral positions on segment 5, lateral accessory positions
on segment 8 and laterodorsal position on 10.

Adults with head, neck and eleven trunk segments
(Figures 8A,D). Overview of measures and dimensions are
given in Table 4.

Segments 1 and 2 composed of complete cuticular rings.
Segment 1 with sensory spots in subdorsal and laterodorsal
positions, two glandular cell outlets type 1 in middorsal position
and pair in ventrolateral positions (Figure 8C). Posterior edge of
this and following nine segments with primary pectinate fringe.
Segments 2 and 3 without any conspicuous cuticular structures,
except for one middorsal glandular cell outlet type 1 (Figure 8B).

Segment 4 with acicular middorsal spine; paradorsal and
ventromedial glandular cell outlets types 1, present on this and
following five segments (Figures 8C,F). Segment 5 with acicular
spine in middorsal position and tubes in lateroventral positions
(Figures 8A,C). Segment 6 with acicular spines in middorsal
and lateroventral positions; sensory spots present in midlateral
position. Segment 7 with acicular spines in middorsal and
lateroventral positions; sensory spots present in ventromedial
positions. Segment 8 with acicular spines in middorsal and
lateroventral positions; middorsal spine very long, exceeding
posterior part of segment 11 (Figure 8A). Tubes present in
lateral accessory positions (Figure 8F). Sensory spots located in
paradorsal positions only, but hardly visible due to the presence
of a middorsal papillary flap on the posterior part of the segment
(Figure 8E). Segment 9 with long lateroventral spines, which
exceed way beyond the terminal segment (Figure 8G). Sensory
spots present in paradorsal and ventrolateral positions. Papillary
flap, smaller than on preceding segment, present middorsally on
the posterior part of the segment (Figure 8E). Rounded, small
sieve plates present in lateral accessory positions (Figure 8F).
Segment 10 with well visible, relatively long laterodorsal tubes,
paradorsal sensory spots and glandular cell outlets type 1
present in middorsal and ventromedial positions. Segment 11
with long lateral terminal spines. Specimen with thick lateral
terminal accessory spines. Sensory spots present in subdorsal
position. Two glandular cell outlets type 1 located middorsally.
Tergal extensions short and pointed/triangular (Figure 8G). The
posterior margins of the sternal plates rounded, much shorter
than tergal extensions (Figure 8G).
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FIGURE 8 | Light micrographs showing overview and details of female Echinoderes sp. 2 (NHMD-872654) collected at station 7. (A) Dorsal overview. (B) Segments
1 to 6, dorsal view, with close-up showing trichoscalids. (C) Segments 1 to 5, ventral view. (D) Dorsal overview, showing full length of lateral terminal spines.
(E) Segments 8 to 11, dorsal view. (F) Segments 8 to 10, ventral view. (G) Segments 8 to 11, ventral view, with close-up on segment 11 showing tergal extension.
lat, lateral accessory tube; ldt, laterodorsal tube; ltas, lateral terminal accessory spine; lts, lateral terminal spine; lvgco1, lateroventral glandular cell outlet type 1; lvs,
lateroventral spine, followed by segment number; lvt, lateroventral tube; mdgco1, glandular cell outlet type 1; mds, middorsal spine, followed by segment number;
pdgco1, paradorsal glandular cell outlet type 1; pf, papillary flap; sdss, subdorsal sensory spot; si, sieve plate; te, tergal extension; tr, trichoscalid; vmgco1,
ventromedial glandular cell outlet type 1.

Remarks
The spine and tube pattern of Echinoderes sp. 2, with presence
of middorsal spines on segments 4 to 8, tubes/spines in
lateroventral positions of segments 5 to 9, tubes in lateral
accessory position on segment 8 and in laterodorsal position
on segment 10, is shared with 7 species (Yamasaki et al.,
2020), i.e., E. adrianovi, Echinoderes barbadensis Cepeda et al.
(2019a), Echinoderes dujardini Claparède (1863), Echinoderes
gerardi Higgins (1978), Echinoderes muricatus Pardos et al.
(2016), Echinoderes parrai GaOrdóñez et al. (2008), Echinoderes
sp. 2 in Yamasaki et al. (2018b) (Higgins, 1978; GaOrdóñez
et al., 2008; Herranz et al., 2014; Pardos et al., 2016; Yamasaki
et al., 2018b; Cepeda et al., 2019a; Sørensen et al., 2020).
Nevertheless, Echinoderes sp. 2 is unique among the congeners
by its absence of tubes or glandular cell outlets type 2 on
segment 2. If we do not consider the presence of tubes on
segment 8 in the comparison, which sometimes might be difficult
to see with LM, Echinoderes sp. 2 may resemble three other
species, i.e., Echinoderes kaempfae, E. pterus and Echinoderes

stockmani Adrianov (1999) in Adrianov and Malakhov (1999)
(Adrianov and Malakhov, 1999; Yamasaki et al., 2018a, 2019).
Nevertheless, all species can easily be discriminated from
Echinoderes sp. 2. Echinoderes pterus can be distinguished by
the presence of the tufts of hairs on segment 9 - a structure
unique for this species (see discussion above). Echinoderes
stockmani possesses additional pairs of tubes on segments 7
and 9, in laterodorsal and subdorsal positions, respectively.
Among the abovementioned species, E. kaempfae appears to be
most similar to Echinoderes sp. 2. Echinoderes kaempfae is a
deep-sea species, described from 3110 m depth at the foot of
Senghor Seamount in the Northeast Atlantic (Yamasaki et al.,
2019). Next to the spines and tubes pattern (with exception
of presence/absence of lateral accessory tube on segment 8),
Echinoderes sp. 2 and E. kaempfae share the presence of long
and thin terminal spines and general appearance/shape of the
trunk. However, the two species are conspicuously different
in tergal extension shape, which appears significantly longer
and more pointed in E. kaempfae. The latter species also
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have shorter spines than Echinoderes sp. 2, both on dorsal
and ventral sides.

Echinoderes sp. 2 shows the closest resemblance to the deep-
sea species E. dubiosus. Although the latter possess glandular
cell outlets type 2 on segment 2 that are missing in Echinoderes
sp. 2, the two species are conspicuously similar. Both share
the same spines patterns on the dorsal and ventral side, the
presence of laterodorsal tubes on segment 10, presence of
papillary flaps - middorsal structures previously described for
only E. dubiosus and E. mamaqucha sp. nov. - and very similar
sensory spot distribution patterns. Moreover, both species show
great similarity in terms of morphometrics (Table 4). Very
long spines, especially lateral terminal spines that are equal or
sometimes longer than trunk length, characterize both species
(Table 4). However, the middorsal spines on segments 7 and 8 are
even longer in Echinoderes sp. 2 compared to those in E. dubiosus.
Especially the middorsal spine of segment 8 extends well beyond
the terminal segment in Echinoderes sp. 2, opposite to E. dubiosus
where it only reaches segment 11 (Sørensen et al., 2018).
Echinoderes sp. 2 also has tubes in lateral accessory positions on
segment 8, which differs from E. dubiosus that very clearly has
its tubes in sublateral positions, leaving a conspicuously larger
gap between the tubes and the lateroventral spines. Therefore,
based on all abovementioned differences we assume the examined
specimen represents an undescribed species. However, since only
a single specimen is available, it is too premature to provide a
formal description.

Echinoderes sp. 3 (Figure 9 and Table 4)
Material examined: one female, collected on March 6, 2018, at
station 1, at 2560 m depth on abyssal plain, east of the Atacama
Trench (23◦49′S 70◦50′W) (Figure 1 and Table 1), mounted in
Fluoromount-G, deposited at the Natural History Museum of
Denmark, under catalog number NHMD-872651.

Brief Description
Echinoderes with middorsal spines on segments 4, 6, and
8, and spines in lateroventral positions on segments 6 to
9. Tubes present in subdorsal, laterodorsal, sublateral and
ventrolateral positions on segment 2, lateroventral position on
segment 5, sublateral position on segment 8 and laterodorsal
position on segment 10.

Adults with head, neck and eleven trunk segments
(Figure 9A). Overview of measures and dimensions are
given in Table 4.

Segments 1 and 2 composed of complete cuticular rings.
Segment 1 with sensory spots in subdorsal and lateroventral
positions, glandular cell outlet type 1 in middorsal position and
pair located ventrolaterally (Figures 9B,C). Posterior margin of
this and following nine segments with primary pectinate fringe,
with well-developed, thin and long fringe tips (Figures 9D–
F). Segment 2 with subdorsal, laterodorsal, sublateral and
ventrolateral tubes, single sensory spot and glandular cell outlet
type 1 present middorsally and paired glandular cell outlets
type 1 located ventromedially (Figures 9B,C). Cuticular hairs
on this and following eight segments generally abundant,
long, distributed continuously around the segments, except

the ventromedial sectors of the segments. Segments 3 to 11
consist of one tergal and two sternal plates. Pachycycli of
anterior segments margins with clear interruptions in middorsal
positions and around tergosternal and midsternal junctions
(Figures 9B–H). Segment 3 with subdorsal sensory spots, single
glandular cell outlet type 1 in middorsal position and paired
ones in ventromedial positions; ventromedial outlets present at
following seven segments as well (Figures 9C,K). Segment 4 with
middorsal acicular spine. Glandular cell outlet type 1 observed
in paradorsal positions; no sensory spots present. Segment 5 with
lateroventral tubes and single middorsal glandular cell outlet type
1. Segment 6 with middorsal acicular spine, lateroventral spines,
paradorsal and ventromedial sensory spots and glandular cell
outlets type 1 in paradorsal position (Figures 9D,K). Segment
7 with lateroventral spines, pair of ventromedial sensory spots
and single middorsal glandular cell outlet type 1. Segment 8 with
spines in middorsal and lateroventral positions, sublateral tubes,
paradorsal sensory spots and paradorsal glandular cell outlets
type 1 (Figures 9G,H,K). Segment 9 with lateroventral spines,
two pairs of sensory spots, located in paradorsal and ventrolateral
positions and paradorsal glandular cell outlets type 1; small sieve
plate located in lateral accessory positions. Segment 10 with
laterodorsal tubes, sensory spot and glandular cell outlet type
1 located middorsally, and pair of sensory spots in subdorsal
and ventrolateral positions. Segment 11 with pair of long lateral
terminal spines (Figure 9A). Female with relatively strong and
long lateral terminal accessory spines (Figure 9A and Table 4).
Sensory spots present in subdorsal position; two glandular
cell outlets type 1 located middorsally. Tergal extensions short
and pointed, with two small serrations at the posterior inner
margin (Figure 9J).

Remarks
Echinoderes sp. 3 resembles Echinoderes hakaiensis described by
Herranz et al. (2018) from 88–140 m depth at Calvert Island,
British Columbia, and subsequently found at markedly greater
depth, 2719 m, off the United States west coast (Herranz et al.,
2018; Sørensen et al., 2018). There is no other species with
acicular spines in middorsal position on segments 4, 6 and 8
and four pairs of tubes on segment 2. In addition, both species
share the presence of tubes on segment 8 in sublateral position,
the positions of several glandular cell outlets type 1 and sensory
spots, as well as shape of tergal extensions. Nevertheless, we did
not assign Echinoderes sp. 3 to E. hakaiensis because of some
morphological differences between two species. Considering the
wide bathymetrical and geographical distance between British
Columbia and the Atacama Trench region and the fact that
only a single specimen was available for investigation, we cannot
be sure whether observed morphological discrepancies result
solely from inter-population variations or indicate two, closely
related species. The major difference between Echinoderes sp. 3
and E. hakaiensis are morphometric details. Echinoderes sp. 3 is
markedly smaller in trunk length than E. hakaiensis (TL: 211 µm
vs. 324 µm, respectively), but has significantly longer middorsal
spines on segments 4 and 6 (MDS4: 55 µm and MDS6: 85 µm
in Echinoderes sp. 3, whereas MDS: 40 µm and MDS: 60 µm in
E. hakaiensis) and longer lateral terminal spines (LTS: 145 µm
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FIGURE 9 | Light micrographs showing overview and details of female Echinoderes sp. 3 (NHMD-872651) collected at station 1. (A) Ventral overview. (B) Segments
1 to 5, dorsal view. (C) Segments 1 to 5, ventral view. (D) Segments 4 to 11, dorsal view. (E) Segments 2 to 4, dorsal view. (F) Segments 2 to 4, ventral view.
(G) Segments 8 to 9, ventral view. (H) Segments 8 to 9, ventral view with close-up showing sublateral tube. (I) Segments 10 to 11, dorsal view. (J) Segment 11,
ventral view. (K) Segments 5 to 9, ventral view. ldt, laterodorsal tube; ltas, lateral terminal accessory spine; lvs, lateroventral spine, followed by segment number; lvt,
lateroventral tube; mdgco1, middorsal glandular cell outlets type 1; mds, middorsal spine, followed by segment number; pdgco1, paradorsal glandular cell outlets
type 1; ppf, primary pectinate fringe, followed by segment number; sdss, subdorsal sensory spot; sdt, subdorsal tube; slt, sublateral tube; te, tergal extension;
vlgco1, ventrolateral glandular cell outlets type 1; vlss, ventrolateral sensory spot; vlt, ventrolateral tube; vmgco1, ventromedial glandular cell outlets type 1. Arrow in
G shows sublateral interruption.
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vs. 128 µm) (Table 4). Differences in trunk and lateral terminal
spine lengths result in higher TL/LTS ratio in Echinoderes sp. 3 in
comparison to E. hakaiensis (TL/LTS: 69 vs. 40%, respectively).
In Echinoderes sp. 3 the pectinate fringe tips of the primary
pectinate fringe on segments 1 and 2 are long and thin, both on
the dorsal and ventral side (Figures 9E,F), whereas the pectinate
fringe tips in E. hakaiensis are much shorter and less-developed,
almost absent in the ventral sector of segment 2 (see Figure 12C in
Herranz et al., 2018). Another character that makes Echinoderes
sp. 3 differ from E. hakaiensis is the presence of laterodorsal tubes
on segment 10 in the female. Although tubes in this position were
observed in male representatives of E. hakaiensis, their absence
in female was confirmed with SEM (Herranz et al., 2018). In the
investigated specimen, the tubes are difficult to visualize, but they
are certainly present (Figure 9I). Abovementioned differences
leave it uncertain whether the examined specimen is identical
with E. hakaiensis, but since only a single specimen is available,
we hesitate to describe the species as a new species.

DISCUSSION

Nearly 75% of the seafloor is at abyssal and hadal depths
(> 3000 m) making it the largest benthic habitat globally
(Harris et al., 2014). However, our understanding of the lower-
abyssal and particularly the hadal zones (> 6000 m) is still
very much in its initial stage. Trench biology represents a major
frontier in deep-sea studies and the fauna inhabiting these
regions probably represents the least understood communities
in our ocean (Blankenship-Williams and Levin, 2009). The
present study provides the first overview of mud dragon species
inhabiting the Atacama Trench and adjacent abyssal and bathyal
depths. Our material revealed six species of Echinoderes. Of these,
Echinoderes mamaqucha sp. nov. is described as a new species
and morphological data of three undescribed species are given.
Moreover, two already known species, i.e., Echinoderes juliae and
Echinoderes pterus were recovered.

Abundance and Species Richness in
Hadal Zone
It seems to be a general trend that benthic abundance decreases
with increasing water depth (Rex et al., 2006; Wei et al., 2010).
Nonetheless, studies conducted in hadal trenches have revealed
relatively abundant benthic communities, particularly meiofauna
(Danovaro et al., 2002; Schmidt and Martínez Arbizu, 2015;
Leduc et al., 2016). Many hadal trenches are close to land
and receive organic inputs from terrestrial and coastal sources,
increasing microbial activity (Wenzhöfer et al., 2016; Glud et al.,
2021) and supporting higher benthic densities than expected for
greater depths (Danovaro et al., 2002; Jamieson et al., 2010). In
addition, the persistent rain of particulate organic matter (POM)
from the surface layers is deposited along the trench axis (von
Huene and Scholl, 1991; Turnewitsch et al., 2014). Among others,
the Atacama Trench underlies one of the most productive surface
waters, which results in high total trench POC flux (Steward
and Jamieson, 2018; Glud et al., 2021), reduced sediment grain
size and exceptionally high meiofaunal abundance at hadal

depths (7800 m) (Danovaro et al., 2002). As reported by
Danovaro et al. (2002), abundance of all meiofauna taxa were
notably higher at hadal station in comparison with bathyal
depths, and this trend also includes the kinorhynchs (0.2 ± 0.3
and 46 ± 40 ind./10 cm2, at 1050 and 7800 m, respectively).
In our study, the abundance of kinorhynchs recorded at trench
stations was not as high as reported in the previous study by
Danovaro et al. (2002) (5.7± 2.7 ind./10 cm2), but a clear increase
in mud dragons abundance with water depth was observed
(Figure 10). The highest number of individuals in the deepest
station (Figure 10), is in accordance with observations for other
trenches (Schmidt and Martínez Arbizu, 2015; Leduc et al., 2016).
The steep slopes of the trenches create a gravity-driven downward
transport and therefore elevated deposition of organic matter
and intensified microbial metabolism, which support high faunal
standing stocks at the greatest depth of hadal trenches (Danovaro
et al., 2003; Glud et al., 2013).

Even though they are rich in terms of abundance and/or
biomass, hadal benthic communities are rather poor in
number of species. Moreover, a high degree of endemism is
attributed to the hadal fauna as a whole and also within
each trench (Wolff, 1960; Belyaev, 1989; Eustace et al., 2016),
although, the selective pressures driving such picture remains
unclear. Physical/geographical isolation, sufficiently different
environmental conditions experienced by each trench and/or
geological age of the trench habitats are considered to be major
contributing factors to low species diversity and high endemism
of trench bottom fauna (Jamieson et al., 2010). Interestingly, the
kinorhynch community at the Atacama Trench hadal stations
was dominated by a single species, namely. E. mamaqucha sp.
nov. that occurred at all six sites along the trench axis and
was present almost exclusively at hadal depths (Figure 10 and
Table 1). The only exception was the abyssal station at 5550
m, where a single specimen of E. mamaqucha sp. nov. was
found. Stations at the trench floor extend across > 400 km,
but the north–south alignment of the trench axis probably
acts as dispersal corridor and thereby facilitates similarity
among the kinorhynch fauna along a longitudinal gradient.
A similar picture was obtained from an amphipod study at
hadal depths in the Atacama Trench (Perrone et al., 2002),
where only one undescribed species was documented. A single
dominating amphipod species at hadal depths was also found in
northwest Pacific trenches (Kuril-Kamchatka, Japan, Izu-Bonin,
Mariana, and Philippine trenches; Kamenskaya, 1981; France,
1993) and southwest Pacific trenches (Kermadec and Tonga
trenches; Blankenship et al., 2006). This could suggest that
E. mamaqucha sp. nov. likewise represents an endemic hadal
mud dragon form for the Atacama Trench. This assumption
should be taken with caution though, since our knowledge of
the distribution of microscopic marine animals suffers from lack
of data and sampling bias (Boakes et al., 2010) and assessing
true biogeographical ranges or distribution patterns is very
challenging, especially for a group such as kinorhynchs.

Hadal vs. Abyssal and Bathyal Depths
It is noteworthy that the mud dragon species observed at the
trench floor differed from those collected at the surrounding
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FIGURE 10 | Bathymetric distribution of Echinoderes spp. (left side of the plot) and total abundance of kinorhynchs (right side of the plot) collected along the
Atacama Trench hadal zone, adjacent abyssal plain and continental slope.

abyssal plain and continental slope (Figure 10 and Table 1).
Even though, abundance of kinorhynchs was very low and small
sample size might have important implication on the assessment
of kinorhynchs diversity, our results are in line with other
hadal studies. It has already been documented that trenches
and their adjacent abyssal plain can differ significantly in their
macrobenthic (Jamieson et al., 2011; Fujii et al., 2013; Gallo
et al., 2015) and meiobenthic communities (Kitahashi et al.,
2013; Leduc et al., 2016; Schmidt et al., 2019), due to the
combination of environmental conditions at trenches floor that
are not found in any other deep-sea environment. However,
these geographical and depth gradients do not act as sharp
boundaries but rather as transitional zones (Jamieson et al.,
2011), thus still the hadal zone can share few fauna species
with abyssal communities, but less likely with bathyal ones
(Eustace et al., 2016; Brandt et al., 2019). The precise depth at
which this transition occurs is expected to be trench-specific
(Fujii et al., 2013; Schmidt and Martínez Arbizu, 2015), and
may vary within trenches. Our results seem to fit well with
these previous observations, as species turnover between hadal,
abyssal and bathyal depths can be clearly noted (Figure 10).
Individuals of E. mamaqucha sp. nov. dominated at the hadal
zone, sediments of abyssal stations were inhabited by E. pterus,
Echinoderes sp. 2 and E. mamaqucha sp. nov., while E. juliae
and Echinoderes sp. 3 were found at the shallower station
located at the continental slope. Nevertheless, it should also
be noted, that all mud dragon species of the Atacama Trench
region belong to one genus Echinoderes. Echinoderes is the most
common, widely distributed and species-rich mud dragon genus.
However, from the currently 24 known abyssal mud dragon
species, only 11 belong to Echinoderes, which indicates that
the generic diversity of deep-sea kinorhynchs is higher than it
would seem to be, given our results. On the other hand, a very
extensive study performed on the northeastern Pacific clearly
showed that the deep-sea kinorhynch fauna in this region is
dominated by echinoderids (Sørensen et al., 2018). It is therefore

difficult to predict whether the observed diversity pattern, with
representatives of only one mud dragon genus, reflects limitation
in the data or low diversified kinorhynch community, distinctive
for the Atacama Trench region. A lack of characterization
of Kinorhyncha communities across the Pacific abyssal plain
makes it difficult to assess the geographic distribution of deep-
sea forms.

Community Composition and
Comparison With Other Deep-Sea
Species
What should be highlighted though, is that the newly described
species (E. mamaqucha sp. nov.) as well as the other three
potentially new species (Echinoderes sp. 1, Echinoderes sp. 2,
and Echinoderes sp. 3) show a very close resemblance to
other deep-water species of Echinoderes. Echinoderes mamaqucha
sp. nov. and Echinoderes sp. 2 show a close similarity
to E. dubiosus that was described from the North-Eastern
Pacific (> 3500 m water depth) (Sørensen et al., 2018) and
E. bathyalis described from the East Atlantic (> 2500 m
water depth) (Yamasaki et al., 2018b). The second striking
morphological similarity can be noted between the specimen
of Echinoderes sp. 1 found at 7720 m and E. ultraabyssalis
described from the deepest depression of the Kuril-Kamchatka
Trench (> 9000 m; Adrianov and Maiorova, 2019). In other
words, even though each trench and surrounding abyssal
plains seem to host a unique fauna at the species level,
there is still a close phylogenetic relationship between the
species at these extreme depths. This either suggests a
certain gene flow between these deep habitats, or that they
originally were invaded by a few species that subsequently
speciated further. The potential of gene flow of pan-oceanic
scale has been already documented for some benthic deep-
sea taxa (Eustace et al., 2016; LaBella et al., 2017), including
meiofaunal organisms (Pawlowski et al., 2007; Bik et al., 2010;
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Fontaneto, 2019 and references therein). Hence, similarities
between geographically distinct species is highly possible,
as a result of incomplete lineage sorting following the
historicaltectonic movements (e.g., formation of the Isthmus
of Panama) or dispersal over large distance, e.g., through
thermohaline circulation (Pawlowski et al., 2007; Ptatscheck
and Traunspurger, 2020). The latter may seem even more
likely, as in the material from abyssal station at 4050 m we
found E. pterus. This species was already noted at several
locations in the Arctic Ocean, in the North Atlantic and the
Mediterranean, from the continental shelf to the deep-sea floor
and on seamounts (Yamasaki et al., 2018a, 2019). A similar
example is the presence of E. juliae and Echinoderes sp. 3
in the sediments collected from continental slope station at
2560 m. Echinoderes juliae is known from the abyssal plain
and continental rise off California (Sørensen et al., 2018)
and despite significant geographical distance (ca. 7000 km)
we found considerable consistency of morphological characters
between E. juliae at its type locality and the individual from
the Atacama Trench region. In contrast, Echinoderes sp. 3
shows close morphological resemblance to E. hakaiensis –
a species described from British Columbia (Herranz et al.,
2018) and later found in the deep-water off California
(Sørensen et al., 2018). These findings support the previous
suggestions about the capability of deep-sea kinorhynchs species
to disperse over great distances (Neuhaus and Sørensen, 2013;
Sørensen et al., 2018; Yamasaki et al., 2018a, 2019). Yet,
the distribution process, the ongoing dispersal directions and
migration routes are unknown.

Hadal trenches remain among the least sampled deep-
sea habitats, although their unusual isolation and distribution
offer exceptional opportunities to test many ecological and
evolutionary theories (Blankenship-Williams and Levin, 2009).
Therefore, we hope that this first evaluation of mud dragon
diversity in the Atacama Trench add to other hadal studies
providing new information about species diversity, which at
last will enhance our understanding of biodiversity patterns
in the deep-sea.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary materials, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

KG acquired the funding for taxonomic studies, performed
morphological examinations and taxonomic work, and prepared
the original draft and figures. DZ conceived the general idea of
the study and acquired the funding for the deep-sea cruise. MSh
processed meiofauna samples. MSø conceived the general idea of
the taxonomic study, supervised morphological and taxonomic
studies, and manuscript writing. All authors proof-read the
manuscript prior to submission, contributed to the final version
and approved the submitted version.

FUNDING

This study was funded by the project “Prokaryote-nematode
Interaction in marine extreme envirONments: a uniquE
source for ExploRation of innovative biomedical applications”
(PIONEER) funded by the Total Foundation and IFREMER
(2016–2019). Financial support was also provided through the
European Research Council (HADES-ERC Project Grant No.
669947) and by the Danish National Research Foundation (Grant
No: DNRF145, Danish Center for Hadal Research, HADAL). The
first author was supported by the Polish National Agency for
Academic Exchange NAWA, the Bekker Programme Fellowship
(PPN/BEK/2019/1/00160/00001) at Natural History Museum of
Denmark and partly by the statutory funds from the Institute of
Oceanology, Polish Academy of Sciences (IO PAN).

ACKNOWLEDGMENTS

We are indebted to Ronnie Glud (SDU) for the invitation
to work on Atacama meiofauna. Special thanks go to the
chief scientists (Ronnie Glud/SDU, Frank Wenzhöfer/AWI, and
Matthias Zabel/MARUM), captain, and crews of the cruise SO261
(R/V SONNE, 02/03-02/04/18). We thank Sophie Arnaud and
Miriam Brandt for support during sampling activities. We would
also like to thank Nuria Sánchez (Ifremer/UCM) for help in
preparation of animals, Nicolas Gayet (Ifremer) for help in
the SEM preparation, Eve Julie Pernet (Ifremer) for support
in the laboratory, and Emilia Trudnowska (IOPAN) for help
with map preparation. This article is registered at www.zoobank.
org under urn:lsid:zoobank.org:pub:1A9867FF-1C58-F17-A869-
F7534B262518.

REFERENCES
Adrianov, A. V., and Maiorova, A. S. (2015). Pycnophyes abyssorum sp. n.

(Kinorhyncha: Homalorhagida), the deepest kinorhynch species described so
far. Deep Sea Res. II Top. Stud. Oceanogr. 111, 49–59. doi: 10.1016/j.dsr2.2014.
08.009

Adrianov, A. V., and Maiorova, A. S. (2016). Condyloderes kurilensis sp. nov.
(Kinorhyncha: Cyclorhagida) - a new deep water species from the abyssal plain
near the Kuril-Kamchatka Trench. Russ. J. Mar. Biol. 42, 11–19. doi: 10.1134/
s1063074016010028

Adrianov, A. V., and Maiorova, A. S. (2018a). Meristoderes okhotensis sp. nov. –
the first deep-water representative of kinorhynchs in the Sea of Okhotsk

(Kinorhyncha: Cyclorhagida). Deep Sea Res. II Top. Stud. Oceanogr. 154, 99–
105. doi: 10.1016/j.dsr2.2017.10.011

Adrianov, A. V., and Maiorova, A. S. (2018b). Parasemnoderes intermedius
gen. n., sp. n. - the first abyssal representative of the family Semnoderidae
(Kinorhyncha: Cyclorhagida). Russ. J. Mar. Biol. 44, 355–362. doi: 10.1134/
s1063074018050024

Adrianov, A. V., and Maiorova, A. S. (2019). Echinoderes ultraabyssalis sp. nov.
from the Kuril-Kamchatka Trench – the first hadal representative of the
Kinorhyncha (Kinorhyncha: Cyclorhagida). Prog. Oceanogr. 178:102142. doi:
10.1016/j.pocean.2019.102142

Adrianov, A. V., and Malakhov, V. V. (1999). Cephalorhyncha of the World Ocean.
Moscow: KMK Scientific Press. (in Russian with English translation).

Frontiers in Marine Science | www.frontiersin.org 20 June 2021 | Volume 8 | Article 67073542

www.zoobank.org
www.zoobank.org
https://doi.org/10.1016/j.dsr2.2014.08.009
https://doi.org/10.1016/j.dsr2.2014.08.009
https://doi.org/10.1134/s1063074016010028
https://doi.org/10.1134/s1063074016010028
https://doi.org/10.1016/j.dsr2.2017.10.011
https://doi.org/10.1134/s1063074018050024
https://doi.org/10.1134/s1063074018050024
https://doi.org/10.1016/j.pocean.2019.102142
https://doi.org/10.1016/j.pocean.2019.102142
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-670735 June 4, 2021 Time: 12:1 # 21

Grzelak et al. Hadal Mud Dragons

Belyaev, G. M. (1989). Deep-sea Ocean Trenches and Their Fauna. Moscow: Nauka
Publishing House.

Bik, H. M., Thomas, W. K., Lunt, D. H., and Lambshead, P. J. D. (2010).
Low endemism, continued deep-shallow interchanges, and evidence for
cosmopolitan distributions in free-living marine nematodes (order Enoplida).
Evol. Biol. 10:1e10.

Blankenship, L. E., Yayanos, A. A., Cadien, D. B., and Levin, L. A. (2006). Vertical
zonation patterns of scavenging amphipods from the hadal zone of the Tonga
and Kermadec Trenches. Deep-Sea Res. I 53, 48–61. doi: 10.1016/j.dsr.2005.
09.006

Blankenship-Williams, L. E., and Levin, L. A. (2009). Living deep: a synopsis of
hadal trench ecology. Mar. Technol. Soc. J. 43, 137–143. doi: 10.4031/mtsj.
43.5.23

Boakes, E. H., McGowan, P. J. K., Fuller, R. A., Chang-qing, D., Clark, N. E.,
O’Connor, K., et al. (2010). Distorted views of biodiversity: spatial and temporal
bias in species occurrence data. PLoS Biol. 8:e1000385. doi: 10.1371/journal.
pbio.1000385

Brandt, A., Alalykina, I., Brix, S., Brenke, N., Błażewicz, M., Golovan, O. A.,
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The Gulf of Guinea belongs to the most scarcely sampled marine basins in the

oceans of the world. We have analyzed diversity and distribution patterns of cumacean

communities on the shelf and slope, along the coast of Ghana. Thematerial was collected

in October and November of 2012 using a van Veen grab (0.1 m2) on nine transects. Six

stations were located at each transect (25, 50, 100, 250, 500, and 1,000m). Sixty-three

species of Cumacea were recorded with Leucon and Eocuma as the most speciose

genera, with 12 and eight species, respectively. Comparisons of species richness with

literature data pointed that the Ghanaian coast hosts very diverse communities. About

95% of species were new to science, and the number of cumacean species known

from the West Africa increased by over 100%. Nevertheless, most of the species had

extremely low abundance, 13 singletons and 15 doubletons were found. Mean density

of cumaceans was estimated at only 1.5 ind./0.1 m2. Species accumulation curve

did not reach the asymptotic level, suggesting undersampling, despite the fact that

sampling effort was high (250 samples). The highest species richness was recorded

in the inner shelf (25–50m) and on the slope (1,000m). Cluster analysis separated

shallow water communities from deeper regions on the shelf and upper slope. The

most unique species composition was found at 1,000m. Principal component analysis

showed the importance of oxygen, sediments, and human-related disturbance for

distribution of cumacean communities. In the shallows, oxygen content and presence

of gravel were the most important factors structuring communities. In the deeper bottom

areas (250–1,000m), cumacean fauna was affected by local pollution, mainly by higher

concentration of barium, other heavy metals, and THC.

Keywords: Cumacea, depth gradient, diversity, pollution, Gulf of Guinea

INTRODUCTION

Continental margins constitute about 11% of the oceans of the world and are shaped by a
complex set of environmental factors that are dynamically changing along a depth gradient (Levin
and Sibuet, 2012). They are characterized by high habitat heterogeneity and belong to the most
important marine biodiversity hot spots (Danovaro et al., 2009; Menot et al., 2010; Levin and
Sibuet, 2012). At the same time, continental margins belong to areas of special economic interests,
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such as fishery and oil industry (Menot et al., 2010). This makes
them one of the most interesting natural laboratories for studies
of biodiversity, ecosystem services, and environmental gradients
as well as influence of human activities and climate change
on marine biota (Levin and Sibuet, 2012; Birchenough et al.,
2015). On the other hand, recent analysis based on over 10
million records obtained mostly from the Ocean Biogeographic
Information System (OBIS), revealed a strong sampling bias in
the marine biodiversity assessment. There is a large gap in the
knowledge about marine fauna associated with tropical areas,
and it is visible not only in the deep sea (bathyal and abyssal)
but also on the shelf, with average number of sampling events
an order of magnitude lower than in northern and southern
mid latitudes (Menegotto and Rangel, 2018). The authors of
this research pointed out a lack of scientific infrastructure and
funding for marine research in developing tropical countries as
the main reason of this situation. It is highly visible in the case of
African marine fauna.

The West African continental margin belongs to the most
scarcely sampled regions. Most of the available studies were
focused on the shallows and based on low sampling effort
(Buchanan, 1957; Longhurst, 1958, 1959; Bassindale, 1961; Le
Loeuff and Intés, 1999; Bamikole et al., 2009). There is a particular
lack of ecological research based on quantitative sampling and
lack of detailed biodiversity inventories based on species level
identification. The deep sea communities of the Gulf of Guinea
are almost completely neglected in earlier research, with the
exception of the areas affected by organic discharge from the
Congo River (e.g., Gaever et al., 2009; Galéron et al., 2009; Menot
et al., 2009) and most recent studies from Gabon (Friedlander
et al., 2014) and Ghana (Pabis et al., 2020; Sobczyk et al., 2021).
At the same time, the Gulf of Guinea is facing serious problems
associated with various types of anthropogenic impacts, such as
pollution events associated with the oil industry (Scheren et al.,
2002; Ayamdoo, 2016), but those problems are only scarcely
studied and need further research based on the analysis of various
taxonomic groups (Pabis et al., 2020; Sobczyk et al., 2021).
Influence of heavy metals, hydrocarbons, and other pollutants
might have a substantial influence on the composition, diversity,
and abundance of benthic communities (Olsgard and Gray, 1995;
Gomez-Gesteira et al., 2003; Stark et al., 2020). However, there
are no studies demonstrating the influence of anthropogenic
disturbance on Cumacea.

Based on literature data, Le Loeuff and Cosel (1998)
listed only 1,440 benthic species from the large part of the
West African coast, starting from the Mauretania and ending
in the Namibia (up to 200m depth), although the study
was focused mostly on megafauna (corals, echinoderms, and
decapod crustaceans) as well as polychaetes and bivalves.
Analysis of the same set of samples as in the cumacean study
of the authors revealed 253 species of Polychaeta (Sobczyk
et al., 2021), only from the small fragment of the Ghanaian
coast, placing this area amongst the important biodiversity
hot spots for those marine annelids. We can expect that
similar hidden biodiversity can be encountered for many
other taxonomic groups, especially so important like small
peracarid crustaceans.

Cumacea are classified as one of the orders of Peracarida.
With about 1,400 recognized species (Gerken, 2018), this order
is on the third place in terms of species richness within
Peracarida, after Ampipoda (9,500 species) and Isopoda (about
6,000 species), and together with Tanaidacea (about 1,400
species). Their true diversity is vastly underestimated, mostly
because of taxonomic expertise bias (Appeltans et al., 2012). As
all peracarids Cumacea are small brooders with no planktonic
larvae, they borrow in the surface layer of the sediment (Pilar-
Cornejol et al., 2004). They are often found in the first few
centimeters of sediments and occur from the intertidal, down
to abyssal depths (Watling and Gerken, 2021). Cumacea are
significant element of benthic communities, that in particular
regions or depth zones (e.g., deep sea and tropical areas) might
be one of the most diverse groups of crustaceans (Jones and
Sanders, 1972; Cartes et al., 2003; Doti et al., 2020). For example,
at the upper slope off Portugal, Cumacea together with Isopoda
reached the highest number of the species (Cunha et al., 1997);
while in the Angola Basin off Namibia, they were the third most
abundant group of Peracarida, after Isopoda and Tanaidacea
(Brandt, 2005). Moreover, some species might reach locally high
abundance, even up to 500 individuals per square meter, both on
the shelf, and in the deep sea (Bishop, 1982; Swaileh and Adelung,
1995). Cumacea also play an important role in the trophic webs,
especially as food source for fish and some macroinvertebrates,
such as decapods (Cartes, 1993; Watling and Gerken, 2021). For
example, Diastylis rathkei might constitute even 35% of the diet
of flounder (Swaileh and Adelung, 1995).

Available studies demonstrated that cumaceans display
preferences to particular grain size, which makes them a good
indicator of sediment type (Dixon, 1944; Wieser, 1956; Jones,
1976). Some species are known to be sensitive to environmental
stress. Two dominant species in Algeciras Bay (Cumella limicola
and Nannastacus unguiculatus) were strongly influenced by
hydrodynamism, sedimentation, and water turbidity (Alfonso
et al., 1998). Some species of Cumacea are also good indicators
of eutrophication, and have been proposed as organisms
appropriate for biomonitoring (Corbera and Cardell, 1995; Ateş
et al., 2014). Nevertheless, studies on biology and ecology
of particular species or distribution patterns and structure of
cumacean communities are still scarce, especially in the deep sea
(e.g., Gage et al., 2004; Pabis and Błazewicz-Paszkowycz, 2011;
Corbera and Sorbe, 2020 and references therein).

The knowledge about cumacean fauna of the Ghanian coast
is highly scattered and based mostly on taxonomic publications
(e.g., Băcescu, 1961, 1972; Day, 1975, 1978, 1980; Mühlenhardt-
Siegel, 1996, 2000; Petrescu, 1998). So far, only 154 species of
Cumacea are known from the whole African coast (Watling and
Gerken, 2021), which makes 11% of the world fauna (Gerken,
2018). From West Africa, 59 species have been recorded, mostly
from the continental shelf (Watling and Gerken, 2021), and
only three were found on the Ghanaian coast (Jones, 1956;
Petrescu, 2018). There are no quantitative studies on cumacean
communities conducted on the African coast. Most earlier
studies were focused on taxonomy.

Biodiversity assessments of the tropical continental margins
are among the most important priorities of the current
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marine science (Menegotto and Rangel, 2018). Therefore, the
main aim of this study was to assess cumacean diversity
on the continental shelf and slope of the Gulf of Guinea
(25–1,000m depth, Ghanaian coast) and compare it with
literature data. We hypothesize that the Ghanaian continental
margin hosts speciose cumacean communities with many
species new to science. We wanted also to analyse the
influence of various natural (e.g., oxygen, sediment type,
salinity, and temperature) and anthropogenic (heavy metals and
hydrocarbons) factors on the diversity and distribution patterns
of those crustaceans. We hypothesize that local pollution might
lower the abundance and diversity of those small crustaceans
with limited dispersal abilities.

MATERIALS AND METHODS

Study Area
The Gulf of Guinea is a large open basin located in West
Africa, influenced by a complex set of currents (Guinea Current,
Benguela Current, South Equatorial Counter Current; Ukwe
et al., 2003, 2006) and upwelling events (Nieto and Mélin, 2017).
The north part of the Gulf of Guinea is influenced by seasonal
upwelling, bringing nutrient-richmid-depth waters to the surface
and increasing the primary production (Binet and Marchal,
1993). The southern part depends rather on nutrient input from
land drainage and river flood, mostly the Volta River, which is
the only larger river system located along the almost 600-km long
Ghanaian coast (Buchanan, 1957; Ukwe et al., 2003). The Gulf of
Guinea is classified as a province in the Tropical Atlantic Realm,
with rich fishery resources as well as large oil and gas reserves,
and its sectors (e.g., north, central, and south) are considered a
separate ecoregion (Spalding et al., 2007). The heterogeneity of
habitats on continental margins has influence on high diversity of
habitats for benthic fauna. At the same time, industrialization and
the oil industry create numerous sources of disturbance that can
potentially affect marine communities (Germain and Armengol,
1999; Owusu-Boadi and Kuitunen, 2002).

Sampling
The material was collected in October and November of 2012
from the board of RV Fridtjof Nansen. Nine transects were
distributed along the whole coast of Ghana (Figure 1). Six
stations were designated at each transect (25, 50, 100, 250, 500,
and 1,000m). Five replicate samples were collected at each station
using a van Veen grab (0.1m2) supported with the Video Assisted
Multi Sampler (VAMS), allowing for appropriate sediment
penetration. The samples were washed using 0.3mm mesh
size and preserved in 4% formaldehyde solution. The material
was collected in the framework of the Oil for Development
(OfD) program, and supported by the Food and Agriculture
Organization of the United Nations (FAO).

Environmental Factors
Physical and chemical properties of the sediment and water
were also analyzed at each station. Temperature, conductivity,
and oxygen level were measured using a Seabird 911 CTD
Plus and SBE 21 Seacat thermosalinograph. Sediment structure

(percentage content of gravel, sand, and silt) was also analyzed.
Diameter of particles was calculated using the equations of
Buchanan (1984), and Folk and Ward (1957). Level of total
hydrocarbons (THC), toxic metals: arsenic (As), barium (Ba),
cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead
(Pb), zinc (Zn), and content of total organic matter (TOM) were
also measured. Total hydrocarbon content was analyzed using a
gas chromatograph with a flame ionization detector (GC/FID), as
outlined in the Intergovernmental Oceanographic Commission,
Manuals and Guides No. 11, UNESCO Intergovernmental
Oceanographic Commission (1982) while toxic metals contents
were analyzed via inductively coupled plasma-atomic emission
spectrometry (ICP-AES) (Jarvis and Jarvis, 1992; Elezz et al.,
2018). Total organic matter was determined as the weight loss
in a 2–3-g dried sample (dried at 105◦C for 20 h) after 2 h of
combustion at 480◦C.

Analysis of Diversity and Abundance
Specimens were identified at the morphospecies level (Wägele,
2005).We have calculated species richness (S—number of species
per sample), diversity (Shannon Index) and evenness (Pielou
Index) (Magurran, 2012) as well as abundance [ind./0.1 m2] for
each sample. Mean values with standard deviations (SD) of those
indices were calculated for each depth zone and for the whole
material. Statistical differences between the depth zones were
assessed by non-parametric Kruskal–Wallis test. Post-hoc testing
was done by Dunn’s test. This part of the analysis was performed
using a STATISTICA 13 package (StatSoft, 2006).

Species accumulation curves averaging over 999 permutations
were created using the PRIMER package. The curve plotted the
cumulative number of different species observed as each new
sample was added (Clarke and Warwick, 2001).

We have also assessed the number of rare species recorded
in the material. The number of singletons (species represented
by only one individual in the whole material, in all collected
samples) and doubletons (represented by two individuals), and
the number of unique species (species found in one sample
only) and duplicates (species found in two samples only) were
also calculated. Additionally, we have calculated the number of
species recorded only in a given depth zone or given transect as
well as the number of species common to given depth zones and
transects. Frequency of occurrence (F—percentage of samples
where a species was found in total number of samples) was
calculated for each species.

Multivariate Analysis
Hierarchical agglomerative clustering analysis, based on the
Bray–Curtis formula, was performed to check for faunistic
similarity among the stations. For the analysis, mean values
of abundance of each species calculated for each station were
used. Data were square root-transformed, and the group average
method was used. A SIMPROF test with 1% significance level
was performed to check the multivariate structure within groups.
This part of the analysis was performed using a Primer package
(Clarke and Warwick, 2001).

The R software was used for all analyses of environmental
factors influence on cumacean communities (R Core Team,
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FIGURE 1 | Correlation matrices with Pearson‘s r correlation coefficients calculated for: (A) all predictors and (B) the least correlated predictors. For full list of

environmental variables please see Supplementary Table 1.

2020).We used the Pearson correlationmatrix (corrplot::corrplot;
Wei and Simko, 2017) to assess pair-wise cross-correlation
between each environmental variable. Based on strong
correlation (r > 0.6), we included six variables from the
initial set of 19 variables into further analysis, assuming they
have an ecologically important role in explaining the richness
of cumaceans.

Finally, six variables: Ba, Cd, THC, oxygen, gravel, and
salinity were added into further analysis (Figure 2). For full list
of environmental variables, please see Supplementary Table 1.
Salinity was used in principal component analysis (PCA) only.
Yeo-Johnson power transformation [caret::preProcess(); Kuhn,
2020] was used for reducing deviations linked with unequal
ranges off selected factors (e.g., Ba). Next, PCA was performed to
show dissimilarities in species composition among transects and
stations [vegan::rda(); Oksanen et al., 2019]. Additionally, ranges
of salinity were added to the PCA [vegan::ordisurf (); Oksanen
et al., 2019] to demonstrate salt content relations in arrangement
of stations in ordination space.

Species richness and PCA axis were used to fit generalized
linear models (glm; for species richness) or linear models (lm;
for PCA axis 1 and axis 2) with five environmental variables
(Ba, Cd, THC, oxygen, and gravel) as fixed effects using the
stats4 package [stats4::lm(), stats4::glm(); R Core Team, 2020].
Poisson distribution was used for species richness. To choose
the best fitted models based on corrected Akaike Information
Criterion (AICc), the dredge function was used (MuMIn::dredge;

Bartoń, 2018). To calculate estimates of function slopes for
the models with 1AICc < 2, model averaging was employed
[MuMIn package model.avg(), confset95p(), and avgmod.95p()].
The RSquareAdj function (vegan::RSquareAdj; Oksanen et al.,
2019) was computed to reveal how much variance was explained
by averaged models for PCA axes 1 and 2.

Hierarchical partitioning function (hier.part::hier.part();
Walsh and Mac Nally, 2013) for species richness as well as PCA
axes 1 and axis 2 was used for checking the independent effect
(%) of each environmental variable and its joint contribution to
all other predictors. To compute it, goodness-of-fit measures for
all model combinations with all predictors, with Gaussian (for
PCA axes 1 and 2) or Poisson distribution (for species richness)
were used. Statistical significance of the relative contribution
of each predictor were determined by randomization test
[hier.part::rand.hp()] with implementing P-values and z-scores
(confidence limit < 0.95).

RESULTS

Diversity and Abundance
Altogether, 63 species (391 individuals) of Cumacea were
identified. They represented 13 genera and six families (Table 1).
It is assumed that 95% of species (60 species) are new
to science. The most speciose genera were: Leucon (12
species), Eocuma (8), Iphinoe, and Diastaylis (both genera
with seven species). The most abundant genera were: Eocuma
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FIGURE 2 | Distribution of sampling stations in the Gulf of Guinea.

(95 individuals), Bodotria (60 individuals), and Leucon (50
individuals). Together, they constituted over half of the material.
The most speciose and abundant families were: Bodotridae (23
species, 235 individuals), Leuconidae (15 species, 66 individuals),
Nannastacidea (10 species, 67 individuals), and Diastylidae (10
species, 20 individuals). A large number of rare species were also
recorded. In the whole material, 13 singletons and 15 doubletons
were found. Seventeen species were found only in one sample,
and 14 in two samples only. Frequency of occurrence of species
in the whole material was extremely low. Only five species
had frequency higher than 4%. The species with the highest
frequency of occurrence in the whole material was Eocuma sp.
7 that was found only in 7% of the samples (Table 1). The
species accumulation curve did not reach the asymptotic level,
suggesting undersampling of the studied area (Figure 3).

The mean density of cumaceans calculated for all collected
samples equalled to only 1.5 ind./0.1 m2. General species richness
and abundance decreased along a depth gradient. The highest
number of species was found at 25 and 50m with 17 and 28
species recorded, respectively (Table 2). Moreover, 15 species
were common in those two depth zones (Table 3). On the outer
shelf and upper slope, the number of species was lower and
increased again to 19 species at 1,000m stations (Table 2). It is
also the depth zone with the most unique fauna, as 14 out of 19
species were recorded only here (Table 2). The general number of
species was similar in most of the transects (Table 2). The highest
number of species was found in a transect G6 (29 species), while
the lowest species richness was recorded in transects G8 and G9
with seven and 10 species, respectively (Table 2). The highest
number of species common with other transects was recorded in
transect G6, but generally there was no clear pattern observed
(Table 4).

Mean species richness and diversity per sample were the
highest on the shallows (25m – number of species per sample

1.04 ± 1; Shannon Index 0.2 ± 0.3, 50m – number of species
per sample 1.4 ± 1.2, Shannon Index 0.4 ± 0.4) and at 250m
(number of species per sample 1.1 ± 1, Shannon Index 0.3 ±

0.3) (Figure 4). Evenness was the highest at 1,000m [0.9 ± 0.03
(Figure 4)]. Mean abundance changed along the depth gradient,
and the highest values were observed at 50 (2.2± 2.2 ind./0.1 m2)
and 250m (1.8± 1.8 ind./0.1 m2). Below 250m, it decreases with
increasing depth (Figure 4).

Cluster Analysis
Four groups were distinguished in the cluster analysis
although at low similarity level (20% or less), but all were
significantly differentiated by the SIMPROF (Figure 5).
Inner shelf areas were clearly separated from the outer
shelf and slope showing strong depth zonation of cumacean
communities. Two clusters (B and C) of grouped samples
were collected at depth 25–50m. The next two clusters
consist of samples collected at depth 100−500 (cluster A)
and 500–1,000m (cluster D). The clusters differ in family
and genera composition, number of species, and frequency of
the species.

In the samples grouped in cluster A, 22 species were
found, and eight of them belong to family Bodotridae,
and six to family Diastylidae. Genus Diastylis was
represented by six species and genus Iphione and Eocuma
by three species each. The highest frequency of occurrence
(56%) was observed for Campylapsis sp 2 and Eocuma
sp 7.

Eleven species were found in samples forming cluster B, and
nine of them represent family Bodotridae. The most speciose
genera were Bodotria with five species and Iphinoe with two
species. Vaunthampsonia sp 1 was present in 80% of the samples,
and Bodotria sp 2 and Eudorellopsis sp 1 were present in 60% of
the samples.
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TABLE 1 | List of species with total abundance, frequency of occurrence in samples, and depth range.

Family Genus Number of specimens Frequency [%] Depth range [m]

Bodotriidae Eocuma sp. 1 10 2.0 25–50

Bodotriidae Eocuma sp. 2 14 2.8 50

Bodotriidae Eocuma sp. 3 13 2.8 25–50

Bodotriidae Eocuma sp. 4 5 1.6 25–50

Bodotriidae Eocuma sp. 5 4 1.6 25–150

Bodotriidae Eocuma sp. 6 8 2.4 25–50

Bodotriidae Eocuma sp. 7 37 7.2 100

Bodotriidae Eocuma sp. 8 4 1.2 250

Bodotriidae Bodotria sp. 1 16 2.8 25–50

Bodotriidae Bodotria sp. 2 9 3.2 25–50

Bodotriidae Bodotria sp. 3 17 4.0 25–250

Bodotriidae Bodotria sp. 4 14 2.4 25–50

Bodotriidae Bodotria sp. 5 3 0.8 25–50

Bodotriidae Bodotria sp. 6 1 0.4 50

Bodotriidae Cyclaspis sp. 1 1 0.4 1,000

Bodotriidae Iphinoe sp. 1 4 1.6 50–100

Bodotriidae Iphinoe sp. 2 31 4.8 25–100

Bodotriidae Iphinoe sp. 3 2 0.8 25

Bodotriidae Iphinoe sp. 4 1 0.4 50

Bodotriidae Iphinoe sp. 5 2 0.8 50

Bodotriidae Iphinoe sp. 6 1 0.4 50

Bodotriidae Iphinoe sp. 7 2 0.8 250

Bodotriidae Vaunthompsonia sp. 1 14 3.2 25–100

Diastyliade Diastylis sp. 1 1 0.4 250

Diastylidae Diastylis sp. 2 3 0.8 50–100

Diastylidae Diastylis sp. 3 4 1.6 50–250

Diastylidae Diastylis sp. 4 1 0.4 50

Diastylidae Diastylis sp. 5 2 0.8 100

Diastylidae Diastylis sp. 6 1 0.4 250

Diastylidae Diastylis sp. 7 3 1.2 50–1,000

Diastylidae Makrokylindrus sp. 1 1 0.4 1,000

Diastylidae Makrokylindrus sp. 2 2 0.8 1,000

Diastylidae Makrokylindrus sp. 3 2 0.4 1,000

Lampropidae Lampropidae sp. 1 14 2.4 250

Lampropidae Lampropidae sp. 2 7 1.2 250

Leuconidae Eudorella sp. 1 2 0.8 50–100

Leuconidae Eudorella sp. 2 2 0.4 1,000

Leuconidae Eudorellopsis sp. 1 4 1.6 25–50

Leuconidae Leucon (Epileucon) sp. 1 18 2.8 500–1,000

Leuconidae Leucon (Epileucon) sp. 2 1 0.4 1,000-

Leuconidae Leucon (Macrauloleucon) sp. 3 6 2.4 100–500

Leuconidae Leucon (Macrauloleucon) sp. 4 5 1.2 500

Leuconidae Leucon (Macrauloleucon) sp. 5 1 0.4 1,000

Leuconidea Leucon (Crymoleucon) sp. 6 3 0.8 1,000

Leuconidea Leucon (Leucon) sp. 7 2 0.8 500

Leuconidea Leucon (Leucon) sp. 8 7 1.2 500

Leuconidea Leucon (Leucon) sp. 9 2 0.8 1,000

Leuconidea Leucon (Leucon) sp. 10 3 1.2 500–1,000

Nannastacidae Campylaspis sp. 1 7 2.0 25–1,000

Nannastacidae Campylaspis sp. 2 20 5.6 50–250

Nannastacidae Campylaspis sp. 3 15 4.4 25–500

(Continued)
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TABLE 1 | Continued

Family Genus Number of specimens Frequency [%] Depth range [m]

Nannastacidae Campylaspis sp. 4 4 1.2 25

Nannastacidae Campylaspis sp. 5 1 0.4 1,000

Nannastacidae Cumella sp. 1 2 0.4 250

Nannastacidae Cumella sp. 2 2 0.4 1,000

Nannastacidae Cumella sp. 3 2 0.8 500

Nannastacidae Cumella sp. 4 5 1.6 1,000

Nannastacidae Nannastacidae sp. 1 9 2.8 500–1,000

Pseudocumatidae Pseudocumatidae sp. 1 2 0.8 1,000

indet sp. 1 2 0.8 500

indet sp. 1 1 0.4 1,000

FIGURE 3 | Species accumulation curve for cumacean fauna sampled at the Gulf of Guinea.

Within cluster C, 28 species in total were observed, and 16
species belong to family Bodotridae. The most speciose genera
were Eocuma with six species and Bodotria with five species.
Iphinoe sp 2 and Eocuma sp 2 were characterized by the highest
frequency of occurrence, which was 73 and 56%, respectively.

In the samples from cluster D, 25 species were recorded, and
10 belong to family Leuconidae and seven to Nannastacidae.
Leucon was the most speciose genus (10 species), followed
by Cumella (three species) and Campylapsis (three species).
Nannastacidae sp. 1 had the highest frequency of occurrence, and
it was present in 40% of the samples.

Influence of Physical and Chemical
Factors on Cumacean Communities
PCA1 and PCA2 axes explained about 20% of variance. The
first axis (10.7% variance explained) showed high dissimilarity
between stations located at 100m, and all other sites followed
dissolved oxygen and salinity gradient. Three groups were

established in the PCA mostly along the PCA2 axis (9% variance
explained) (Figure 6). The first one (lower part of gradient)
contained shallow water samples (25–50m), characterized by
higher concentration of oxygen and gravel. Here, a sandy type
of substratum with relatively high contribution of gravel (depth
zone 25–50m) was noticed. Content of Ba, Cd, as well as
THCs was significantly lower. The second group (higher part of
gradient) contained samples from 250–1,000m deep; and here,
the samples were characterized by higher concentration of Ba,
Cd, and THC. Lower concentration of oxygen and lower content
of gravel and sand were noted here. Bottom deposits constituted
mostly of silt. Salinity reached low to average values with high
range (34.8–35.6‰). The third group contained samples from
100m depth. The samples were distinguished from the other
groups by high salinity content with low values range (35.7–
35.8‰), and bottom substrate was dominated by sand and silt.

A set of two most parsimonious (with 1AICc < 2) linear
models for PCA axis 1 revealed that high content of gravel
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TABLE 2 | Total number of species in each depth zone/transect and number of species recorded only in a given depth zone/transect.

Depth zone Number of unique species Total number of species Percentage of unique species

25m 2 17 11.7

50m 7 28 25.0

100m 2 11 18.1

250m 7 15 46.6

500m 5 10 50.0

1,000m 14 19 73.6

Transect

G1 1 22 4.5

G2 1 19 5.2

G3 2 19 10.5

G4 8 24 33.3

G5 2 19 10.5

G6 1 29 3.4

G7 4 17 23.5

G8 2 7 28.5

G9 0 10 0

TABLE 3 | Species common between the depth zones.

Depth zone 25 50 100 250 500

25

50 15

100 2 7

250 3 6 4

500 1 1 1 2

1,000 1 2 0 1 3

TABLE 4 | Species common between the transects.

Transect G1 G2 G3 G4 G5 G6 G7 G8

G1

G2 8

G3 7 8

G4 8 10 7

G5 7 10 8 8

G6 15 12 12 11 13

G7 8 2 5 4 4 8

G8 2 4 0 3 2 3 2

G9 4 5 4 3 5 9 3 1

(estimate slope: −0.30, p = 0.05) as well as oxygen (estimate
slope: 0.25, p< 0.001) shaped species composition along the axis.
The influence of gravel was negatively correlated with species
composition along axis 1. However, higher concentration of
oxygen dissolved in water had a positive influence on it (Table 5,
Figure 7A, Supplementary Table 2). The model explained about
31% of total variance. Hierarchical partitioning revealed that
only the influence of oxygen (relative contribution: 64.3%) was
significant for PCA axis 1 (Figure 8).

Form the three models best describing species composition
along PCA axis 2 (containing Ba, THCs, oxygen, and gravel)

we noted statistical significance of oxygen, gravel, and Ba.
The higher content of oxygen (estimate slope: −0.16, p
< 0.001) and gravel (estimate slope: −0.39, p = 0.002)
had a negative influence on species composition along axis
2, while Ba (estimate slope: 0.21, p = 0.01) enhanced
it (Table 5, Figure 7B, Supplementary Table 2). The model
explained about 62% of total variance of cumaceans. The
relative contribution of each factor supports the previous results.
The influence of barium, gravel, and oxygen (independent
effect: 29.3, 29.7, and 19%, respectively) was statistically
significant (Figure 8).
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FIGURE 4 | Mean value of species richness, diversity, evenness, and abundance calculated for cumacean fauna in each depth zone.

A set of four most parsimonious models with 1AICc < 2
best explained richness of cumaceans species. Ba, gravel, and
oxygen were included into best averaged model; however, only
the adverse effect of Ba (estimate slope: −0.37, p = 0.04) was
statistically significant and caused decrease in species richness
(Table 5, Figure 9, Supplementary Table 2). Based on the results
of hierarchical partitioning, we found that the influence of Ba and
oxygen (relative contribution: 24 and 32.1%, respectively) was
significantly correlated with species richness (Figure 8).

DISCUSSION

Species Richness
Despite very low total abundance, the cumacean species
richness on the Ghanaian coast was very high, and the species
accumulation curves still showed substantial undersampling
(Figure 3). Taking into account generally high sampling effort
(much larger than in most of other cumacean studies, see
Table 6) and large number of sampled stations, it can be
assumed that great species rarity was the main reason behind
this result. Large number of singletons and doubletons as well

as large number of species recorded in a very low number
of samples was typical feature of cumacean communities
along the Ghanaian coast (Table 1). Moreover, the primary
analysis indicates that 95% of collected species are new to the
science. The results demonstrated the highly underestimated
diversity of those crustaceans in the Gulf of Guinea, even
compared with the global diversity of Cumacea, which was
estimated at about 1,400 species (Gerken, 2018). After this
study, the list of known cumacea from the coast of Guinea
increased from 3 to 66 species (Watling and Gerken, 2021),
which is a significant result for about 500-km long part of
the coastline.

Comparisons with other studies of cumacean species richness
are difficult because of large discrepancies in type of gear used,
scale of the sampling area, sampling effort, and studied depth
range, not to mention the differences in local environmental
conditions or geological history of various regions (Table 6).
Nevertheless, the number of 63 species is comparable even with
much larger areas that were sampled extensively for a very long
time. For example, in the whole Antarctic waters, 86 species of
cumacea were recorded (De Broyer and Danis, 2011). Extensive
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FIGURE 5 | Dendrogram of samples, for Bray Curtis similarity, square root transformed data, and group average grouping method. (Spotted lines indicate the

samples that cannot be significantly differentiated by SIMPROF).

analysis of literature data resulted in the list of 172 species
recorded from Iberian waters (Atlantic and Mediterranean)
including 142 species found in bathyal (200–3,000m) (Corbera,
1995). The current list of all Mediterranean cumaceans (such as
Tyrrhenian, Adriatic, Aegena, and Levantine Seas) includes 99
species (Coll et al., 2010). Analysis of large set of 122 epibenthic
sledge samples collected in the deepAtlantic (500–4,000mdepth)
revealed the presence of 225 species, although from a large
number of almost 56,000 individuals (Gage et al., 2004). On
the other hand, only 29 species were recorded from a whole
region of tropical Eastern Pacific (Jarquin-Gonzalez and Garcia-
MadrigalMdel, 2013) and only 34 species from the whole Chilean
coast (Thiel et al., 2003). Even in the intensively sampled, large
open system of the Bay of Biscay, the number of recorded
cumacean species was lower than in this study. In the subtidal
zone (up 63m depth) 18 species were recorded in over 100
samples collected using the van Veen grab (Cacabelos et al., 2010;
Corbera et al., 2013; Corbera and Galil, 2016). At the deeper
areas of the bay in Kostarrenkala area, 42 species in total were
collected (13 species were found at 170m, six species at 300m,
nine species at 400m, 18 species at 724m, and 24 species at
1,000m) (Frutos and Sorbe, 2014). We have analyzed sampling
effort and cumacean species richness from 39 different sampling
campaigns (Table 6). In majority of the studies, the number of
species was lower than 35, even if the sampling effort was high,
and even if an epibenthic sledge or other gears collecting large
number of individuals and species were used. Nevertheless, it is
worth mentioning that this study was conducted in a relatively
wide depth range. Cumaceans have low dispersal potential (Jones
and Sanders, 1972; Pilar-Cornejol et al., 2004), therefore, large
depth range sample (25–1,000m), together with large diversity
of microhabitats and differences in environmental conditions,
could result in recognition of a larger number of species. It is
clearly visible in the analysis of species common in different

depth zones (Table 3) and in the results of the cluster analysis
(Figure 5).

Based on current data, we cannot postulate that the Gulf
of Guinea is a hot spot of cumacean diversity, although that
kind of assumptions is likely possible. There were previous
suggestions that this region might be an important center of
cumacean diversity. In the deeper parts of the Angola Bay (5,125–
5,415m), 45 species were recorded in just seven epibenthic
sledge samples (Brandt, 2005; Mühlenhardt-Siegel, 2005), while
Bochert and Zettler (2011) described 16 additional species
from the shelf of the Angolan and Namibian waters. High
diversity of Cumacea on the equator was already mentioned
by Jones and Sanders (1972) and later supported by large scale
latitudinal analysis of the deep Atlantic cumacean richness,
although authors declare that it is difficult to say if this pattern
is related to geological and evolutionary history (e.g., glaciation
in the northern hemisphere) or differences in more recent
changes in local ecological conditions (e.g., high productivity
in tropical areas; Gage et al., 2004). Confrontation of those
observed patterns with the knowledge about large sampling
bias in the tropical marine waters (Menegotto and Rangel,
2018) demonstrates that many important questions regarding
the distribution patterns and diversity are still open and need
further comprehensive studies. Based on the current data, it is
impossible to discuss about the dependencies between local (e.g.,
Ghanaian coast) and regional (e.g., whole Atlantic African coast,
West Africa, and Gulf of Guinea) species pools (Witman et al.,
2004) or provide any generalizations about factors influencing
diversity on a larger scale. At the same time, we did not observe
large differences in species composition on intermediate scale
(between investigated transects). There were some transects with
very low (G8 – 7 species) or very high (G6 – 29 species)
total number of species, but at the same time the number
of species unique to a given transect was very low (Table 2),

Frontiers in Marine Science | www.frontiersin.org 10 August 2021 | Volume 8 | Article 70354754

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles
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FIGURE 6 | Principal component analysis showing species composition differences in each sampling site according to environmental factors with sampling sites

(points) and ranges of salinity (blue isolines).

and there was no clear spatial pattern in species common to
different transects, even from opposite parts of the Ghanaian
coast (Table 4). Those differences are rather not related to
distance between the transects but are most probably due to
the influence of local environmental conditions as shown in the
PCA analysis.

Distribution Patterns and Diversity on a
Background of Environmental Conditions
Oxygen content and sediment type (especially content of gravel)
drive species composition and diversity especially in the 25–
50m stations. Well-oxygenated water and elevated primary
production may increase species richness (Levin and Sibuet,
2012; McCallum et al., 2015). On the other hand, in previous
studies, Pabis et al. (2020) reported low oxygen concentration at
250–500m depth on the coast of Ghana, and those factors might
also cause decrease in cumacean abundance and species richness
in this depth zone, although the pattern is not clear, and visible
only at 500m. Lower oxygen concentrations might be caused by

sinking organic matters resulting from seasonal upwelling at the
Ghanaian coast (Nieto and Mélin, 2017).

There is no evidence that increased salinity may reduce
the abundance and species richness of cumacea. We suspect
that higher salinity values at 100m were a result of seasonal
and oceanographic factors such as upwelling events, bottom
currents, temperature, or rainy seasons (Ukwe et al., 2003;
Djagoua et al., 2011; Nieto and Mélin, 2017). Martin et al. (2010)
showed that decrease in salinity may increase the activity of
cumaceans in water column, although we have observed only
slight differences in salinity along the coast of Ghana. Therefore,
based on available data, we cannot speculate about its influence
on cumacean communities.

Earlier studies support our result, pointing substrate grain size
and organic matter content as the most important drivers of
cumacean assemblages (Corbera and Cardell, 1995; Dos Santos
and Pires-Vanin, 1999; Cristales and Pires-Vanin, 2014; Corbera
and Sorbe, 2020). In the study of the shallow water communities
of the Persian Gulf, the presence of gravel also had a positive
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TABLE 5 | Most supported (1AIC < 2) models testing for impacts of environmental factors on species composition (site scores along PCA ordination axes 1 and 2, linear

regression) and richness of cumaceans (generalized linear model with Poisson distribution).

Response variable Model df logLik AICc 1AICc Weight

Site scores along PCA ordination axis 1 Gravel + Oxygen 4 −10.68 30.3 0.00 0.310

Ba + Gravel + Oxygen 5 −10.30 32.0 1.73 0.131

Site scores along PCA ordination axis 2 Ba + Gravel + Oxygen 5 4.87 1.7 0.00 0.409

Ba + Gravel + Oxygen + THC 6 5.66 2.7 1.02 0.245

Ba + Cd + Gravel + Oxygen 6 5.34 3.3 1.66 0.178

Richness of cumaceans Ba + Oxygen 3 −90.00 186.6 0.00 0.155

Ba + Gravel + Oxygen 4 −88.87 186.8 0.16 0.143

Ba 2 −91.76 187.8 1.20 0.085

Ba + Gravel 3 −90.84 188.3 1.67 0.067

influence on cumacean fauna (Martin et al., 2010). The positive
effect of gravel on the shallow water communities was also
confirmed in the study of polychaete functional diversity in
the Ghanaian waters (Sobczyk et al., 2021). The presence of
coarser sediment fractions might increase habitat complexity and
heterogeneity for small infaunal invertebrates such as cumaceans
or various groups of polychaetes, resulting in higher number of
microhabitats and/or ecological niches and increased diversity
(Sebens, 1991; Carvalho et al., 2017). We also have to take into
account interactions with other benthic organisms occurring in
the shallows. Generally, the abundance and diversity of benthic
fauna of the Ghanaian coast were highest in the 25–50m depth
range (Pabis et al., 2020). This fact might increase the diversity
of mutual interactions between various organisms, for example,
because of higher level of sediment bioturbation, which could
influence oxygenation of the sediment and food availability (Aller
and Cochran, 2019). Such conclusions are supported by high
abundance and diversity of burrowing polychaetes recorded in
this depth zone along the Ghanaian coast (Sobczyk et al., 2021).

Sediment character might be crucial for cumacean survival, as
it can be strictly related to the feeding strategy and respiratory
mechanism (Dixon, 1944 in Dos Santos and Pires-Vanin,
1999). Cumacea feed on microorganism (especially diatoms)
and/or detritus (Błazewicz-Paszkowycz and Ligowski, 2002). It is
assumed that mud-dwellers filter small particles of suspension,
while sand dwellers scrub food from sand grains. However,
studies onCumella vaulgaris demonstrated that the attractiveness
of a particular substratum depends on the amount and type
of food (Wieser, 1956). The type of substrate is also suggested
to have some impact on filter apparatus appearance in some
cumaceans. Species that live in muddy sediment have the filter
apparatus equipped with finely feathered bristles that allow easier
water flow. For example, members of the Diastylis are known
to have filter apparatus adapted to catching small particles of
food from water (Dixon, 1944). Nevertheless, the knowledge
on diet, habitat preferences, and other aspects of the cumacean
biology is extremely scarce. We know nothing about the ecology
and biology of majority of genera, and it is impossible to link
the results with any data about the biology of particular species
recorded in West Africa.

Slope communities were also affected by disturbance
associated with the influence of barium, other heavy metals,
and hydrocarbons that are associated mainly with increasing

activities of petroleum companies. The oil industry (e.g., Jubilee
Oil Field) combined with pollution from other sources such as
the dyeing industry, leaks from crude oil storage, and inputs of
polluted fresh water have an important influence on the Gulf
of Guinea (Acquah, 1995; Owusu-Boadi and Kuitunen, 2002;
Scheren et al., 2002; Ayamdoo, 2016; Hanson and Kwarteng,
2019). For example, between 2009 and 2011, there was a spill of
oil-based mud in Ghanaian waters, and the control of pollution
in this region remains poor and not well-documented, although
it is considered to continuously increase (Ayamdoo, 2016).
Moreover, Ghana is importing barite for the dyeing industry
(Sobczyk et al., 2021). Larger concentration of Ba on the slope
is also not surprising because of the influence of pressure on
the solubility of barite (Neff, 2002). At the same time, elevated
levels of barium were not visible in all slope stations, but only
on part of the transects (Pabis et al., 2020), confirming that
pollution has local anthropogenic origin. Despite the fact that
cumacean abundance and species richness per sample were
generally low along the whole depth range, we have noticed
decreased values in the slope samples, where muddy sediments
are characterized by higher content of barium, other toxic
metals, and hydrocarbons (Pabis et al., 2020). Those factors
might influence benthic communities (e.g., Olsgard and Gray,
1995; Gomez-Gesteira et al., 2003; Stark et al., 2020), and it
is known that heavy metals might accumulate in cumacean
bodies (Swaileh and Adelung, 1995). Ba and other heavy metals
may affect development and cause decrease in abundance of
benthic invertebrates (Lira et al., 2011), or influence embryos
of crustaceans and bivalves (Macdonald et al., 1988). Similar
effects were described for hydrocarbons (Main et al., 2015;
Honda and Suzuki, 2020). Nevertheless, there are only scarce
data about exact doses of various pollutants that could influence
particular species or taxonomic groups of benthic organisms
(Lira et al., 2011). We already noticed in the earlier study (Pabis
et al., 2020) that levels of Ba and other toxic metals in the Gulf
of Guinea were close to background levels according to OSPAR
and KLIF (Norwegian Pollution Authority) guidelines (OSPAR,
2017), although literature data from other regions demonstrated
that even low concentrations of Ba and other pollutants might
influence benthic communities (Olsgard and Gray, 1995). The
influence of local pollution associated with oil exploration in
Ghanaian waters and dying industry was also visible in the study
on polychaete functional diversity that was based on the same set
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FIGURE 7 | Visualization of linear models testing for effects of selected environmental factors on species composition of cumaceans, expressed as site scores along

PCA ordination axis 1 (A) and axis 2 (B). Phrase “n.a.” means that environmental factor was not included in a set of the most parsimonious models. Phrase “n.s.”

means its explanatory power was not significant despite the fact that means environmental factor was included in a set of the most parsimonious models.

of samples (Sobczyk et al., 2021). Patterns observed in cumacean
study are very similar, although not that obvious and strong as
in the case of polychaetes, which is most probably caused by
generally very low abundance of those crustaceans. Moreover,
polychaetes are considered perfect model organisms for various
studies on ecosystem response to natural or anthropogenic
changes and disturbances (Olsgard et al., 2003; Giangrande et al.,

2005), and it is not surprising that they are good indicators
of disturbance.

Cumaceans are small benthic brooders with limited dispersal
potential. Therefore, they are considered to be sensitive to
changes in environmental factors (Corbera and Cardell, 1995;
Alfonso et al., 1998), although there are no data on influence
of pollution on their communities, except those of one study
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FIGURE 8 | Relative contribution of each environmental factor to shared variability of full models testing for effects of environmental factors on species composition

(expressed as site scores along PCA ordination axes (1 and 2) and richness of cumaceans. Predictors that had significant effect on response variables are given in

white. Plus (+) signs express positive impact of predictors on response variables, and minus (-) signs express negative influences. For full predictor names, see

Supplementary Table 1.

FIGURE 9 | Visualization of generalized linear model testing for effects of environmental factors on species richness of cumaceans. Phrase “n.a.” means that

environmental factor was not included in a set of the most parsimonious models. Phrase “n.s.” means its explanatory power was not significant despite the fact that

means environmental factor was included in a set of the most parsimonious models.

showing decrease in abundance in the polluted site (de-la-
Ossa-Carretero et al., 2012). However, studies on similar small
peracarid crustaceans such as Tanaidacea demonstrated that they
might be good indicators of disturbance processes (Guerra-
García and García-Gómez, 2004). The influence of local pollution
on the Ghanaian coast was visible even in the case of higher taxa,
although the taxonomic level of phyla and orders is normally not
sufficient for meaningful assessments of ecosystem health (Pabis
et al., 2020). Moreover, we have to remember that despite the fact
that Ba was a significant factor in the analysis, other variables
such as hydrocarbons and other heavymetals such as Cd, Cu, and
Ni could also be responsible for combined influence on cumacean

communities (Sobczyk et al., 2021). In such cases, it is difficult to
unequivocally assess the influence of one out of multiple stressors
on benthic communities (Borja et al., 2011; Lenihan et al., 2018),
even by advanced multivariate analysis and especially when we
analyse communities of less abundant taxa-like cumaceans. The
results of the PCA are not strong, since first PC axis explained
only 10% of variance, which is due to very low abundance, large
number of singletons, and highly patchy distribution of majority
of species. Nevertheless, the results are supported by analysis
based on the abundance of macrozoobenthic higher taxa and
polychaete communities (Pabis et al., 2020; Sobczyk et al., 2021).
Moreover, similar results of the PCA are sometimes sufficient for
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TABLE 6 | Sampling effort, species richness, and total abundance of Cumacea from various studies.

Area Gear Total number

of samples

Depth [m] Number of

individuals

Number of

species

Abundance References

off Santos, SE Brazil Box corer (0.1 m2) 21 10–100 919 24 nd Cristales and Pires-Vanin,

2014

E Mediterranean Sea Box corer, epibentic

sledge, beam trawl

161 45–4,398 nd 29 nd Mühlenhardt-Siegel, 2009

W Mediterranean

Sea,coast of Barcelona

Dredge (0.1 m2 ) 40 5–70 nd 22 0–613 indv/m2 Corbera and Cardell, 1995

Ross Sea Dredge 19 84–515 5,287 28 nd Rehm et al., 2007

Tropical Eastern Pacific Grabbing 13 Max 10 378 29 nd Jarquin-Gonzalez and

Garcia-Madrigal Mdel,

2013

Algeciras Bay, Giblartar

Strait

Scuba diving 25 Shallow 2,058 3 nd Alfonso et al., 1998

Bermuda Scuba diving 23 1–6 825 7 nd Petrescu and Sterrer,

2001

California coast (Dillon

Beach)

Scuba diving 20 1–21.5 952 12 1–209 indv/0.04

m2

Gladfelter, 1975

Puerto Morelos Reef

National Park Mexico

Scuba diving nd 3–12 177 30 nd Monroy-Velázquez et al.,

2017

W Mediterranean Sea,

Creixell beach

Sledge 1,800 0.5–3 Nd 6 nd San Vicente and Sorbe,

1999

Bay of Seine, English

Channel

Sledge 38 8–13 Nd 5 352.6–15.5 indv/

100 m3

Wang and Dauvin, 1994

Hendaya and Creixell

beaches, Bay of Biskay

Sledge 132 Up to 10 Nd 5 0.1–96.9 indv/ 5

m2

San Vicente and Sorbe,

2001

Portuguese coast Sledge 5 21–299 24 nd 14–61 indv/100

m2

Cunha et al., 1997

Beagle Channel,

Argentinian coast

Sledge, dredge 18 25–665 15,662 25 nd Mühlenhardt-Siegel, 1999

South Shetland Island,

Trinity Islands

Sledge 24 45–649 1,236 25 1–289 Corbera, 2000

Bellingshausen Sea,

Antarctic Peninsula

Sledge 26 85–1,870 557 35 4.2–652.2

indv/1,000 m2

Corbera et al., 2008; San

Vicente et al., 2009

Mediterranaean Sea Sledge 27 100–4,000 1,505 33 nd Reyss, 1973

Falcland Island Sledge 3 103–202 8,074 13 Doti et al., 2020

Kostarrenkala area, Bay of

Biscay

Sledge 10 175–1,000 1,476 37 nd Frutos and Sorbe, 2014

NE Greenland Sledge 8 197–2,681 7,868 24 nd Brandt, 1997

E Meditteranean Sea, SW

Balearic Island, Algerian

Basin,

Sledge and bottom

trawl

6 sledges, 12

trawls

249–1,620 Nd 24 nd Cartes et al., 2003

Cap Ferret Canyon, Bay

of Biscay

Sledge 13 346–1,099 1,885 42 2.8–55.8 indv/100

m2

Corbera and Sorbe, 2020

Cap Ferret Canyon, Bay

of Biscay

Sledge 12 386–420 472 9 2.1–32.2 indv/100

m2

Sorbe and Elizalde, 2014

E Meditteranean Sea,

Catalan Sea

Sledge 21 389–1,859 2,747 32 nd Cartes and Sorbe, 1997

Capbreton area, Bay of

Biscay

Sledge nd 500–797 Nd 03.gru nd Frutos and Sorbe, 2017

Capbreton canyon (site A

and B), Bay of Biscay

Sledge and box

corer

17 box corer

and 17 slegdes

A: 923–1,002,

B: 971–1,027

Nd A: sledges: 8

species, box

corer - 2 species

B: sledges: 18

species, box: 4

species

nd Marquiegui and Sorbe,

1999

(Continued)

Frontiers in Marine Science | www.frontiersin.org 15 August 2021 | Volume 8 | Article 70354759

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles
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TABLE 6 | Continued

Area Gear Total number

of samples

logic

Depth [m] Number of

individuals

Number of

species

Abundance References

Angola Basin Sledge 7 5,125–5,415 479 45 nd Brandt, 2005

E MeditteraneanSea,

Catalan Sea

Trawl with net and

sledge

35 398–1,808 3,159 Upper slope - 5

the most

abundant

species; middle

slope−6 most

abundant, lower

slope−7

nd Cartes and Sorbe, 1997

W MeditteraneanSea,

coast of Israel

Trawl nd 1,241–1,557 575 12 nd Corbera and Galil, 2016

Ría de Pontevedra, Galicia

coast

van Veen grab

(0.056 m2)

135 Subtidial 473 (2.7% of

collected

peracarids)

14 nd Lourido et al., 2008

Ria de Vigo, Galicia coast van Veen grab

(0.056 m2)

145 0–28.2 Nd 4 nd Cacabelos et al., 2010

W MeditteraneanSea,

coast of Israel

van Veen grab

(0.08m2)

443 1.9–63 31,508 18 nd Corbera and Galil, 2016

SE Brazilian continental

shelf

van Veen grab (0.1

m2), dredge and

beam-trawl

108 samples 10–124 1,587 19 nd Dos Santos and

Pires-Vanin, 1999

Mexico, Bay of All Saints van Veen grab (0.1

m2)

60 <15 Nd 12 1–124 indv/0.1m2 Donath-Hernández, 1987

E MeditteraneanSea,Bay

of Blanes

van Veen grab (600

cm2 = 0.06 m2 )

nd 15 Nd 10 Max 333 indv/m2 Corbera et al., 2013

Persian Gulf, Iranian coast van Veen grab (0.1

m2)

15 up to 30 232 8 nd Martin et al., 2010

Admiralty Bay, Antarctic van-Veen grab (0.1

m2)

105 20–500 685 11 nd Pabis and

Błazewicz-Paszkowycz,

2011

Mobile Bay, Alabama, Gulf

of Mexico

nd 3,150 2.5–6 nd 5 Up to: 69 indv/m2

for

Oxvurostylissmithi,

11 indv/m2 for

Leucon

americanus, 6

indv/m2 for

Cyclaspisvarians

and for Eudorella

monodon

Modlin and Dardeau,

1987

description of ecological patterns (Sarthou et al., 2010), although
they have to be treated cautiously.

Nevertheless, it is, to some point, surprising that we have
noticed two peaks in the general number of species, one
in the shallows and one in the 1,000m (Table 2), where
the influence of Ba and hydrocarbons was the highest.
Moreover, the cumacean fauna recorded at 1,000m stations
was also the most unique. Those facts might be associated
with the general pattern showing that bathyal is the main
biodiversity hot spot for benthic fauna due to higher
habitat diversity (Danovaro et al., 2009; Rex and Etter,
2010). High diversity of bathyal cumacean communities
was already demonstrated in many previous studies (e.g.,
Corbera, 1995; Gage et al., 2004; Corbera and Sorbe, 2020 and
citations therein).

Distribution of genera and/or families along a depth gradient
might also be at least partially explained by earlier studies on
cumacean evolution and phylogeny, although we also know
very little about those important problems (Gerken, 2018 and
references therein). There are only scarce data about the possible
origin of various families or genera and their affinities to given
depth zones or regions. For example, Bodotriidae are classified
as typical shallow water crustaceans (Day, 1978; Mühlenhardt-
Siegel, 1996; Petrescu, 1998), while members of Leuconidae are
more often recorded in the deep sea (Mühlenhardt-Siegel, 2005,
2011; Gerken, 2016). Diastylis, on the other hand, is considered
to have relatively wide bathymetric distribution, from shallows
to bathyal depths (Băcescu and Petrescu, 1991; Mühlenhardt-
Siegel, 2005). On the other hand, those general patterns might be
affected by some local conditions. For example, the presence of
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preferred sediment type might extend the bathymetric range of
cumaceans, recognized as shallow water, even to upper bathyal
depths (Corbera and Sorbe, 2020), demonstrating that similar
generalizations are still far from being conclusive. Brandt et al.
(2012) summarized the information about widely distributed
peracarid crustaceans. According to this analysis, there are at
least 48 eurybathic cumacean species in the deep sea, and at that
least 25 have a very wide geographic distribution (two or more
oceans), althoughwe have to remember that those numbers could
substantially change after detailed molecular studies.

The results suggest high level of undescribed cumacean
diversity in West African waters. Future biodiversity studies
should be focused on bathyal communities, especially in areas
not affected by human related disturbance processes, and explore
a wider depth range. The use of dredges or epibenthic sledge
could also allow to collect a larger number of individuals than
point scale samplers such as the van Veen grab. Probably,
the most appropriate sampling strategy should include the use
of both quantitative and semiquantitative methods, as it was
already demonstrated in case of tanaidaceans (Józwiak et al.,
2020). The hypothesis of the high diversity of cumacean fauna
in tropical African waters still cannot be verified because of
strong sampling bias. The great rarity, small population densities,
and high level of patchiness in the distribution of particular
species suggest the necessity of sampling at larger number of
stations, allowing for more comprehensive biodiversity inventory
of those small crustaceans. The high diversity of Cumacea
observed in this study showed that small peracarids should
be included in future research, especially since the pressure of
human activities in large marine ecosystems such as the Gulf
of Guinea could lead to substantial loss in marine diversity
yet unknown. There is also a great need for further taxonomic
studies on the region. They could help to accelerate the further
analysis of ecological interactions occurring in West African
seabed ecosystems, because they constitute an important base of
any ecological research and biodiversity inventories.
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Ateş, A. S., Katagan, T., Sezgin, M., Özdilek, H. G., Berber, S., and Bulut, M.
(2014). The effects of some domestic pollutants on the cumacean (Crustacea)
community structure at the coastal waters of the Dardanelles, Turkey.
Arthropods 3, 27–42. Available online at: http://www.iaees.org/publications/
journals/arthropods/onlineversion.asp

Ayamdoo, N. A. (2016). Protecting the Gulf of Guinea in an oil boom: regulating
offshore 618petroleum pollution in a divided world. J. World Energy Law Bus.
619, 219–232. doi: 10.1093/jwelb/jww007
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Stȩpień et al. Cumaceans Diversity From Gulf of Guinea

description of six new species. Beaufortia 50, 197–222. Available online at:
https://repository.naturalis.nl/pub/504899

Mühlenhardt-Siegel, U. (2005). Cumacea species (Crustacea: Peracarida) from
the Deep-Sea Expedition DIVA-1 with RV “Meteor” to the Angola Basin in
July 2000. Families Lampropidae, Bodotriidae. Org. Divers. Evol. 5, 113–130.
doi: 10.1016/j.ode.2004.10.008

Mühlenhardt-Siegel, U. (2009). Cumacea (Crustacea, Peracarida) in the deep
Mediterranean, with the description of one new species. Zootaxa 2096,
413–432. doi: 10.11646/zootaxa.2096.1.25

Mühlenhardt-Siegel, U. (2011). New and known species of the family Leuconidae
(Cumacea, Peracarida) from Antarctic deep-sea basins. Zootaxa 3117, 1–68.
doi: 10.11646/zootaxa.3117.1.1

Neff, J. M. (2002). Bioaccumulation in Marine Organisms: Effect of

Contaminants From Oil Well Produced Water. Amsterdam: Elsevier.
doi: 10.1016/B978-008043716-3/50002-6

Nieto, K., and Mélin, F. (2017). Variability of chlorophyll-a concentration
in the Gulf of Guinea and its relation to physical oceanographic
variables. Prog. Oceanogr. 151, 97–115. doi: 10.1016/j.pocean.2016.
11.009

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
et al. (2019). Vegan: Community Ecology Package. R package version 2. 5-

4. Available online at: https://CRAN.R-project.org/package=vegan (accessed
November 28, 2020).

Olsgard, F., Brattegard, T., and Holthe, T. (2003). Polychaetes as surrogates for
marine biodiversity: 977 lower taxonomic resolution and indicator groups.
Biodiv. Conserv. 12, 1033–1049. doi: 10.1023/A:1022800405253

Olsgard, F., and Gray, J. S. (1995). A comprehensive analysis of
the effects of offshore oil and gas exploration and production
on the benthic communities of the Norwegian continental
shelf. Mar. Ecol. Prog. Ser. 122, 277–306. doi: 10.3354/meps1
22277

OSPAR (2017).Guidelines for Monitoring the Environmental Impact of Offshore Oil

981and Gas Activities. Agreement 2017-02. Cork: OSPAR Commission.
Owusu-Boadi, K., and Kuitunen, M. (2002). Urban waste pollution

in the Korle Lagoon, Accra, Ghana. Environmentalist 22, 301–309.
doi: 10.1023/A:1020706728569

Pabis, K., and Błazewicz-Paszkowycz, M. (2011). Distribution and diversity of
cumacean assemblages in Admiralty Bay, King George Island. Pol. Polar Res.
32, 341–354. doi: 10.2478/v10183-011-0024-6
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Aplacophorans are common inhabitants of the deep-sea, where many places remain
unexplored regarding their biodiversity. Filling a gap in knowledge about these animals
from the South Atlantic, Scutopus variabilis sp. nov. (Caudofoveata, Limifossoridae) is
described; further, species distribution modelling (SDM) was performed to elucidate
the distribution patterns of Atlantic species of Scutopus. The type materials of
S. megaradulatus Salvini-Plawen (1972) and S. chilensis Salvini-Plawen (1972), were
examined and a search was performed for specimens of Scutopus held in museum
collections. Scutopus variabilis sp. nov. has a slender and highly variable body form
and a very distinct suture line is present midventrally. Two dominant types of trunk
sclerites were observed by Scanning Electron Microscopy (SEM): one elongated with
lateral margins slightly concave in medial portion, and another longer, with narrower
base; its radula bears up to eight rows of heavily sclerotized teeth bearing 12–16 small
denticles. The species occurs in a wide bathymetric range (40–1300 m), being more
abundant at the edge between the continental shelf and upper slope. Outside the areas
from where these samples were obtained, suitable areas for S. variabilis sp. nov. were
found in the Southern Caribbean Sea (from where S. megaradulatus is recorded) and in
the Brazilian Northern coast; the Gulf of Mexico and the Brazilian Northeastern coasts
were found as unsuitable. Species of Scutopus appear to exhibit different patterns
of geographical distribution: the European S. ventrolineatus Salvini-Plawen (1968) and
S. robustus Salvini-Plawen (1970) are known as widely distributed, while non-European
representants, the American S. megaradulatus, S. chilensis and S. variabilis sp. nov.,
and the Japanese S. schanderi Saito and Salvini-Plawen (2014) and S. hamatamii
Saito and Salvini-Plawen (2014) have more restricted distributions. However, clear and
definite patterns of distribution of some of these species are probably blurred by
sampling bias, for the European area is better studied. In the Atlantic, the SDM showed
that species of Scutopus occur in a way that overlapping is minimized. Great sampling
efforts combined with detailed descriptions based on SEM have revealed an interesting,
abundant and up to now undescribed Brazilian deep-sea malacofauna.
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Frontiers in Marine Science | www.frontiersin.org 1 August 2021 | Volume 8 | Article 66947866

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2021.669478
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2021.669478
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2021.669478&domain=pdf&date_stamp=2021-08-11
https://www.frontiersin.org/articles/10.3389/fmars.2021.669478/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-669478 August 11, 2021 Time: 14:33 # 2

Passos et al. Taxonomy and Distribution of Scutopus

INTRODUCTION

Ubiquitous among the deep-sea organisms, aplacophorans form
a molluscan group of particular phylogenetic interest (e.g., Kocot
et al., 2011; Smith et al., 2011; Vinther et al., 2012, 2017;
Mikkelsen et al., 2018, 2019), ecological importance (Scheltema,
1987, 1997; Scheltema and Ivanov, 2009), and biogeographical
relevance (Scheltema, 1985; Ivanov and Scheltema, 2008; Corrêa
et al., 2014, 2018; Bergmeier et al., 2017, 2019; Cobo and
Kocot, 2020). They are generally characterized by their worm-
like bodies covered by sclerites, and formed by two clades:
Solenogastres, which are epifaunal and bear a ventral pedal
furrow, and Caudofoveata, whose species are infaunal, without a
ventral locomotory organ, and have an oral shield (that is absent
in solenogasters). A total of 420 species of aplacophorans have
been described so far, most of them occurring on the continental
slope (Todt, 2013).

In the deep Atlantic Ocean, most reports on caudofoveates
are for species from both European or North American waters,
and fewer are based on specimens collected in the Southern
Hemisphere. For the Brazilian coast (Southwestern Atlantic),
in particular, eight species are known: Chevroderma turnerae
Scheltema, 1985 recorded by Scheltema (1985) and Ivanov
and Scheltema (2008), and Spathoderma bulbosum Ivanov and
Scheltema, 2008 by Ivanov and Scheltema (2008); Falcidens
targatus Salvini-Plawen, 1992 and F. acutargatus Salvini-Plawen,
1992 studied by Corrêa et al. (2014); Claviderma amplum Ivanov
and Scheltema, 2008, C. crassum Ivanov and Scheltema, 2008
and C. virium Corrêa, Miranda and Passos, 2018 investigated
by Corrêa et al. (2018); and F. australocaudatus Passos, Corrêa
and Todt, 2016 described by Passos et al. (2018). Passos et al.
(2019) have summarized all the records of aplacophorans from
Brazilian waters up to that time, pointing out that most of them
are from restricted oil-rich areas, there remaining large parts
of its coast in which these molluscs were never reported (as its
southernmost and northernmost portions), and that there are
many other species to be investigated.

In the present contribution, a new species of the genus
Scutopus Salvini-Plawen, 1968 is described, through the analysis
of many specimens collected along the southeastern and southern
coasts of Brazil, with some records for regions never explored
before. This genus of Caudofoveata was created by Salvini-
Plawen (1968), based on the description of S. ventrolineatus
Salvini-Plawen, 1968, originally discovered near Bergen, Norway,
Scandinavia. Afterward, a second European species was described
by Salvini-Plawen (1970), S. robustus Salvini-Plawen, 1970, and
two others by Salvini-Plawen (1972), S. megaradulatus Salvini-
Plawen, 1972 and S. chilensis Salvini-Plawen, 1972, from the
Caribbean Sea and Chile, respectively. More recently, Saito and
Salvini-Plawen (2014) recorded S. schanderi Saito and Salvini-
Plawen, 2014 and S. hamatanii Saito and Salvini-Plawen, 2014
from the Sea of Japan. The Brazilian new species is here
described based on the general body morphology and on the
details of its oral shield, sclerites, and radula, in comparison
with those congeneric six species; further, their bathymetric and
geographical distributions are modeled and discussed regarding
how these can advance delineation and identification of deep-sea

caudofoveate species. It is here emphasized that this new species
has a highly variable body form, and only through the observation
of the many available specimens it was possible to describe it in
detail, complementing ongoing recent discoveries that have been
performed on the malacofauna of the Brazilian deep-sea waters.

MATERIALS AND METHODS

Most specimens were collected off the coasts of the Espírito
Santo (ES) and Rio de Janeiro (RJ) States, southeast Brazil,
obtained from bottom sediment samples collected by box-corers
and Van Veen grabs, through the activities of the Projects
“Habitats” and “Ambes” [for details about these projects, see
Passos and Machado (2014) and Machado and Passos (2016)].
These samples were initially fixed in 4% formaldehyde and after
sieving the animals were sorted and transferred to a solution of
70% ethanol. Apart from the material of these projects, other
samples were collected off the States of São Paulo (SP) (also in
the southeast), and in the southern States of Paraná (PR) and
Rio Grande do Sul (RS). These latter samples were obtained
by three research projects: “Projeto Integrado,” which occurred
from 1985 to 1986 and collected in the shelf of Ubatuba (São
Paulo) (Pires-Vanin and Matsuura, 1993), and by the Projects
“MBT” and “Revizee,” in which more scattered bottom samplings
were performed along all this area, the former in 1970/1, the
latter in 1998/9. These materials are deposited in the molluscan
collections of the following institutions: Museum of Zoology of
the State University of Campinas (ZUEC APL), Campinas (SP),
Museum of Zoology of University of São Paulo (MZSP), SP,
National Museum of Rio de Janeiro (MNRJ), RJ, and Museum
of Zoology of Federal University of Sergipe (CZUFS APL), São
Cristóvão (SE), all in Brazil.

The animals were initially observed under stereomicroscopes,
and then some were sorted for more detailed analysis using
Scanning Electron Microscopy (SEM). The methods employed
were the same as the ones of Corrêa et al. (2014, 2018) and Passos
et al. (2018). Because individuals (and specially the smaller ones)
are hard to identify through only the general morphology, some
of their sclerites were extracted from the trunk by using fine
needles, and then placed on slides, air-dried and covered with
Entellan and a cover slip for permanent preparations; these slides
are also deposited in the respective collections.

Apart from the Brazilian specimens, samples of
S. megaradulatus analyzed by Scheltema (1981) from North
Carolina, United states, deposited in the Museum of Comparative
Zoology (MCZ), Harvard University, Cambridge, MA, United
states, as well as the samples of this species and of S. chilensis
deposited in the American Museum of Natural History
(AMNH), New York, United states, were observed. Further,
while an analysis was performed in the MCZ and in the National
Museum of Natural History, Smithsonian Institution (USNM)
(Miranda et al., 2020), specimens identified as species of Scutopus
were also searched in these molluscan collections.

To further investigate the potential distribution of the
Scutopus species in the Atlantic, a species distribution model
(SDM) was performed using MaxEnt 3.4.4.k (Phillips et al.,
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2006), for the new species described herein, S. robustus and
S. ventrolineatus. Scutopusmegaradulatuswas not included due to
the few records available in literature (<10). For the new species,
a total of 33 records were used, based on the samples observed
in this study. For S. robustus (24 records) and S. ventrolineatus
(15 records), datasets of records were produced based on the
literature (see Table 3); those of S. robustus from Salvini-
Plawen (1977) were not included as they are considered doubtful
(Ivanov and Scheltema, 2001).

Environmental data were obtained from the Global Marine
Environment Datasets (GMED) (Basher et al., 2018) with a
resolution of 5′ (approx. 9.2 km near equator). As caudofoveates
are benthic organisms, variables reflecting environment near the
seabed were used, namely depth, slope, bottom temperature,
primary productivity and bottom silicate. These variables had
a weak to medium correlations (r < 0.7), calculated by the
Pearson correlation in ENMTools 1.4.3 (Warren et al., 2010).
To generate the model, 100,000 random background points were
used, with a regularization multiplier of 1. 75% of presence
records were randomly chosen and used in the model training
while the remaining 25% were used in the model testing. Also,
the “fade by clamping” option was set to reduce prediction into
areas with environmental conditions that were not found during
model training, and 10 replicates using Bootstrap as “Replicated
run type” (Basher and Costello, 2016). All other parameters
were used as default. To test model goodness of fitting, the area
under the curve operating characteristics was used (AUC). The
potential distribution was computed as Cloglog. Later, with this
the output, to define the Minimum Presence Threshold (MPT),
“10 percentile training presence” threshold was used (Morueta-
Holme et al., 2010). The final output rasters were classified in not
suitable (below the MPT) and suitable (above MPT) areas.

RESULTS

Family Limifossoridae Salvini-Plawen, 1969
Genus Scutopus Salvini-Plawen, 1968
Type species: Scutopus ventrolineatus Salvini-Plawen, 1968 by

original designation.
Remarks: Salvini-Plawen (1968) characterized

S. ventrolineatus by its long, undivided, cylindrical body
which coils up spirally when it is disturbed, its radula composed
by multiple rows of paired teeth, each tooth bearing median
denticles, an undivided or homogeneous, post-oral shield, and
the presence of a long midgut sac or digestive gland, and by its
sclerites that ventrally are positioned in a divergent way forming
a clear external ventral sutural line. Later, Salvini-Plawen (1975)
and Ivanov (1981) highlighted that the characters of the oral
shield and the radula are typical of Scutopus species. The new
species described herein has these main characteristics, as shown
below.

Scutopus variabilis sp. nov. Passos, Corrêa and Miranda
(Figures 1–6, 8)

LSID: urn:lsid:zoobank.org:act:A734DD68-A074-42FB-A9C4
-A1DFAD68D4B9

Type Material
Holotype: ZUEC APL 277, sta HAB6-C7-R2(2-5)
(22◦59′52.609′′S, 40◦ 47′ 45.008′′W) (Brazil – off Rio de
Janeiro State), “Habitats” Project coll., 30/vi/2008, 689.4 m;
entire individual (Figure 1A) plus one slide with its sclerites.
Total length: 11 mm; anterium plus neck: 2 mm; trunk: 8 mm;
posterium: 1 mm.

Paratypes: All collected in the southeastern and southern
Brazilian coasts, from off States of ES, RJ, SP, PR, and RS; 188
specimens in 71 samples (Table 1).

Type locality. Off Rio de Janeiro, 40◦47′45.008′′W,
22◦59′52.609′′S, 689.4 m.

Non-type material. All collected in the southeastern Brazilian
coasts, from off States of ES and RJ; 153 specimens in 61 samples
(Supplementary Table 1).

Diagnosis. Body long, slender, up to 14 mm in length,
often contorted, almost uniform in diameter; in most specimens
divided in three parts: an anterior part separated by a main
collar from a median part, and a slightly tapered posterior
part. Oral shield post-oral, ventral to the mouth. Midventral
suture line present. Two main types of sclerites: one elongated,
with lateral margins slightly concave in medial portion, with
base wider and about a half of the blade length, and another
shorter, triangular, base and blade with continuous straight lateral
margins; in both, blade ornamented with a central keel and weak
adjacent longitudinal grooves. Radula distichous, with up to eight
transversal rows of heavily sclerotized teeth (except for the two
most proximal pairs); each tooth inwardly curved, with 12–16
small median bent denticles present in all the extension of the
concave, inner margin.

Etymology. The name variabilis refers to the variable form and
color exhibited by the specimens of this species.

Description
External Appearance
Body whitish to brownish in color, opaque in most adult
specimens; cylindrical in form, long, slender, up to 14 mm
in length, often contorted; almost uniform in diameter, up
to 0.9 mm in width (Figures 1, 2A–D,G). Body almost
homogeneous throughout its length, but in most specimens with
three externally distinguishable parts: an anterior, separated by
a main collar from a median part (Figures 1B,F,I,K,M,O, 2A–
C,G), and a slightly tapered posterior part (Figures 1A,C,K).
Anterior part whitish to transparent, composed by a sometimes
protruded peribuccal region (or anterium) (Figures 1C,I, 2A,B)
and a short foregut region (neck or prothorax) (Figures 1A,H,
2A,B). Median part (trunk or metathorax) dark brown, reflecting
the presence of the midgut internally; a secondary collar
sometimes present separating this median part in two regions:
an anterior short midgut region, and a long posterior midgut
sac region (Figure 1H). Posterior part short, composed by a
narrower, transparent prepallial region and a pallial region which
is often slightly inflated; secretions of the animal occur over
the sclerites, giving a reddish color to the entire posterior part,
or more often around the pallial region or in the center of
the posterior end (Figures 1A,B,D–F,I,K). When the peribuccal
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FIGURE 1 | Scutopus variabilis sp. nov. Photomicrographs under stereomicroscope of specimens of different sizes showing their variable body form and color (all in
same scale). The body regions are shown in (A) (holotype) and (H), (B) and (D) had their soft parts dissolved for the extraction of their radulas [which are shown in
Figures 4A,E, respectively and of their sclerites from the different body regions. The peribuccal region is protruded in (C) and (I). The midventral suture line is visible
in (E) and (H); the main collar in (B), (F), (I), (K), (M), and (O); and the secondary collar in (H). The asterisks in (D), (E), (G), (J–N), (P), and (Q) show the anterior
end. fgr - foregut region; mc - main collar; mgr - midgut region; msr - midgut sac region; pbr - peribuccal region; ppr - prepallial region; pr - pallial region; sc -
secondary collar; sl - midventral suture line. Voucher numbers: (A) – ZUEC APL 277, (B) – ZUEC APL 285, (C) – ZUEC APL 287, (D) – ZUEC APL 284, (E) – ZUEC
APL 279, (F) – ZUEC APL 282, (G) – ZUEC APL 306, (H) – ZUEC APL 298, (I) – ZUEC APL 286, (J) – MZSP 154099, (K) – ZUEC APL 286, (L) – ZUEC APL 326,
(M) – MNRJ 23638, (N) – ZUEC APL 331, (O) – ZUEC APL 291, (P) – ZUEC APL 311, (Q) – ZUEC APL 283.

region is swollen, the ventral oral shield is visible (Figure 2E);
when contracted, the oral shield contracts in its midline,
appearing divided in two lateral parts (bipartite) (Figures 2F,H).
Sclerites uniformly cover all the surface of the body, except
ventrally, where they are positioned in a divergent way, forming
a midventral suture line along the foregut region and all
the midgut and midgut sac regions (Figures 1E, 2A–C,G).
Variations in color and form occur among specimens of the
same size, and among juveniles and adults; the main collar is
not visible in many individuals and so they appear to have

an undivided body (Figure 1J); smaller individuals tend to be
slender, transparent, with the main collar and the ventral suture
line quite indistinguishable (Figures 1G,L,N,P,Q).

Sclerites
Adpressed to the mantle, positioned parallel to the longitudinal
body axis, except in the midgut region, where they are bristling
in some specimens (Figures 2C,G). In the peribuccal region
flat, small, 50 µm long × 25 µm wide, drop-shaped, without
waist, pointed at the tip, smooth (Figure 3A); or triangular,
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FIGURE 2 | Scutopus variabilis sp. nov. Photomicrographs under stereomicroscope [(A), (B), and (D)] and SEM (C,E–H); (A–D) and (G) are in same scale, as are
(E), (F) and (H). (E), (F), and (H) are a detail of the anterior end, showing the oral shield in different degrees of contraction; (E) is the oral shield of (D), which is in the
most relaxed state; in (F) it is in an intermediary state and in (H) it is strongly contracted appearing bipartite. The peribuccal region is protruded in (A) and (B). The
midventral suture line and the main collar are visible in (A–C) and G. fgr – foregut region, mc – main collar, mo – mouth, os – oral shield, pbr – peribuccal region, sl –
midventral suture line. Voucher numbers: (A,B) – MNRJ 23639, (C) – ZUEC APL 306, (D) – ZUEC APL 280, (E) – ZUEC APL 280, (F) – ZUEC APL 314, (G) – ZUEC
APL 312, (H) – ZUEC APL 299.

longer, 86 µm long × 36 µm wide, with a distinct waist,
base longer and wider than blade, blade ornamented with a
central keel and pointed at the tip, basal margin almost straight
(Figure 3B). In the foregut region 118 µm long × 28 µm
wide, with a weak waist, base shorter but wider than blade,
blade ornamented by a median keel sided by weak longitudinal
grooves, basal margin almost straight (Figure 3C). In the midgut
region, triangular, 95 µm long × 39 µm wide, without waist,
base and blade with continuous straight lateral margins, blade
ornamented by a central keel (Figure 3D); or elongated, 131 µm
long × 56 µm wide, lateral margins slightly concave in medial
portion, base wider and about a half of the blade length, blade
ornamented with a keel and weak adjacent longitudinal grooves,
basal margin slightly notched (Figure 3E). In midgut sac region,
two dominants: one with the same shape as the latter, up
to 162 µm long × 56 µm wide (Figure 3F), and another,
longer, with narrower base, up to 194 µm long × 45 µm wide

(Figure 3G); a third type, drop-shaped, less abundant, shorter,
86 µm long × 45 µm wide (Figure 3H). Midventral suture
line with two types: one elongated, base wider, one third of the
total length, blade with parallel lateral margins (Figure 3I), and
other tapered in medial portion, with base weakly wider than
blade (Figure 3J), both up to 193 µm long × 37 µm wide,
with a keel and longitudinal grooves in blade, and a rounded
basal margin. Prepallial region with two very elongated types:
one lanceolate, with continuous base and blade lateral margins,
262 µm long × 62 µm wide (Figure 3K), and another narrower,
with short base and long blade, parallel margins in most of its
length, 287 µm long × 37 µm wide (Figure 3L); both with
several grooves on blade and rounded basal margin. In pallial
region: spatulate, narrow, short, 73 µm long × 11 µm wide,
with a pointed smooth blade and wider base, present in the
posterior margin of pallial region (Figure 3M); and large, 390 µm
long × 48 µm wide, needle shaped or wider at base, with a
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FIGURE 3 | Scutopus variabilis sp. nov. SEM photomicrographs of isolated sclerites from the different body regions: (A), (B), peribuccal region; (C), foregut region;
(D), (E), midgut region; (F–H), midgut sac region; (I), (J), midventral suture line; (K), (L), prepallial region; (M), (N), pallial region. The asterisks point out the sclerites
shown from the side facing the body. All in same scale.

keel and longitudinal grooves on all along the base and blade
(Figure 3N). All the sclerites have a smooth surface facing the
body (Figure 3, asterisks).

Radula
Large and elongated, up to 1.2 mm long, distichous, with up
to eight transversal rows of paired teeth, which are heavily
sclerotized, except the two most proximal pairs (Figure 4A). Each
tooth is inwardly curved, up to 790 µm long × 385 µm wide,
with 12–16 small median bent denticles that are present along
the whole extension of the concave, inner margin of the tooth
(Figures 4B–E).

Bathymetric and geographical distribution: A total of 342
specimens distributed in 133 samples were examined, most of
them (123 samples) obtained from the States of Espírito Santo
and Rio de Janeiro by the “Habitats” and “Ambes” Projects
(Figure 5). In this area, samplings were more intensive and
occurred in a wide bathymetric range, and so the specimens of

S. variabilis sp. nov. were collected from 40 to 1300 m, with
62 samples coming from the shelf waters (less than 200 m).
Ten samples were obtained from scattered points outside this
area, proving that this species occurs all along the Brazilian
southeastern and southern coasts; these samples were collected
from only the continental shelf (less than 130 m depth)
(Figure 6). The number of specimens per sample varies from
1 to 12, but in most (98 samples) there are up to 3 three
individuals. This species can be characterized as occurring in a
wide bathymetric range, with a great abundance at the edge (140–
200 m) between the continental shelf and upper slope (Figure 5).

Species Distribution Modeling
For all the three analyzed species, the distribution model has
a mean AUC > 0.996 for the training and test data, with a
standard deviation of 0.001. The 10 percentile training presence
threshold was 0.1167, 0.3075, and 0.4359, for S. variabilis
sp. nov., S. robustus, and S. ventrolineatus, respectively. The
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FIGURE 4 | Scutopus variabilis sp. nov. Photomicrographs under
stereomicroscope (A), SEM [(B) and (D)] and light microscopy [(C) and (E)] of
the radula. In (A) (ZUEC APL 284) the entire radula of the individual shown in
the Figure 1D is viewed immersed in the buccal mass. In (B) (ZUEC APL 319)
four pairs of radular teeth are viewed in detail, and isolated pairs in (C–E); in
(C) (ZUEC APL 321) and (D) (ZUEC APL 319) the teeth were obtained from
two small specimens (up to 4 mm in length), and in (E) (ZUEC APL 285) from
the larger animal (about 11 mm) shown in Figure 1 (B). (B–D) are in same
scale. bm – buccal mass, dn – median denticles, rt – radular tooth.

environmental layer that most explained the potential habitat
suitability of S. variabilis sp. nov. is depth, followed by bottom
temperature (Table 2). Each of the other variables explained
less than 10% of the habitat suitability. Depth and temperature
had similar influences on the distribution of S. robustus
(Table 2). Although depth had similar values of importance,
for S. ventrolineatus silicates and primary productivity had

relatively great importance in the final habitat suitability, with
slope and temperature explaining less than 10% of habitat
suitability (Table 2).

The generated maps show that main suitable areas of
occurrence of S. variabilis sp. nov. are the Brazilian Southeastern
and Southern coasts (Figure 7); the limits of distribution are the
North of Espírito Santo in the north edge of this area, and the
Chuí in the south. There were also some hotspots of suitability
in Southern Caribbean Sea and a very narrow hotspot in the
Brazilian Northern coast, east to the Amazon River mouth (States
of Pará and Maranhão, Brazil). No suitability was found for
S. variabilis sp. nov. in the Gulf of Mexico and in the Brazilian
Northeastern coasts. In the Eastern Atlantic, points of suitability
were found in Cape Verde and Angola Basins, in the Adriatic Sea
(Albania) and in the area of the Suez Isthmus (Egypt).

Scutopus ventrolineatus was the species with the wider
estimated distribution. The main suitable areas were
between Southern Scandinavia and Britain, English Channel,
Southwestern Ireland, Bay of Biscay, Iberian Peninsula, Strait of
Gibraltar and Mediterranean of France (Figure 7). Wide suitable
areas were found in Cape Verde, Guinea and Angola Basins in
Africa. Outside the Eastern Atlantic, a continuous suitable area
was found from Newfoundland to the North of Florida. Other
areas were the Northern Gulf of Mexico, Tierra del Fuego, and
Argentine Basin.

For S. robustus, the map shows that the main suitable areas are
the Northwestern of Norway, Scotland, North of Ireland, South
of Iceland, and Northern Lusitania, occurring in the outer part
of West European Basin (Figure 7). In the Western Atlantic,
suitable areas were found in Northeastern Falklands.

Through modeling, small areas of overlapping distribution of
these species were detected (Figure 7). Scutopus ventrolineatus
and S. robustus had the largest overlap in Southern Norway, and
a small area occurred in the Iberian Basin. Scutopus variabilis sp.
nov. had many islands of overlapping areas with S. ventrolineatus
in Angola and Cape Verde Basins. No overlaps were found
between S. robustus and S. variabilis sp. nov. or shared by all
the three species.

Comments on Other Examined Species
of Scutopus
Two lots of S. megaradulatus deposited in the AMNH collection
were examined. One of them (AMNH 265347) was from the
single sample listed by Salvini-Plawen (1972), which had two
specimens when he originally described this species. Currently,
this lot AMNH 265347 contains two small tubes: one bears the
anteriormost body part of a specimen (the oral shield is visible)
that lost some of its sclerites (Figures 8A,B); and the other
has an incomplete animal (with its anterior body part missing,
see detail in Figure 8C) which is the same illustrated in the
original description of this species (compare Figure 8C with fig.
21 of Salvini-Plawen, 1972). The radula described by Salvini-
Plawen (1972) was surely extracted from the latter individual,
which was in turn designated as the lectotype by Boyko and
Sage (1996). The other lot (AMNH 265348) contains a fragment
of the trunk, presumably from the midgut region (the bristling
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FIGURE 5 | Scutopus variabilis sp. nov. Sampling area of the “Habitats” (off Rio de Janeiro) and “Ambes” (off Espírito Santo) Projects showing the bathymetric
distribution in the area of the Espírito Santo and Rio de Janeiro States.

sclerites are visible; Figure 8D) of one individual cited by
Salvini-Plawen (1992) as a second examined sample collected in
the same area of the Gulf of Darien, Caribbean Sea, at about
900 m depth, off Panama. Salvini-Plawen (1992) also referred
to a third sample of S. megaradulatus which was obtained at
1861 meters depth off the western Cape coast, South Africa,
but the place where it is deposited could not be tracked, and
thus this single record of this species from the eastern Atlantic
was not confirmed. Scheltema (1981) examined specimens of
S. megaradulatus collected at 650 m depth off Cape Hatteras, and
these compose the lot MCZ 396015.

Regarding S. chilensis, two lots deposited in the AMNH
collection were examined, both with labels indicating that they
were from the same sample collected in the Strait of Magellan,
southern Chile, which was one of the three samples used by
Salvini-Plawen (1972) for the description of this species; at
that time, this sample contained two specimens and a type
was not designated. Currently, the lot (AMNH 265349) has an
individual which had its anterior and posterior parts dissected
(Figure 8E), and it is not possible to affirm this is the same
of the figure 26 of Salvini-Plawen (1972); the other (AMNH
265350) is a slide containing a hardly visible radula. They were
designated by Boyko and Sage (1996) as the lectotype and
paralectotype, respectively.

In the collection of the USNM, all the lots identified as
Scutopus were analyzed, including the samples examined by
Treece (1979) from the Gulf of Mexico, but they revealed to
belong to species from other genera (Psilodens, for example).
In South America, records of Scutopus spp. from Brazil were
made by Rios (1994, as “Scutopus cf. megaradulatus”; and 2009,
as “Scutopus sp. ”), and from Uruguay by Forcelli and Narosky
(2015, as “Scutopus sp.”). However, the samples on which they
were based could not be found, and so these records are doubtful.

DISCUSSION

Scutopus has been traditionally classified in the family
Limifossoridae, along with other two genera, Limifossor
Heath, 1904 and Psilodens Salvini-Plawen (1977), whose species
have a characteristic multiseriate distichous radula; the inclusion
of a fourth genus, Metachaetoderma Thiele, 1913, is debated
and unsolved (Salvini-Plawen, 1969; Ivanov, 1981). In Psilodens
and Scutopus the body is slender, sometimes bearing an annular
constriction separating an anterior (formed by peribuccal plus
foregut regions) from the median body part, while species
of Limifossor have stouter bodies without externally visible
divisions. Apart from this, the radula of Psilodens and Scutopus
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FIGURE 6 | Scutopus variabilis sp. nov. Distribution of this species along the States of the Southeastern and Southern Brazilian coasts.

is quite distinct from the one of Limifossor: in the former
genera, each tooth is inwardly curved, like a sickle, the ones
of Scutopus having a variable number of denticles distributed
all along or in a part of the concave inner side of each tooth,
while in Psilodens there are no denticles; in Limifossor each
tooth consists of broad plates that bear a main lateral projection
like a long hook-shaped stylet, and one or two small additional
projections which form a jagged cutting inner edge (Salvini-
Plawen, 1968, 1977, 1992; Ivanov, 1981; Scheltema, 1981).
Differences among these genera also occur in the shape of the
oral shield, that is undivided in species of Scutopus and bipartite
in Limifossor and Psilodens (Salvini-Plawen, 1968, 1977, 1992;
Ivanov, 1981; Scheltema, 1981). To date there are five species of
Limifossor and three of Psilodens, and together with the seven
species of Scutopus they characterize the Limifossoridae as the
less diverse family among the caudofoveate aplacophorans;
its other valid families, Chaetodermatidae Théel, 1875 and
Prochaetodermatidae Salvini-Plawen (1972), have 85 and 39
described species, respectively.

As in other genera of Caudofoveata, the species of Scutopus
are distinguished by external characters of the body morphology
in conjunction with more detailed characteristics of the sclerites
and radula (Table 3). Therefore, the presence of the midventral
suture line, the size, shape, and sculpture of the sclerites from
the different body regions, as well as the number and position

of denticles in each radula tooth, have been the main characters
for description of its species (Table 3). All of them have a long
body shape, most presenting an anterior collar separating the
anterior from the median body part. With many specimens
available for the present study, it was possible to observe that
the fixed specimens of S. variabilis sp. nov. exhibit a great
variation in the form of the body caused by contractions of the
musculature, being often contorted in different ways, narrowed
and modified in its length:width proportions and in the relative
sizes of the different body regions (specially the peribuccal, the
foregut and the midgut regions). The anterior main collar is
not visible in many specimens, this being particularly frequent
in young individuals. For this reason, many animals can easily
be confounded with other co-occurring caudofoveates, such
as two undescribed species of Psilodens and Falcidens; in
these cases, extraction of the sclerites is desirable for a more
definite identification.

The midventral line is present in most species of Scutopus
(Salvini-Plawen, 1968, 1972, 1975; Osorio, 1981; Saito and
Salvini-Plawen, 2014), but was characterized as inconspicuous
in S. megaradulatus (Salvini-Plawen, 1972), being absent only in
S. robustus (Salvini-Plawen, 1970, 1972). Apart from this genus,
the midventral line has been also recorded in Falcidens sagittiferus
Salvini-Plawen (1968) (Ivanov et al., 2009) and in Psilodens
balduri Mikkelsen and Todt (2014) (Mikkelsen and Todt, 2014),
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FIGURE 7 | Potential distribution map of suitable areas of Scutopus species in the Atlantic Ocean in thresholded format (10 percentile training presence).
Overlapping areas of estimated species distribution are in red.

both on the anterior trunk, exhibiting characteristic adjacent
sclerites, distinct in shape and size from the ones of the other
body parts. In the Brazilian new species, the suture line is well
visible in most specimens, especially by SEM, and has two types
of adjacent sclerites, one with a wider base and longer blade
that has almost parallel sides, and another which is narrower
in the medial portion. This latter type was also observed in
other species of Scutopus, such as S. ventrolineatus, S. chilensis,
S. schanderi, and S. hamatanii (Salvini-Plawen, 1968, 1972;
Saito and Salvini-Plawen, 2014), but not in S. megaradulatus
(Salvini-Plawen, 1972).

In past times, SEM was a tool only for a general
characterization in Caudofoveata (Scheltema, 1985, 1997;
Scheltema et al., 1994), but more recently it has been used to
furnish more complete descriptions (Schander et al., 2006; Ivanov
et al., 2009; Mikkelsen and Todt, 2014; Saito, 2020), becoming a
routine technique for the studies of the Brazilian species (Corrêa
et al., 2014, 2018; Passos et al., 2018). In such way, apart from the
general morphology of the animals, important characteristics of
the oral shield, radula and sclerites can be observed. Regarding
species of Scutopus, the sclerites are variable in form and size in
the different body parts, there being dominant trunk sclerites

which are important for the distinction of its species (Figure 9).
Among them, S. variabilis sp. nov. is the first to have its sclerites
described by SEM, with two dominant types observed in the
median part: one elongated with lateral margins slightly concave
in medial portion, and another longer, with narrower base. These
are distinct from the ones of S. megaradulatus, in which they are
slender and have parallel margins in the blade (Salvini-Plawen,
1972), and from the ones of S. schanderi, where they have an
oar-blade shape (Saito and Salvini-Plawen, 2014). Some of
the sclerites of S. ventrolineatus, S. robustus, S. chilensis, and
S. hamatanii are like the ones of S. variabilis sp. nov., but in those
species, there are dominant drop-shaped or lanceolate sclerites
(Salvini-Plawen, 1968, 1972, 1975; Saito and Salvini-Plawen,
2014). The longitudinal sculpture of the sclerites appears to be
also an important distinctive character: in S. variabilis sp. nov.
the trunk sclerites have a main ridge and weak adjacent grooves
in the blade, like in S. megaradulatus and S. schanderi, while in
all other species there is only a main ridge, which appears to be
more restricted to the distal end of the blade in S. ventrolineatus,
S. robustus, and S. chilensis.

The present work also furnishes SEM images of the radula of
a Scutopus species, a caudofoveate genus in which each species
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FIGURE 8 | Photomicrographs under stereomicroscope of examined lots of Scutopus megaradulatus (A–D) and S. chilensis (E). (A–C), AMNH 265347: this lot
contains two tubes, one with the anteriormost body part [(A), (B), in right lateral and ventral views, respectively; the oral shield is visible in (B)], and another with a
dissected specimen (C) which has its anterior end missing (viewed in detail); note that this latter specimens is the same as the one illustrated by Salvini-Plawen
(1972: fig. 21) (although he photographed it from the opposite left side). (D), AMNH 265348, a fragment of the trunk (probably from the midgut region), shown from
the left side. (E), AMNH 265349, viewed from the left side. All in same scale. os - oral shield.

has a characteristic number of rows of radular teeth, which
in turn are strengthened by different degrees of sclerotization
and bear a number of median denticles (Table 3, Figure 9). In
S. variabilis sp. nov., the radula is heavily sclerotized and has
eight pairs of teeth, characters that are similar to S. robustus,
S. megaradulatus, and S. schanderi (up to ten rows), and different
from S. ventrolineatus, S. chilensis, and S. hamatanii, in which
teeth are more numerous (more than 10 rows) and weakly
sclerotized. The median denticles are more variable, but in
those heavily sclerotized radulas they tend to occur in a higher
number (12-22 denticles) and all along the inner margin of
the teeth, while in the radulas with weak sclerotization the
teeth bear a lower number of denticles (less than 11; except
S. chilensis). In these latter cases, the denticles are proximally
positioned, leaving a distal hook. Interestingly, these radular
differences reflected in ecological characteristics found in species
distribution modeling, as, excluding depth, S. robustus and
S. variabilis sp. nov. were influenced by bottom temperature,
while S. ventrolineatus were more influenced by silicate and
primary productivity. These may reflect unknown interactions
between the characteristics of the radula and the environment,
like the advantage of one type of radula in one environment
over another due to food availability, or perhaps one type
of radula may be easier to produce in environments with
higher concentration of silicate. Further studies are necessary
to clarify if this radular and ecological variability may represent
different genera.

Regarding the geographical and bathymetric distribution,
patterns exhibited by the different species of Scutopus appear to
be distinct among European and non-European representants,
although clear and definite figures are probably blurred by
sampling bias. S. ventrolineatus and S. robustus are well known

from Scandinavia, Western Europe and the Mediterranean Sea
(Salvini-Plawen, 1968, 1970, 1972, 1975, 1977; Ivanov and
Scheltema, 2001, 2014; Mikkelsen and Todt, 2014; Señaris et al.,
2017), and were also investigated in more detail in relation to
aspects of their natural history (Salvini-Plawen, 1968), anatomy
(Scheltema, 1981; Scheltema et al., 1994), larval morphology
(Salvini-Plawen, 1990, 2003), and molecular biology (Osca
et al., 2014; Mikkelsen et al., 2019). Scutopus ventrolineatus was
recorded as abundant species in some places of the Nowergian
Sea (Salvini-Plawen, 1975; Todt, 2013) and apart from European
waters, it occurs in the Southwestern Indic Ocean (off Durban)
(Salvini-Plawen, 1972), but its supposed distribution all along
the eastern African coast has not been noticed. So, at least
one of these European species (S. ventrolineatus) seems to
be generally characterized as having wide geographical and
bathymetric distributions.

The wide recorded distribution of S. ventrolineatus was
reinforced by the species distribution modeling, through
which suitable areas were found in the Western African
coast, in Cape Verde, Guinea and Angola Basins. Although
Prochaetodermatidae is well known from West Africa (Scheltema
and Ivanov, 2000), records of limifossorids are still lacking for
these areas and thus more surveys and studies are necessary to
understand the real diversity of caudofoveates in this region.
The suitability in North American coast and Gulf of Mexico
for S. ventrolineatus deserves future investigations. These areas
were extensively explored, S. megaradulatus was already recorded
from North Carolina (Scheltema, 1981), but this species is
morphologically related with other Scutopus, like S. robustus
and S. variabilis sp. nov. In the Gulf of Mexico, the recorded
limifossorids do not belong to Scutopus. The suitability found
in Tierra del Fuego and Falklands for S. ventrolineatus and
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TABLE 1 | Scutopus variabilis sp. nov. Paratype samples.

Catalog No. State Station Collector Coordinates Depth (m) Date Content

ZUEC APL 278 RJ HAB4-CANG7-R3(5-10) Habitats 21◦56′11.264′′S, 39◦57′43.702′′W 712.6 28/v/08 1 spm

ZUEC APL 279 RJ HAB6-A7-R1(2-5) Habitats 23◦39′20.061′′S, 41◦18′30.264′′W 693.7 23/vi/08 4 spms + 1 slide with sclerites + 1 stub with 1 spm

ZUEC APL 280 RJ HAB6-A7-R3(2-5) Habitats 23◦39′19.981′′S, 41◦18′30.534′′W 732.9 25/vi/08 1 stub with 1 spm

ZUEC APL 281 RJ HAB6-B7-R3(2-5) Habitats 23◦13′2.006′′S, 40◦57′36.765′′W 724.6 28/vi/08 2 spms + 2 slides with sclerites

ZUEC APL 282 RJ HAB6-B7-R3(5-10) Habitats 23◦13′2.006′′S, 40◦57′36.765′′W 724.6 28/vi/08 1 spm + 1 slide with sclerites

ZUEC APL 283 RJ HAB6-C7-R1(2-5) Habitats 22◦59′51.839′′S, 40◦47′42.838′′W 710.1 29/vi/08 1 spm + 1 slide with sclerites

ZUEC APL 284 RJ HAB6-C7-R1(5-10) Habitats 2◦59′51.839′′S, 40◦47′42.838′′W 710.1 29/vi/08 1 stub with 6 radular teeth + 6 stubs with sclerites

ZUEC APL 285 RJ HAB6-C7-R2(2-5) Habitats 22◦59′52.609′′S, 40◦47′45.008′′W 689.4 30/vi/08 2 spms + 1 slide with sclerites + 1 slide with
radula + 6 stubs with sclerites

ZUEC APL 286 RJ HAB6-C7-R3(2-5) Habitats 22◦59′52.279′′S, 40◦47′45.398′′W 686.1 01/vii/08 4 spms + 3 slides with sclerites

ZUEC APL 287 RJ HAB6-CANAC7-R2(2-5) Habitats 21◦47′26.614′′S, 40◦2′13.765′′W 752.5 06/vii/08 1 spm + 1 slide with sclerites

ZUEC APL 288 RJ HAB6-D7-R2(2-5) Habitats 22◦36′27.325′′S, 40◦22′29.335′′W 700 15/vii/08 1 spm

ZUEC APL 289 ES HAB6-I7-R1(2-5) Habitats 21◦11′12.183′′S, 40◦12′52.020′′W 693.9 17/vii/08 2 spms + 2 slides with sclerites

ZUEC APL 290 RJ HAB7-C6-R1(5-10) Habitats 22◦59′1.179′′S, 40◦48′24.830′′W 399.7 04/vii/08 1 spm

ZUEC APL 291 ES HAB7-I7-R3(2-5) Habitats 21◦11′2.632′′S, 40◦12′18.218′′W 792.4 05/vii/08 1 spm + 1 stub 1 pair and 8 radular teeth + 5 stubs
with sclerites

ZUEC APL 292 RJ HAB8-A7-R1(0-2) Habitats 23◦39′19.742′′S, 41◦18′28.369′′W 699 28/i/09 2 spms

ZUEC APL 293 RJ HAB8-A7-R2(2-5) Habitats 23◦39′20.559′′S, 41◦18′28.196′′W 701 28/i/09 1 spm + 1 slide with sclerites

ZUEC APL 294 RJ HAB8-B7-R2(2-5) Habitats 23◦13′2.799′′S, 40◦57′37.798′′W 741.6 28/i/09 1 spm + 1 slide with sclerites

ZUEC APL 295 RJ HAB8-C7-R2(0-2) Habitats 22◦59′53.839′′S, 40◦47′45.022′′W 393.6 29/i/09 1 spm + 1 slide with sclerites

ZUEC APL 296 RJ HAB9-CANG7-R3(2-5) Habitats 21◦56′12.105′′S, 39◦57′45.173′′W 720 07/ii/09 1 spm + 1 slide with sclerites

ZUEC APL 297 RJ HAB9-H7-R3(2-5) Habitats 21◦41′12.521′′S, 40◦1′56.515′′W 702 06/ii/09 1 spm

ZUEC APL 298 ES HAB9-I7-R3(0-2) Habitats 21◦11′12.228′′S, 40◦12′51.745′′W 683 04/ii/09 1 stub with 1 spm

ZUEC APL 299 RJ HAB13-I5-R3 Habitats 21◦23′2.093′′S, 40◦15′9.173′′W 145 06/iii/09 1 stub with 1 spm

ZUEC APL 300 RJ HAB16-E5-R3 Habitats 22◦23′39.088′′S, 40◦20′41.226′′W 150 04/vii/09 1 spm + 1 slide with sclerites

ZUEC APL 301 RJ HAB17-I5-R1 Habitats 21◦23′3.544′′S, 40◦15′9.352′′W 140 21/vii/09 1 stub with radula

ZUEC APL 302 ES AMB3-CAND4-R3(0-10) Ambes 19◦31′51.66′′S, 39◦3′4.04′′W 171 09/xii/11 1 spm + 1 slide with sclerites

ZUEC APL 303 ES AMB5-A5-R1(2-5) Ambes 21◦4′9.61′′S, 40◦13′7.38′′W 410 30/xii/11 4 spms + 4 slides with sclerites

ZUEC APL 304 ES AMB6-CANWN4-R3(0-10) Ambes 19◦49′7.27′′S, 39◦36′8.52′′W 158 14/i/12 3 spm + 3 slides with sclerites

ZUEC APL 305 ES AMB6-CANWN5-R3(0-10/5-10) Ambes 19◦49′37.21′′S, 39◦35′41.25′′W 410 14/i/12 1 spm + 1 slide with sclerites

ZUEC APL 306 ES AMB6-D4-R1(0-10) Ambes 19◦45′55.39′′S, 39◦30′25.74′′W 149 15/i/12 7 spms + 7 slides with sclerites + 1 stub with 1 spm

ZUEC APL 307 ES AMB6-D4-R3(0-2) Ambes 19◦45′55.39′′S, 39◦30′25.74′′W 149 15/i/12 12 spms + 12 slides with sclerites

ZUEC APL 308 ES AMB6-D4-R3(2-5) Ambes 19◦45′55.39′′S, 39◦30′25.74′′W 149 15/i/12 5 spms + 5 slides with sclerites

ZUEC APL 309 ES AMB6-E4-R3(0-2) Ambes 19◦36′5.17′′S, 39◦10′32.93′′W 153 24/i/12 1 spm

ZUEC APL 310 ES AMB7-B4-R2 Ambes 20◦35′25.16′′S, 39◦54′58.31′′W 157 21/i/12 1 spm

ZUEC APL 311 ES AMB7-D4-R2 Ambes 19◦45′54.56′′S, 39◦30′25.23′′W 144 15/i/12 5 spms + 5 slides with sclerites

(Continued)
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TABLE 1 | Continued

Catalog No. State Station Collector Coordinates Depth (m) Date Content

ZUEC APL 312 ES AMB7-E4-R1 Ambes 19◦36′4.32′′S, 39◦10′34.07′′W 147 15/i/12 1 spm + 2 slides with with sclerites + 1 stub with 1
spm

ZUEC APL 313 ES AMB7-E4-R2 Ambes 19◦36′4.32′′S, 39◦10′34.07′′W 147 15/i/12 1 spm + 2 slides with with sclerites + 1 stub with 1
spm

ZUEC APL 314 ES AMB7-E4-R3 Ambes 19◦36′4.32′′S, 39◦10′34.07′′W 147 15/i/12 1 stub with 1 spm

ZUEC APL 315 ES AMB7-F2-R3 Ambes 18◦52′32.61′′S, 39◦8′42.82′′W 40 18/i/12 1 spm

ZUEC APL 316 ES AMB11-A5-R1(0-2/2-5) Ambes 21◦4′4.67′′S, 40◦13′6.06′′W 415 08/vi/13 3 spm + 3 slides with sclerites + 1 stub with 1 spm

ZUEC APL 317 ES AMB12-CAND4-R2(0-10) Ambes 19◦31′51.68′′S, 39◦3′4.79′′W 171 29/vi/13 4 spms + 5 slides with sclerites

ZUEC APL 318 ES AMB12-CANWN4-R2(0-2) Ambes 19◦49′6.26′′S, 39◦36′9.34′′W 181 29/vi/13 11 spms + 11 slides with sclerites

ZUEC APL 319 ES AMB12-D4-R1(5-10) Ambes 19◦45′53.43′′S, 39◦30′25.97′′W 143 27/vi/13 1 spm + 2 slides with sclerites + 1 stub with radula

ZUEC APL 320 ES AMB12-D4-R3(2-5) Ambes 19◦45′53.43′′S, 39◦30′25.97′′W 143 27/vi/13 1 spm + 2 slides with sclerites

ZUEC APL 321 ES AMB12-E4-R2 Ambes 19◦36′3.57′′S, 39◦10′33.64′′W 143 29/vi/13 1 slide with sclerites + 1 stub with 1 spm

ZUEC APL 322 ES AMB14-A4-R3 Ambes 21◦4′4.56′′S, 40◦14′14.08′′W 141 11/vii/13 1 spm + 1 slide with sclerites + 1 slide with radula

MZSP 38414 SP Sta. 6665 Revizee 25◦26.88′S, 46◦38.85′W 80 16/xii/97 1 spm + 1 slide with sclerites

MZSP 38416 SP Sta. 6657 Revizee 25◦17.30′S, 46◦55.60′W 60 09/ii/98 3 spm

MZSP 38447 RJ MBT 219 MBT 23◦25′00′ ′ S, 42◦00′00′ ′W 100 06/vi/71 2 spm + 1 slide with sclerites

MZSP 38451 RJ MBT 204 MBT 23◦55′00′ ′S, 43◦31′00′ ′W 125 03/vi/71 4 spm + 1 slide with sclerites

MZSP 84438 SP Sta. 344 Projeto Integrado 23◦34′S, 44◦43′W No depth No date 1 spm + 1 slide with sclerites

MZSP 137395 SP Sta. 13 – PI Projeto Integrado 23◦50′00′ ′S, 45◦09′00′ ′W 38 21/i/86 1 spm + 1 slide with sclerites

MZSP 137411 PR Sta. 6789 Revizee 27◦45′12.5′ ′S, 48◦3′00′ ′W 95 15/iii/98 1 spm + 1 slide with sclerites

MZSP 137414 PR Sta. 6780 Revizee 27◦7′00′ ′S, 47◦44′12.5′ ′W 102 13/iii/98 1 spm + 1 slide with sclerites

MZSP 137416 PR Sta. 6788 Revizee 27◦26′00′ ′S, 47◦52′00′ ′W 110 15/iii/98 3 spm + 1 slide with sclerites

MZSP 143012 RS MBT 139 MBT 30◦52′00′ ′S, 49◦51′00′ ′W 126 27/vi/70 1 spm + 1 slide with sclerites

MZSP 154097 RJ HAB8-A8-R1(2-5) Habitats 23◦41′7.814′′S, 41◦16′4.710′′W 1017.9 12/i/09 1 spm + 1 slide with sclerites

MZSP 154098 ES HAB9-I7-R2(2-5) Habitats 21◦11′12,073′′S, 40◦12′52,126′′W 680 04/ii/09 2 spm + 2 slides with sclerites

MZSP 154099 ES HAB9 I7 R3 2-5 Habitats 21◦11′12.228′′S, 40◦12′51.745′′W 683 04/ii/09 4 spms + 4 slides with sclerites

MZSP 154100 ES AMB7-A4-R1 Ambes 21◦4′4.76′′S, 40◦14′14.14′′W 153 23/i/12 7 spms + 7 slides with sclerites

MZSP 154101 ES AMB7-A4-R2 Ambes 21◦4′4.76′′S, 40◦14′14.14′′W 153 23/i/12 8 spms + 8 slides with sclerites

MZSP 154102 ES AMB7-D4-R3 Ambes 19◦45′54.56′′S, 39◦30′25.23′′W 144 15/i/12 3 spms + 3 slides with sclerites

MZSP 154103 ES AMB11-B5-R1(0-10) Ambes 20◦35′15.33′′S, 39◦53′45.22′′W 415 18/vi/13 3 spms + 3 slides with sclerites

MNRJ 23636 RJ HAB4-CANG7-R2(0-2) Habitats 21◦56′10.244′′S, 39◦57′43.438′′W 709.7 28/v/08 2 spms + 2 slides with sclerites

MNRJ 23637 RJ HAB8-C6-R3(2-5) Habitats 22◦59′0.677′′S, 40◦48′28.837′′W 376.6 31/i/09 2 spms + 2 slides with sclerites

MNRJ 23638 ES HAB9-I7-R1(2-5) Habitats 21◦11′12.170′′S, 40◦12′51.838′′W 682 04/ii/09 5 spms + 5 slides with sclerites

MNRJ 23639 RJ HAB16-H4-R1 Habitats 21◦42′53.895′′S, 40◦10′14.920′′W 97 07/vii/09 3 spms + 3 slides with sclerites

MNRJ 23640 ES AMB7-D4-R1 Ambes 19◦45′54.56′′S, 39◦30′25.23′′W 144 15/i/12 6 spms + 6 slides with sclerites

MNRJ 23641 ES AMB12-CAND6-R2(0-10) Ambes 19◦37′45.14′′S, 39◦3′58.75′′W 1050 25/vi/13 4 spms + 4 slides with sclerites

CZUFS APL 11 ES AMB3-CAND4-R2(0-10) Ambes 19◦31′51.66′′S, 39◦3′4.04′′W 171 09/xii/11 5 spms + 5 slides with sclerites

CZUFS APL 12 ES AMB6-E4-R3(2-5) Ambes 19◦36′5.17′′S, 39◦10′32.93′′W 153 24/i/12 2 spms + 2 slides with sclerites

CZUFS APL 13 ES AMB12-E4-R1(2-5) Ambes 19◦36′3.57′′S, 39◦10′33.64′′W 143 29/vi/13 2 spms + 2 slides with sclerites
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TABLE 2 | Percentage of contribution of environmental layers in the species
distribution modeling for each species.

Variable S. robustus S. ventrolineatus S. variabilis
sp. nov.

Depth 47.3 48.3 42.2

Bottom temperature 30.8 1.7 38.7

Silicates 11.1 23.9 8.6

Slope 4.1 6.4 6.8

Primary productivity 6.8 19.6 3.7

S. robustus sounds to be unlikely for both species, as it is a region
very far from European waters, where these species are recorded.
Besides this, these areas of the Southern Hemisphere are still
unknown regarding their diversity of caudofoveates, and future
exploration may clarify if a sister species is found there.

Outside European waters, all other species of Scutopus
have been reported upon by only a few studies. In the
Americas, S. megaradulatus is known from the Caribbean,
where it was originally described (Salvini-Plawen, 1972), and
from samples from North Carolina identified by Scheltema
(1981). Its occurrence from off Cape coast, South Africa
(Salvini-Plawen, 1992) is presumably doubtful, and the fact
that this species has an amphiatlantic distribution must be
confirmed. The record of S. megaradulatus from Brazil (Rios,
1994) should definitely be discharged. In the Pacific Ocean,
S. chilensis appears to be restricted to Chile (Salvini-Plawen,
1972; Osorio, 1981), and S. hamatanii and S. schanderi were
only recorded from the Sea of Japan (Saito and Salvini-Plawen,
2014). Accordingly, S. variabilis sp. nov. is probably a species
of restricted distribution, occurring in the shelf and the upper
continental slope of the Brazilian southeastern and southern
coasts; the great effort of collection was, however, restricted to this
area and so its occurrence further to the north, in the northeast
and north of Brazil, and in the south (Uruguay and Argentina)
deserves future investigations.

The potential distribution modeling showed that the main
suitable areas of S. variabilis sp. nov. are the Brazilian
Southeastern and Southern coasts, followed by some hotspots
of suitability in the Southern Caribbean Sea and Brazilian
Northern coast in the Western Atlantic, mainly explained by
depth and temperature. Regarding the diversity of caudofoveates,
the Caribbean Sea is only known by the few and punctual
records of two species (Salvini-Plawen, 1972, 1992). Although
it has a tropical climate and usually very narrow continental
shelves, the Caribbean Sea has hundreds of islands that create
suitable areas for species with the characteristics of S. variabilis
sp. nov. Considering that S, megaradulatus is already recorded
from this region, the hotpots in the Caribbean Sea for
S. variabilis sp. nov. are expected and should indicate that
these are sister species which live in similar environmental
conditions. The suitable areas found in the Brazilian Northern
coast can be explained by the enlargement of the shelf close
to the Amazon River mouth, creating suitable conditions for
stablishing a viable population of a species of Scutopus. This
area is still almost unknown regarding to its deep-sea benthic

fauna. Thus, more investigations are necessary to verify if
there is an isolated population of S. variabilis sp. nov. or a
new species in the area. Outside the Western Atlantic, the
suitability found in the Mediterranean sounds an unlikely
occurrence area, but more investigations are required to prospect
possible occurrences of S. variabilis sp. nov. in the islands of
Angola and Cape Verde basins, where no limifossorids were
described so far.

The Gulf of Mexico and the Brazilian Northeastern coast
were found as unsuitable areas for S. variabilis sp. nov. In the
Gulf of Mexico, the unsuitability reinforced our results of not
finding a Scutopus species in museum collections from this
area. Although the Gulf has shelf areas similar to those of
the Brazilian Southeastern and Southern coasts, the existence
of warmer waters in the Gulf can prevents the occurrence of
suitable areas for S. variabilis sp. nov. Ivanov and Scheltema
(2008) characterized as similar the patterns of diversity of
Prochaetodermatidae from the Gulf of Mexico (7 species, 2
endemic) and the Mediterranean Sea (4 species, 1 endemic).
This similarity in Prochaetodermatidae contrasts with the
different pattern of Scutopus for both regions. For the Brazilian
Northeastern coast, through previous analysis of material from
this region any Scutopus species were found (Miranda and
Passos, pers. obs.), observation that was reinforced by modeling.
This non-occurrence can be explained by the tropical climate
and narrow shelf characteristic of this region, which acts like
a barrier that create unsuitable areas for the occurrence of
S. variabilis sp. nov.

By modeling, very few and small potential overlapping areas
were found, even among the European species, which in some
cases were already recorded from the same geographical areas
(Salvini-Plawen, 1975). In the European Atlantic, S. robustus
tends to occur in the Northern areas like Iceland, Scotland
and Northern Norway, whereas S. ventrolineatus mainly
occurs in southern areas, between southern Norway, south
of England and Bay of Biscay, with few and small overlaps
in Northern Iberian Peninsula and South of Norway, as an
effect of differential influences of environmental variables
in both species. In relation with S. ventrolineatus and
S. variabilis sp. nov., exceedingly small potential overlaps
were found in islands of Cape Verde and Angola Basins.
This suggests that competition for space and resources are
reduced by occurrences of different species of Scutopus in
distinct regions.

Deep-sea organisms are hard to access, as their collections
are less common, the environment is less accessible, the logistics
is expensive, and in many cases, species are encountered in
low specimen numbers. Moreover, many cruise collections
protocols still use formalin to preserve specimens, making
the use of molecular techniques problematic. However, these
problems have been minimized, as the number of samples of
deep-sea organisms are growing in museum collections due
to increasing studies required for exploitation of fisheries, oil,
gas and mining, although specialists for these groups are still
scarce. This is the case of Brazil, in which a great amount
of useful data for taxonomy and biogeography have been
available through the analysis of extensive collections, as those
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TABLE 3 | Summary data of main diagnostics characters, geographical and bathymetric distribution data of all Scutopus species described.

Species Radula Sclerotization Number of
radular

teeth rows

Number of median
denticles of the

radular teeth

Suture line Bathymetry
(m)

Distribution References

S. chilensis Weakly sclerotized 11 – 18 18 – 20 Present 263 – 642 Southeastern Pacific Ocean: Chile (from
Valparaiso to Strait of Magellan)

Salvini-Plawen (1972, 1992); Osorio
(1981); Linse (1999)

S. hamatanii Sclerotized (except the 2
posteriormost pairs)

12 8 – 9 Present 51 – 105 Northwestern Pacific Ocean: Sea of Japan Saito and Salvini-Plawen (2014)

S. megaradulatus Heavily Sclerotized (except
for the last posteriomost
pair)

7 16 – 18 Inconspicuous 40 – 1300
(1861?)*

Northwestern Atlantic Ocean: North
America, United States (North Carolina);
Central America, Panama, Gulf of Darien

Salvini-Plawen (1972; 1992*);
Scheltema (1981); Rios (1994**,
2009**); Forcelli and Narosky
(2015***)

S. robustus Heavily sclerotized (except
the 1-3 posteriormost pairs)

6 – 10 20 – 22 Absent 50 – 800
(3542?) *

Northeastern Atlantic Ocean: Norway,
England, Iceland, and Mediterranean

Salvini-Plawen (1970, 1972, 1975,
1977*, 1997); Salvini-Plawen and
Warén (1972); Scheltema (1981);
Ivanov and Scheltema (2001)****;
Ivanov and Scheltema (2014);
Mikkelsen and Todt (2014); Señaris
et al. (2017)

S. schanderi Heavily sclerotized (except
the 2 posteriormost pairs)

8 16 – 18 Present 69 – 102 Northwestern Pacific Ocean: Sea of Japan Saito and Salvini-Plawen (2014)

S. ventrolineatus Weakly sclerotized (limited
to the 2-4 anterior pairs)

10 – 16 9 – 11 Present 40 – 1248 Atlantic Ocean: Scandinavia (Western
Sweden, Norway), Western Scotland, Irish
Sea, Bay of Biscay and Mediterranean.
Southwestern Indian Ocean: off Durban,
South Africa,

Salvini-Plawen (1968, 1970, 1972,
1975, 1997), Osca et al. (2014)

Scutopus variabilis
sp. nov.

Heavily sclerotized (except
the 2 posteriormost pairs)

8 12 – 16 Present 40 – 1300 Southwestern Atlantic Ocean, Brazil, South
and Southeastern coast

This study

* Salvini-Plawen (1992, tab. 1) cites the occurrence of S. megaradulatus in a coordinate of western Cape of Africa at 1861 m depth with 2 individuals of Falcidens non-targatus, but did not illustrate the material and
said that its geographical distribution is complemented in his paper. This material was not deposited in any museum, thus we did not consider this record as valid.
** Rios (1994, 2009) cites the occurrence of Scutopus cf. megaradulatus and Scutopus sp. for Rios de Janeiro Coast in his Seashells catalogs, but did not furnish any bibliographical reference or material deposited in
any museum, thus we did not consider this record as valid.
*** Forcelli and Narosky (2015) cite the occurrence of Scutopus sp. deposited in the “Museo Argentino de Ciencias Naturales ‘Bernardino Rivadavia” (Buenos Aires, Argentina), but this record was not confirmed in that
institution (Alejandro Tablado, pers. commun.).
**** Salvini-Plawen (1977) recorded S. robustus from the Mediterranen Sea at 2415, 2917, and 3540 m depth, but these were considered doubtful by Ivanov and Scheltema (2001).
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FIGURE 9 | Radula (in same scale) and trunk sclerites (idem) of Scutopus species, obtained from different sources: Salvini-Plawen (1970): figs. 1 (radula) and 3(i, l)
(sclerites) of S. ventrolineatus, figs. 2 (radula) and 4(e, g) (sclerites) of S. robustus; Salvini-Plawen (1972): figs. 22 (radula) and 24(g, h) of S. megaradulatus, figs. 27
(radula) and 23(m, p) (sclerites) of S. chilensis. The radula of S. variabilis sp. nov. was drawn based on the Figure 4; its sclerites were based on the first illustrated in
row (E) and the last of row (G) of Figure 3. The radula and sclerites of the Pacific S. schanderi and S. hamatanii were illustrated by Saito and Salvini-Plawen (2014).

made by the “Habitats” and “Ambes” projects. With these and
in association with examination of other museums samples,
a species distribution modeling was performed, this being a
quantitative technique that started to be used only recently for
deep-sea organisms (e.g., Basher and Costello, 2016; Schnurr
et al., 2018; Bowden et al., 2021); it is used here for the first time
for aplacophoran molluscs.

As it occurs with other deep-water animals, Aplacophora
is a clear example of lesser-known group. However, especially
in the last decade, this scenario is rapidly changing (Todt,
2013; Passos et al., 2019). Some techniques, like SEM and
birefringence microscopy, particularly important for the study
of these animals, are becoming more accessible (e.g., Corrêa
et al., 2014, 2018; Mikkelsen and Todt, 2014; Passos et al.,
2018; Saito, 2020), making the descriptions more detailed;
moreover, previous molecular obstacles have been surpassed
(e.g., Kocot et al., 2011; Mikkelsen et al., 2018, 2019;
Bergmeier et al., 2021). Museum collections are increasingly
with materials coming from new unexplored areas like the
South Atlantic, allowing studies by recent biogeographical and

ecological techniques, like species distribution modeling. In the
specific literature on aplacophorans, there are some citations
of undescribed species of Scutopus, for example, from off
California and Oregon, United States (Barwick and Cadien,
2005; Mikkelsen et al., 2019), and Chile (Linse, 1999), and in
fact there are large areas of the Pacific and Indian Oceans
which are still very poorly sampled. As a part of a larger
project that has been performed on the molluscan diversity
of the Brazilian coast, in comparison with other Atlantic
species (Corrêa et al., 2014, 2018; Passos et al., 2018, 2019;
Miranda et al., 2020), this study gives a little step toward a
better knowledge of these animals from the deep-sea of the
Southern Hemisphere.
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In the current paper, we present the description of five new species of pseudotanaids
sampled off the Bass Strait during two campaigns (SLOPE), which took place in 1986/8
and 1994 from the upper continental margin (slope) at depths 200–1550 m, hopefully
starting to fill a gap in the knowledge of this major habitat. From five species, two
occurred off eastern coast between Gippsland and Jervis Point and three others on
the southern coast between Great Otway (Otway Point) and Kangaroo Island. These
five species bring the total number of described pseudotanaid species 94 and to six in
Australian waters.

Keywords: Peracarida, taxonomy, diversity, continental margin, Pseudotanaidae

INTRODUCTION

Pseudotanaidae Sieg, 1976 are small tanaidaceans from the superfamily Paratanaoidea Lang (1949),
characterized by their compact (short) body, enlarged chelipeds and a brood pouch composed of
one pair of oostegites (Lang, 1949; Sieg, 1977). Currently, the Pseudotanaidae is the third most
species-rich family of Paratanaoidea after Leptocheliidae Lang, 1973 and Typhlotanaidae Sieg
(1976) (with 132 and 116 nominal species, respectively)1. They are probably epifaunal or shallow
sediment burrowers (infauna), and some are unselective predators and hosts for nematode parasites
(Błażewicz et al., 2020).

Pseudotanaids are often numerous and a frequent element in macrobenthic communities, an
example being the 36% contribution to the tanaid abundance (7% of macrofauna) on the bathyal
Chatham Rise, SW Pacific (Bird and Holdich, 1984; Pabis et al., 2014, 2015; Kaiser et al., 2018).
They are present in a variety of marine habitats (Bird and Holdich, 1989b; Bird, 1999; Bamber
et al., 2009; Błażewicz-Paszkowycz and Bamber, 2011; Jakiel et al., 2015, 2019; Stȩpień et al., 2018)
and are recorded over a wide bathymetric range. The shallowest record of the family belongs to
Akanthinotanais pedecerritulus Tzeng and Hsueh, 2021 present in the intertidal of Taiwan, while
the deepest record was recorded for Pseudotanais longisetosus Sieg (1977) and P. nordenskioldi
Sieg (1977), which were recorded at 6050 m (Kudinova-Pasternak, 1993). Although a few large
publications have focused specifically on the diversity of Pseudotanaidae (Sieg, 1977; Bird and
Holdich, 1989b; Jakiel et al., 2018, 2019, 2020), knowledge about their diversity, community
structure and spatial distribution is still severely limited.

Peracarid pseudotanaids, as with other brooders, are assumed to have limited dispersal
ability and narrow zoographical ranges. This was tentatively confirmed with employment of

1http://www.marinespecies.org/index.php
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morphometric and molecular methods (Jakiel et al., 2018,
2019, 2020) for investigation of their distribution in the deep
North Atlantic and the abyssal of Central and NW Pacific
(Bird and Holdich, 1989b; Jakiel et al., 2019, 2020). For this
reason, pseudotanaids are possibly good indicators for effective
environmental impact assessment, habitat resilience and its
potential for reconstruction (Bird and Holdich, 1989b; O’Hara
et al., 2020; Francesca et al., 2021).

In the Australian context, 162 tanaid species belonging
to 66 genera have been described (e.g., Edgar, 1997, 2008,
2012; Bamber, 2005, 2008; Błażewicz-Paszkowycz and Bamber,
2007, 2009, 2012; Jóźwiak and Błażewicz, 2021). Most of the
studies focused on the shelf tanaids and only nine species
are formally described from below the shelf break: three
from SE Australia (Bathytanais fragilis Larsen and Heard,
2001, Pseudobathytanais gibberosus Larsen and Heard, 2001,
and Acinoproskelos vermes Bamber and Błażewicz-Paszkowycz,
2013) and six from W Australia (Bunburia prima Jóźwiak and
Jakiel, 2012, Abrotanais geniculum Gellert and Błażewicz, 2018,
Macilenta ewae Gellert and Błażewicz, 2018, M. acetabula Gellert
and Błażewicz, 2018, M. twor Gellert and Błażewicz, 2018, Waki
australiensis Gellert and Błażewicz, 2018) (Larsen and Heard,
2001; Jóźwiak and Jakiel, 2012; Gellert and Błażewicz, 2018).
Only one pseudotanaid, Akanthinotanais scrappi Bamber, 2005,
has been published, from a sandy bottom with rhodoliths in
Esperance Bay at 38.4 m (Bamber, 2005). Two potentially new
pseudotanaid species were recorded from two locations of the
Great Barrier Reef (Stȩpień et al., 2018), although they stay
undescribed.

The continental margins (continental slope) are a narrow
oceanic zone covering 11% of the surface (Menot et al.,
2010) and the huge extent of Australia’s slopes are relatively
understudied. Complicated geomorphology, chemistry and
hydrodynamic processes augmented by the steep gradient of
temperature, hydrostatic pressure, and oxygen levels make
them the most complex and heterogenic zone of the oceanic
floor. The steep slope, and often hard and unstable sediments
are logistically demanding for sampling and hamper benthic
faunal investigations. Analyzing the zoogeographical ranges,
natural biodiversity, and factors determining their character
makes a baseline for understanding the evolutionary processes
and distribution patterns critical for management regimes and
conservation reserves (Zardus et al., 2006; Jennings et al.,
2013; Poore et al., 2015). In the current paper, we present the
description of five new species of pseudotanaids sampled off the
Bass Strait during two campaigns (SLOPE), which took place
in 1986/8 and 1994 from the upper continental margin (slope)
at depths 200–1550 m, hopefully starting to fill a gap in the
knowledge of this major habitat.

MATERIALS AND METHODS

Stations and Collection
Pseudotanaids were recovered from a series of the samples
collected at depths greater than 200 m, perpendicular
to the East and South coasts of Australia during three

campaigns of the O.R.V. Franklin 1986–1988 and 1994,
respectively. Altogether, 213 samples were collected with
different devices, e.g., Woods Hole Oceanographic Institute
epibenthic sled, Reineck box-corer, Beam trawl (Poore et al.,
1994; unpublished data). Pseudotanaids were recovered only at
six stations (Table 1).

Morphological Analyses and
Taxonomical Identification
Specimens were dissected with chemically sharpened tungsten
needles and the dissected appendages mounted on slides with
glycerine as a medium and sealed with paraffin-wax (Błażewicz
et al., 2021). Drawings were prepared using a light microscope
(Nikon Eclipse 50i) equipped with a camera lucida. Digital
drawings were inked and arranged with Photoshop.

Morphological terminology is largely as in Jakiel et al. (2019,
2020);

- the unique blade-like spine, if present, located at the
ventrodistal part of the pereopod carpus is characteristic of
most pseudotanaids. It is categorized as “long” when is at least
0.6x propodus, “intermediate” when it is 0.5x propodus, and
“short” when it is at most 0.3x the propodus;

- setal types are recognized as: (1) simple setae (= without
ornamentation), (2) serrate – with serration or denticulation,
(3) plumose – with any type of plumose or delicate setulae
distributed along the main axis, (4) penicillate – with a tuft of
setules located distally and with a small knob on which a seta
is fixed to the tegument and (5) rod setae – slightly inflated
distally and with a pore; and

- the dorsodistal seta occurring on the carpus of pereopods 4–6
has a chemosensory function – (“rod seta” Jakiel et al., 2019);
it is categorized as “long” when it is at least 0.8x propodus,
“intermediate” when it is 0.5x propodus, and “short” when it
is at most 0.25x propodus.

The classification of the Pseudotanais into morpho-groups
(“affinis + longisetosus,” “denticulatus + abathagastor” and
“forcipatus”) follows Bird and Holdich (1989b) and Jakiel et al.
(2019).

The type material was lodged at the Museums Victoria,
Melbourne Museum (Australia).

Classification
In our study and analyses we have applied the system splitting
Pseudotanais species into established four morphogroups,
e.g., “affinis + longisetosus,” “denticulatus + abathagastor,”
“forcipatus,” and “spicatus” (Bird and Holdich, 1989b; Jakiel et al.,
2019). The six species (P. borceai Bãcescu, 1960; P. lilljeborgi
Sars, 1882; P. falcifer Błażewicz-Paszkowycz and Bamber, 2011;
P. sigrunis Jakiel et al., 2018; P. colonus Bird and Holdich, 1989a;
P. baresnauti Bird, 1999) were gathered into working-group
“colonus” characterized by robust chela, acuminate mandible,
and relatively long pereonite-1. Three species: P. intortus,
P. oculatus and P. shirazi sp. nov. are not classified to any group.
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TABLE 1 | Stations where pseudotanaids were recovered off SE Australian collection made on O.R.V. Franklin 1986–1988 and 1994, respectively, Poore et al. (1994);
unpublished data.

Station Locality Lat/Long Date Gear Depth (m)

SLOPE 40 Victoria, S of Point Hicks 38◦17.42′S, 149◦11.18′E 24 Jul 1986 WHOI EBS 400

SLOPE 53 New South Wales, 54 km ESE of Nowra 34◦52.43′S–34◦54.18′S, 151◦15.02′E–151◦19.30′E 22 Oct 1988 WHOI EBS 996

SLOPE 67 Victoria, 67 km S of Point Hicks 38◦23.57′S–38◦ 23.47′S, 149◦17.01′E–149◦15.14′E 25 Oct 1988 WHOI EBS 1277

SLOPE 118 Victoria, Off Portland 38◦48.02′S–38◦ 48.07 S, 141◦ 47.14′E–141◦47.14′E 12 May 1994 WHOI EBS 209

SLOPE 134 Victoria, Off Portland 38◦51.02′S, 141◦44.47 E 13 May 1994 Box Corer 1021

SLOPE 170 South Australia, Off Murray River Mouth
Encounter Bay

37◦05.53′S, 137◦42.32′E 21 May 1994 Smith-McIntyre
grab

1548

The zoogeographical classification of the marine
zoogeographical regions of the oceans followed (Spalding
et al., 2007; Watling et al., 2013).

Measurements, Developmental and
Stage Identification
Total body length (BL) was measured along the main axis of
symmetry from the rostrum to the end of the telson. Body width
(BW) was measured at the widest point along the main axis of
symmetry. The length was measured along the axis of symmetry,
and the width perpendicular to the axis of symmetry at the
widest spot. To simplify species descriptions, the expression “Nx”
replaces “N times longer than/as long as” and “N L:W” replaces
“N times longer than wide.” The measurements were made with
a camera connected to the microscope (Nikon Eclipse Ci-L) and
NIS-Elements View software.2 The body width and the length
of the cephalothorax, pereonites, pleonites, and pleotelson were
measured on whole specimens.

All individuals, developmental stages were identified. We refer
to the following stages:

- two stages of manca, i.e., “manca-2” and “manca-3” which
refer to specimens without or with buds of pereopod-6,
respectively;

- preparatory female characterized by undeveloped oostegites
(‘buds’) (Bird and Holdich, 1989b) and brooding female (with
fully developed oostegites) were not recovered in the studied
material;

- neuter – a stage that is morphologically like the juvenile
female, but lacking oostegites buds; and

- ‘juvenile male’ that shows incompletely developed sexual
dimorphic characters, i.e., resembling the neuter but has
thicker antennules (equivalent to ‘preparatory male’ sensu Bird
and Holdich, 1989b).

In our collection sexually mature males (“swimming” male)
and brooding females were not recovered.

RESULTS

Nine individuals belonging to Pseudotanaidae were examined
in the current paper. All of them were classified to the genus

2www.nikoninstruments.com

Pseudotanais: two of them represented “affinis + longisetosus”
morphogroup (Pseudotanais chardonnayi n. sp. and P. caberneti
n. sp.) and two “denticulatus + abathagastor” group: (P. barossai
n. sp. and P. coonawarrai n. sp.). The fifth of described species
P. shirazi is not assigned to any of the Pseudotanais groups.

SYSTEMATICS

Order Tanaidacea Dana, 1849
Suborder Tanaidomorpha Sieg, 1980
Superfamily Paratanaoidea Lang, 1949
Family Pseudotanaidae Sieg, 1976

“affinis+ longisetosus” group

Diagnosis. After Jakiel et al. (2019).
Species included. Pseudotanais affinis Hansen, 1887;

P. chanelae Jakiel et al., 2020; P. curieae Jakiel et al., 2020; P. gaiae
Jakiel et al., 2019; P. geralti Jakiel et al., 2019; P. julietae Jakiel
et al., 2019; P. longisetosus Sieg, 1977; P. longispinus Bird and
Holdich, 1989b; P. macrocheles Sars, 1882; P. monroeae Jakiel
et al., 2020; P. nipponicus McLelland, 2007; P. nordenskioldi
Sieg, 1977; P. rapunzelae Błażewicz et al., 2021; P. romeo Jakiel
et al., 2019; P. spatula Bird and Holdich, 1989b; P. scalpellum
Bird and Holdich, 1989b; P. shackletoni Błażewicz et al., 2021;
P. svavarssoni Jakiel et al., 2018; P. szymborskae Jakiel et al.,
2020; P. uranos Jakiel et al., 2019; P. vitjazi Kudinova-Pasternak,
1966; P. yenneferae Jakiel et al., 2019; Pseudotanais sp. O (sensu
McLelland, 2008); Pseudotanais sp. P (sensu McLelland, 2008);
P. chardonnayi sp. nov.; P. caberneti sp. nov.

Pseudotanais chardonnayi sp. nov.

This species is registered in ZooBank number:
LSIDurn:lsid:zoobank.org:act:420075F1-3622-4177-9BBC-45
52CE1B3E07.

Diagnosis. Mandible molar subcoronal with distal spines.
Pereopod-1 merus with seta. Pereopod-3 carpal blade-like spine
long (0.7x propodus). Pereopods 4–6 merus with spine and seta;
carpus with long rod seta; propodus with short and long ventral
setae. Uropod exopod 0.7x endopod.

Material examined. Holotype, juvenile male 1.3 mm, SLOPE
40 (J61547). Paratypes: neuter 1.1 mm (J61515), dissected in
slides, SLOPE 40.
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FIGURE 1 | Pseudotanais chardonnayi sp. nov; neuter (J61547), (A), dorsal; (B), lateral; juvenile male (J61515), (C), dorsal, (D), lateral. Scale line = 1 mm.

Etymology. The name is after a wine variety grown in the
Gippsland area, close to the type locality, as genitive.

Description of neuter. BL = 1.4 mm. Body robust
(Figures 1A,B) 3.8 L:W. Cephalothorax 0.7 L:W, 1.0x pereonites
1–3, 0.2 BL. Pereonites 0.5 BL, Pereonite-1 0.5x pereonite-2,
pereonites-1–6: 0.1, 0.3, 0.3, 0.5 0.5 and 0.4 L:W, respectively.
Pleon short, 0.4 BL. Pleonites 0.9 L:W, pleonites 2–5 with
dorsolateral setae on each side of midline. Pleotelson 4.4x
pleonite-5, with paired laterodistal setae.

Antennule (Figure 2A) article-1 6.0 L:W, 2.9x article-2, with
long seta at mid-length, and one simple and three penicillate
distal setae; article-2 2.9 L:W, 0.7x article-3, with two simple and
one penicillate subdistal setae; article-3 5.8 L:W, with one simple,
three bifurcated, one penicillate distal setae and one aesthetasc.

Antenna (Figure 2B) article-2 1.3 L:W; 1.0x article-3, with
spine (0.3x article-2); article-3 1.3 L:W, 0.2x article-4, with
spine (3.5x article-3); article-4 9.3 L:W, 2.2x article-5, with three
simple (two broken) and three penicillate; article-5 5.0 L:W,
10.0x article-6, with simple distal seta; article-6 0.5 L:W, with
six distal setae.

Labrum (Figure 2C) rounded, naked. Left mandible
(Figure 2D) lacinia mobilis well developed, distally
serrate, incisor distal margin beveled, serrate, molar
subcoronal/acuminate with distal spines. Right mandible
lost. Labium (Figure 2E) simple, rounded, glabrous. Maxillule
(Figure 2F) endite with eight distal spines and outer two subdistal
setae, palp (Figure 2F’) palp with two distal setae. Maxilla
(Figure 2G) almost circular, naked. Maxilliped (Figure 2H)
basis heart-shape, naked; palp article-1 1.8 L:W naked; article-2
1.1 L:W with one fine outer and three inner setae (two long and
one short); article-3 1.4 L:W with one short and three long inner
setae, article-4 3.3 L:W with six distal and subdistal setae; endites
mostly fused but with central cleft (1/4 of endite total length),
each with inner-distal gustatory cusp and short seta. Epignath
(Figure 2I) linguiform, simple, naked.

Cheliped (Figure 3A) basis 1.8 L:W, dorsal seta not seen;
merus with ventral seta; carpus 1.5 L:W, 0.8x palm, with
two midventral setae and one dorsodistal simple seta; chela
non-forcipate, palm 1.7 L:W with seta near dactylus insertion;
fixed finger 3.0 L:W, cutting edge simple, poorly calcified, 0.8x
palm with ventral seta, and with three setae on cutting edge;
dactylus 5.9 L:W, cutting edge smooth, with dorsoproximal seta.

Pereopod-1 (Figure 3B) overall 14.9 L:W; coxa with small
seta; basis 6.7 L:W, 4.2x merus, with one dorsoproximal and two
ventral setae; ischium with ventral seta; merus 2.0 L:W and 0.7x
carpus, with minute ventrodistal and one dorsodistal seta; carpus
3.0 L:W, 0.6x propodus, with two minute distal setae; propodus
8.4 L:W, 0.9x dactylus and unguis combined length, with short
ventrodistal seta, dactylus 0.5x unguis.

Pereopod-2 (Figure 3C) overall 12.6 L:W; coxa not dissected;
basis 6.5 L:W, 3.6x merus, with mid-dorsal penicillate seta;
ischium with ventral seta; merus 2.3 L:W, 1.0x carpus, with
seta and spine ventrodistally; carpus 2.0 L:W, 0.7x propodus,
with dorsodistal seta, and long ventrodistal blade-like spine
(0.6x propodus); propodus 6.3 L:W, 1.5x dactylus and unguis
combined length, with long distal seta (0.7x dactylus and unguis
combined length); dactylus 0.2x unguis.

Pereopod-3 (Figure 3D) overall 17.4 L:W; basis 3.7 L:W,
2.9x merus, with mid-ventral simple seta; ischium with
ventral seta; merus 1.6 L:W, 0.9x carpus, with ventrodistal
spine (seta not seen); carpus 2.0 L:W, 0.7x propodus, with
dorsodistal robust seta, inner-distal minute seta, and long
ventrodistal blade-like spine (0.7x propodus); propodus
5.4 L:W, 1.7x dactylus and unguis combined length, with distal
seta (0.6x dactylus and unguis combined length); dactylus
0.5x unguis.

Pereopod-4 (Figure 3E) overall 9.2 L:W; basis 4.2 L:W, 4.2x
merus, naked; ischium with two ventral setae; merus 1.4 L:W, 0.5x
carpus, with one short seta and one spine; carpus 3.9 L:W, 0.9x
propodus, with one short spine and one intermediate blade-like
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Błażewicz et al. Pseudotanaids From the Australian Slope

FIGURE 2 | Pseudotanais chardonnayi sp. nov; neuter (J61515), (A), antennule; (B), antenna; (C), labrum; (D), left mandible; (E), labium; (F), maxillule; (F’) maxillule
endite; (G), maxilla; (H), maxilliped; (I), epignath. Scale lines = 0.1 mm.

spine (0.5x propodus); dorsal seta not seen; propodus 5.7 L:W,
2.4x dactylus and unguis combined length, with one subdorsal
penicillate seta, two spines (short and long) ventrodistally, and
long serrate dorsodistal seta (1.7x dactylus and unguis combined
length); dactylus 1.8x unguis.

Pereopod-5 (Figure 3F) overall 10.0 L:W; basis 5.0 L:W,
5.9x merus, with long penicillate midlength seta; ischium with
two ventral setae; merus 1.2 L:W, 0.4x carpus, with ventral
spine (seta not seen); carpus 3.6 L:W, 1.2x propodus, with
dorsodistal seta (1.3x propodus), one minute spine and one

intermediate blade-like spine (0.5x propodus); propodus 5.0 L:W,
2.2x dactylus and unguis combined length, with one sub-dorsal
penicillate seta, one serrate seta, one spine ventrally and one
serrate dorsal seta (2.1 x dactylus and unguis combined length);
dactylus 2.3x unguis.

Pereopod-6 (Figure 3G) basis 4.8 L:W, 4.5x merus, naked;
ischium with two ventral setae; merus 1.5 L:W, 0.5x carpus, with
spine (seta not seen); carpus 3.4 L:W, 1.1x propodus, with long
dorsodistal seta (0.9x propodus), two spines (short and long) and
one intermediate blade-like spine (0.5x propodus) ventrodistally;
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FIGURE 3 | Pseudotanais chardonnayi sp. nov.; neuter (J61515), (A), cheliped; (B), pereopod-1; (C), pereopod-2, (D), pereopod-3; (E), pereopod-4; (F),
pereopod-5; (G), pereopod-6; (H), pleopod; (I), uropod. Scale lines = 0.1 mm.

propodus 4.1 L:W, with two serrate ventral setae and two serrate
dorsal setae; dactylus broken.

Pleopods (Figure 3H) rami narrow and elongate; exopod with
five, endopod with seven distal setae.

Uropod (Figure 3I) peduncle 0.9 L:W; exopod with two
articles; 6.0 L:W; article-1 2.7 L:W, with short distal seta; article-2
5.0 L:W, with two distal setae; endopod 7.9 L:W; article-1 4.3 L:W,
with one simple and two penicillate distal setae; article-2 4.2 L:W,
with one subdistal, four distal simple setae and one penicillate
seta. Exopod 0.7x endopod.

Description of juvenile male. Similar to female, but antennule
thicker (Figures 1C,D).

Distribution. The species is known only from the type
locality: SE Australia (off Gippsland), at the depth 400 m.

Remarks. Pseudotanais chardonnayi sp. nov. has a dorsodistal
spine on antenna articles 2–3, a relatively long propodal
distal seta on pereopods 2–3, and a long dorsodistal seta
on carpus of pereopods 5–6, that allow classification of the
species to the “affinis + longisetosus” morpho-group (Bird
and Holdich, 1989b; Jakiel et al., 2019), although the relatively
short dorsodistal seta on the pereopod merus (rather long

in “affinis + longisetosus” group) is anomalous we have
decided to deposit P. chardonnayi in this group as this seta
is still longer than in members of other groups where it is
minute or absent.

The short dorsodistal seta on the pereopod-4 carpus
distinguishes P. chardonnayi from P. chanelae, P. curieae and
P. longisetosus, where this seta is long. The combination of a spine
and seta on the pereopods 4–6 merus and carpal long rod seta
of P. chardonnayi is similar to P. romeo, but it can be separated
by the uropod exopod that is 0.7x endopod in P. chardonnayi
and 0.9x in P. romeo. Additionally, the blade-like spine on
the carpus of pereopod-3 is 0.7x propodus in P. chardonnayi,
while P. romeo it is slightly longer (0.8x propodus). Finally,
both species can be distinguished by the setation of ischium of
pereopods 4–6, with two setae in P. chardonnayi and naked in
P. romeo.

Pseudotanais caberneti sp. nov.

This species is registered in ZooBank number: LSID urn:lsid:
zoobank.org:act:FE1106E8-DBE6-4CB5-AD67-F631E08F9
A1C.
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Diagnosis. Mandible molar subcoronal with distal spines.
Pereopod-1 merus with seta. Pereopod-3 carpal blade-like spine
long (0.7x propodus). Pereopods 4–6 merus with spine and seta;
carpus with short dorsodistal seta; propodus with two ventral
setae. Uropod exopod 0.7x endopod.

Material examined. Holotype, ovigerous female 1.8 mm,
partly dissected (J62735) SLOPE 118.

Etymology. The species name is after one of most widely
distributed and best-known wine grape varieties grown in SE
Australia, as genitive.

Description of female. BL = 1.7 mm. Body robust
(Figures 4A,B) 3.2 L:W. Cephalothorax 0.7 L:W, 1.4x pereonites
1–3 0.2x BL. Pereonites 0.6x BL; pereonite-1 0.4x pereonite-2,

pereonites-1–6: 0.1, 0.2, 0.2, 0.5, 0.5, and 0.5 L:W, respectively;
pereonites 1, 3–4 with small anterolateral setae. Pleon short,
0.4 BL. Pleonites 0.7 L:W, pleonites 1 and 4 with dorsolateral
setae on each side of midline, and pleonite 5 with lateral seta.
Pleotelson 5.4x pleonite-5, with pair of mid-distal setae.

Antennule (Figure 4C) article-1 3.9 L:W, 2.6x article-2, with
two simple and three penicillate midlength setae, and one distal
seta; article-2 3.9 L:W, 0.9x article-3, with one simple and one
penicillate distal setae; article-3 7.5 L:W, with one subdistal seta
and five simple setae and one aesthetasc distally.

Antenna (Figure 4D) article-2 1.6 L:W; 0.8x article-3, with
spine (0.3x article-2); article-3 2.2 L:W, 0.4x article-4, with spine
(0.2x article-3); article-4 10.0 L:W, 2.6x article-5, with two simple

FIGURE 4 | Pseudotanais caberneti sp. nov; female, (J62735) (A), dorsal; (B), lateral; (C), antennule; (D), antenna; (E), labrum; (F), left mandible; (G), right
mandible; (H), maxillule; (I), labium; (J), maxilliped palp. Scale lines (A,B) = 1 mm, (C–J) = 0.1 mm.
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and one penicillate distal setae; article-5 3.8 L:W, 11.5x article-6,
with distal seta; article-6 0.4 L:W, with four distal setae.

Labrum (Figure 4E) rounded, naked. Left mandible
(Figure 4F) lacinia mobilis well developed, distally serrate,
incisor distal margin beveled and serrate, molar subcoronal with
distal spines. Right mandible (Figure 4G) incisor unequally
bifid, distal margin serrate; molar as in left mandible. Labium
simple, semi-rectangular (Figure 4I). Maxillule (Figure 4H)
endite with seven distal spines and outer subdistal setae.
Maxilla not observed.

Maxilliped (Figure 4J) palp article-1 naked, article-2 1.3 L:W,
with fine outer and three inner setae (two long and one short);
article-3 1.3 L:W with one shorter and three longer inner setae;
article-4 1.4 L:W with six distal and subdistal setae. Maxilliped
endite, basis not dissected.

Cheliped (Figure 5A) basis broken; merus ventral seta not
seen; carpus 1.9 L:W, 1.2x palm, with two midventral setae and
dorsodistal simple seta; chela non-forcipate, palm 1.4 L:W with
comb of small setae on inner side, and one seta near dactylus
insertion; fixed finger 4.0 L:W, 1.1x palm, with ventral seta,

FIGURE 5 | Pseudotanais caberneti sp. nov.; female (J62735), (A), cheliped; (B), pereopod-1; (C), pereopod-2, (D), pereopod-3; (E), pereopod-4; (F), pereopod-6;
(G), pleopod; (H), uropod. Scale lines = 0.1 mm.
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cutting edge poorly calcified, almost simple, and with three setae;
dactylus 5.6 L:W, cutting edge smooth, with dorsoproximal seta.

Pereopod-1 (Figure 5B) overall 16.8 L:W; basis 8.3 L:W, 4.6x
merus, with one dorsoproximal and two ventral setae; ischium
with ventral seta; merus 2.0 L:W and 0.8x carpus, with dorsodistal
seta; carpus 2.2 L:W, 0.5x propodus, with three dorsodistal setae;
propodus 6.4 L:W, 0.9x dactylus and unguis combined length,
with one subdistal seta, dactylus 0.6x unguis.

Pereopod-2 (Figure 5C) overall 11.8 L:W; coxa with seta;
basis 5.4 L:W, 3.6x merus, with two dorsoproximal (broken)
and two ventral setae; ischium with ventral seta; merus 1.5 L:W,
0.7x carpus, with seta and spine ventrodistally; carpus 2.6 L:W,
0.9x propodus, with dorsodistal setae, simple ventrodistal spine
and intermediate ventrodistal blade-like spine (0.5x propodus);
propodus 6.5 L:W, 1.7x dactylus and unguis combined length,
with ventrodistal robust seta (0.5x dactylus and unguis combined
length); dactylus 0.7x unguis.

Pereopod-3 (Figure 5D) overall 22.8 L:W; coxa with seta;
basis 4.8 L:W, 2.7x merus, with two dorsoproximal (one broken)
and one ventral setae; ischium with ventral seta; merus 2.0 L:W,
0.8x carpus, with ventrodistal seta and spine; carpus 2.9 L:W,
1.1x propodus, with dorsodistal seta, simple ventrodistal spine
and long ventrodistal blade-like spine (0.7x propodus); propodus
5.3 L:W, 1.6x dactylus and unguis combined length, with
one distal seta (0.5x dactylus and unguis combined length);
dactylus 0.6x unguis.

Pereopod-4 (Figure 5E) overall 8.1 L:W; basis 3.9 L:W,
5.0x merus, with two long penicillate ventral setae; ischium
with two ventral setae; merus 1.6 L:W, 0.4x carpus, with
one spine and one seta; carpus 4.3 L:W, 4.5x propodus,
with small; dorsodistal seta, two distal spines and one
short blade-like spine (0.4x propodus); propodus 6.8 L:W,
2.5x dactylus and unguis combined length, with two
serrate ventral setae (short and long) and one serrate
dorsal seta (1.5x dactylus and unguis combined length);
dactylus 1.2x unguis.

Pereopod-5 similar to pereopod-4.
Pereopod-6 (Figure 5F) overall 8.1 L:W; basis 3.3 L:W, 3.3x

merus, naked; ischium with two ventral setae; merus 1.6 L:W, 0.5x
carpus, with one short seta and one robust spine; carpus 3.5 L:W,
1.1x propodus, with dorsodistal seta, two distal spines, and short
blade-like spine (0.4x propodus); propodus 5.5 L:W, 2.2x dactylus
and unguis combine length, with two serrate ventral setae (short
and long) and two serrate dorsal setae (longer setae 0.9x dactylus
and unguis combined length); dactylus 2.0x unguis.

Pleopods (Figure 5G) rami elongate, narrow; exopod with five,
endopod with ten distal setae.

Uropod (Figure 5H) peduncle 1.0 L:W; exopod with two
articles, 15.3 L:W; article-1 7.3 L:W, naked, article-2 8.0 L:W, with
two setae; endopod 8.3 L:W; article-1 4.7 L:W, with one simple
seta and two penicillate setae; article-2 7.3 L:W, with five distal
setae. Exopod 0.9x endopod.

Distribution: Species known from SE Australia, off Cape
Otway, from the depth 209 m.

Remarks. Pseudotanais caberneti sp. nov. with a relatively long
seta on merus and carpus of pereopod-1 can be classified in
the “affinis + longisetosus” morphogroup, although the short

dorsodistal seta on the carpus of pereopods 5–6 differentiates
it from fourteen species: Pseudotanais chardonnayi, P. chanelae,
P. curieae, P. gaiae, P. julietae, P. longisetosus, P. longispinus,
P. monroeae, P. nipponicus, P. rapunzelae, P. romeo, P. spatula,
P. uranos, and Pseudotanais sp. O (sensu McLelland), which
have a long seta. The combination of a spine and seta on
the merus of pereopods 4–6 merus differentiates P. caberneti
from P. affinis, P. scalpellum, P. shackletoni, P. svavarssoni
and Pseudotanais sp. P. (sensu McLelland), which have either
a spine or seta only (the latter P. svavarssoni). Furthermore,
two setae on the ischium of pereopods 4–6 of P. caberneti is
similar to P. geratli and P. macrocheles, although the uropodal
exopod that is only slightly shorter than the endopod (0.9x)
separates P. caberneti from both species, where this proportion
is at most 0.6x.

Key for identification of Pseudotanais females of the
“affinis+ longisetosus” morpho-group.

1. Pereopods 5–6 carpus with:
short seta....................................................................................2
long seta.....................................................................................3

2. Pereopod–4 ischium with:
one seta.......................................................................................4
two setae.....................................................................................5

3. Pereopod–4 carpus rod seta:
short..........................................................................................13
long...........................................................................................14

4. Uropod exopod to endopod ratio:
< 0.8x.......................................................................................06
> 0.9x............................................................................P. vitjazi

5. Uropod exopod to endopod ratio:
0.6x..............................................................................................7
> 0.8x.........................................................................................8

6. Pereopod–2 carpus blade-like spine to propodus ratio
≤ 0.6x.......................................................................................11
0.8x.........................................................................P. scalpellum

7. Cephalothorax to pereonites 1–3 ratio; pereopod–5
dactylus to unguis ratio:
1.3x;1.6x............................................................. P. macrocheles
0.9x; 2.0x.......................................................................P. geralti

8. Cephalothorax to pereonites 1–3 ratio:
< 1.2x.........................................................................................9
>1.3x..........................................................P. caberneti sp. nov.

9. Pereopods 4–6 merus spine, seta [0-absent, 1-present]:
1.0............................................................................................ 10
0.1.........................................................................P. svavarssoni

10. Pereopod-5 dactylus to unguis ratio:
1.0x...............................................................Pseudotanais sp. P.
2.3x........................................................................P. shackletoni
3.0x................................................................................ P. affinis

11. Cephalothorax to pereonites 1–3 ratio:
< 1.2x.......................................................................................12
> 1.7x....................................................................P. yenneferae

12. Pereonite-1 to pereonite-2 ratio; pereopods 4–6 merus
spine, seta [0-absent, 1-present]:
0.7x; 1,1........................................................... P. nordenskioldi
0.5x; 1,0........................................................................P. spatula
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13. Pereopod-3 carpus blade-like spine to propodus ratio
0.5x.......................................................................................... 16
≥ 0.6x..................................................................................... 17

14. Uropod exopod to endopod ratio:
0.7x.......................................................................................... 15
0.9x.............................................................................. P. curieae

15. Cephalothorax to pereonites 1–3 ratio; pereonite-1 to
pereonite-2 ratio:
1.2x; 1,0x..............................................................P. longisetosus
0.9x; 0.5x.................................................................. P. chanelae

16. Pereopods 4–6 merus spine, seta [0-absent, 1-present]:
0,2.............................................................................................18
1,0................................................................................... P. gaiae

17. Pereopod-2 carpus blade-like spine to propodus ratio
≥ 0.6x......................................................................................19
0.5x............................................................................... P. romeo

18. Pereonite-1 to pereonite-2 ratio; pereopod-5 dactylus to
unguis ratio:
0.3x; 2.0x......................................................................P. uranos
0.6x; 1.4x.................................................................P. monroeae

19. Pereopods 4–6 ischium with:
One seta...................................................................................20
Two setae.................................................................................21

20. Cephalothorax to pereonites 1–3 ratio; pereopod-5
dactylus to unguis ratio:
1.0x; 2.0x.............................................................. P. longispinus
1.3x; 2.5x.....................................................................P. julietae

21. Pereopods 4–6 merus spine, seta [0-absent, 1-present]:
1,0............................................................................................ 22
0,2......................................................................... P. nipponicus
1,1........................................................ P. chardonnayi sp. nov.

22. Pereonite-1 to pereonite-2 length ratio; pereopod-2 blade-
like spine to propodus ratio; pereopod-5 dactylus to unguis
ratio:
0.6x; 0.8x; 2.3x..................................................... P. rapunzelae
0.4x; 0.6x; 2.4x.................................................. P. szymborskae
0.4x; 0.7x; 1.5x............................................ Pseudotanais sp. O

“denticulatus+ abathagastor” group

Diagnosis. After Błażewicz et al. (2021).
Species included. Pseudotanais abathagastor Bamber and

Błażewicz-Paszkowycz, 2013; P. amundseni Błażewicz et al., 2021;
P. barnesi Błażewicz et al., 2021; P. biopearli Błażewicz et al.,
2021; P. chaplini Jakiel et al., 2019; P. chopini Jakiel et al., 2019;
P. corollatus Bird and Holdich, 1989b; P. denticulatus Bird and
Holdich, 1989b; P. elephas Błażewicz et al., 2021; P. georgesandae
Jakiel et al., 2019; P. kitsoni Błażewicz et al., 2021; P. mariae Jakiel
et al., 2019; P. livingstoni Błażewicz et al., 2021; P. locueloae Jakiel
et al., 2019; P. oloughlini Jakiel et al., 2019; P. palmeri Błażewicz
et al., 2021; P. barossai sp. nov.; P. coonawarrai sp. nov.

Pseudotanais barossai sp. nov.

This species is registered in ZooBank number: LSID urn:lsid:
zoobank.org:act:F4C1D408-3731-449E-9F00-D18CBEF81
DB5.

Diagnosis. Antenna articles 2–3 with slender spine. Mandible
molar coronal. Pereopod-2 carpus blade-like spine short (0.4x
propodus). Pereopods 2–6 merus with single spine. Uropod
exopod 0.8x endopod.

Material examined. Holotype, neuter 1.3 mm, partly dissected
(J61545), SLOPE 170.

Etymology. From the Barossa Valley in South Australia, a
premium wine-growing region, as genitive.

Description of female. BL = 1.6 mm. Body robust (Figure 6A)
3.0 L:W. Cephalothorax 1.0 L:W, 1.2x pereonites 1–3, 1.3x BL
with pair of ocular setae. Pereonites 0.6x BL, pereonite-1 0.6x
pereonite-2, pereonites-1–6: 0.2, 0.2, 0.4, 0.5, 0.6 and 0.4 L:W,
respectively; pereonites 1, 4–6 with anterolateral setae. Pleon
short, 0.5x BL. Pleonites 1.2 L:W. Pleotelson 1.9x pleonite-5, with
laterodistal setae.

Antennule (Figure 6B) article-1 4.5 L:W, 2.2x article-2, with
one simple and three penicillate midlength setae, and one
distal seta; article-2 2.6 L:W, 1.3x article-3, with distal seta;
article-3 4.0 L:W, with three simple and three bifurcated setae
(aesthetasc not seen).

Antenna (Figure 6C) article-2 1.7 L:W; 1.1x article-3, with
slender spine (0.3x article-2); article-3 1.6 L:W, 0.4x article-4,
with slender spine (0.3x article-3); article-4 5.5 L:W, 1.7x article-
5, with three simple and one penicillate distal setae; article-5
4.4 L:W, 11.7x article-6, with distal seta; article-6 0.4 L:W, with
four distal setae.

Labrum (Figure 6D) rounded, naked. Left mandible
(Figure 6E) lacinia mobilis well developed, distally serrate,
incisor distal margin beveled slightly serrate, molar coronal.
Right mandible (Figure 6F) incisor unequally bifid, distal
margin serrate molar as left mandible. Labium (Figure 6G)
simple, rounded, glabrous. Maxillule (Figure 6H) endite
with nine distal spines and outer subdistal seta. Maxilla
not recovered.

Maxilliped (Figure 6I) palp article-1 1.5 L:W, naked, article-
2 1.0 L:W with fine outer seta and three inner setae; article-3
1.1 L:W with four inner setae, article-4 3.0 L:W with one sub-
distal and five distal setae. Epignath not recovered.

Cheliped (Figure 7A) basis 1.9 L:W, with small seta near
sclerite articulation; merus with ventral seta; carpus 1.8 L:W, 1.2x
palm, with two midventral setae and mid-dorsal and dorsodistal
simple setae; chela non-forcipate, palm 1.7 L:W; fixed finger
3.1 L:W, 0.9x palm with one ventral seta, and with three
setae on cutting edge; dactylus 6.3 L:W, cutting edge smooth,
proximal seta not seen.

Pereopod-1 (Figure 7B) overall 15.7 L:W; coxa with seta;
basis 7.0 L:W, 3.7x merus, naked; ischium with ventral seta;
merus 2.1 L:W and 0.8x carpus, naked; carpus 2.4 L:W, 0.5x
propodus, with two short distal setae; propodus 5.6 L:W, 0.8x
dactylus and unguis combined length, with ventrodistal seta;
dactylus 0.6 x unguis.

Pereopod-2 (Figure 7C) overall 13.5 L:W; coxa with seta;
basis 6.2 L:W, 3.2x merus, naked; ischium with ventral seta;
merus 2.3 L:W, 0.8x carpus, with ventrodistal spine; carpus
2.5 L:W, 0.9x propodus, with dorsodistal spine, inner-distal seta,
simple ventrodistal spine and short ventrodistal blade-like spine
(0.4x propodus); propodus 6.3 L:W, 2.0x dactylus and unguis
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FIGURE 6 | Pseudotanais barossai sp. nov; neuter (J61545), (A), dorsal; (B), antennule; (C), antenna; (D), labrum; (E), left mandible; (F), right mandible; (G), labium;
(H), maxillule; endite; (I), maxilliped palp. Scale lines (A) = 1 mm, (B–I) = 0.1 mm.

combined length, with one distal seta (0.4x dactylus and unguis
combined length); dactylus 0.5x unguis.

Pereopod-3 (Figure 7D) basis distally broken, naked; ischium
with ventral seta; merus 4.6 L:W, 0.9x carpus, with ventrodistal
spine; carpus 1.7 L:W, 1.0x propodus, with dorsodistal seta,
simple ventrodistal small spine, and long ventrodistal blade-like
spine (0.6x propodus); propodus 3.9 L:W, 3.9x dactylus and
unguis combined length, with one ventrodistal robust seta (0.4x
dactylus and unguis combined length); dactylus 0.9x unguis.

Pereopod-4 (Figure 7E) overall 8.4 L:W; basis 3.9 L:W,
3.5x merus, with penicillate ventral seta; ischium with ventral
seta (second seta not seen); merus 1.8 L:W, 0.6x carpus,

with spine; carpus 8.5 L:W, 1.1x propodus, with dorsodistal
seta, and two spines (short and long) and one short blade-
like spine (0.3x propodus) distally; propodus 4.3 L:W, 1.9x
dactylus and unguis combined length, with two serrate ventral
spines and one serrate dorsodistal seta (1.7x dactylus and
unguis combined length), and one penicillate middorsal seta;
dactylus 3.0x unguis.

Pereopod-5 (Figure 7F) overall 7.3 L:W; basis 3.3 L:W, 3.9x
merus, with penicillate ventral seta; ischium with two ventral
setae; merus 1.5 L:W, 0.6x carpus, with spine; carpus 2.6 L:W,
1.0x propodus, with dorsodistal seta, small spine and short
blade-like spine (0.3x propodus) distally; propodus 5.0 L:W, 3.3x
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FIGURE 7 | Pseudotanais barossai sp. nov.; neuter (J61545), (A), cheliped; (B), pereopod-1; (C), pereopod-2, (D), pereopod-3; (E), pereopod-4; (F), pereopod-5;
(G), pereopod-6; (H), pleopod; (I), uropod. Scale lines = 0.1 mm.

dactylus and unguis combined length, with dorsal penicillate seta,
two serrate ventrodistal spine, one serrate dorsodistal seta (1.7
dactylus and unguis combined length); dactylus 1.5x unguis.

Pereopod-6 (Figure 7G) basis broken; ischium with two
ventral setae; merus 1.7 L:W, 0.6x carpus, with spine; carpus
3.1 L:W, 1.1x propodus, with dorsodistal seta, small spine and
short blade-like spine (0.3x propodus) distally; propodus 5.0 L:W,
2.7x dactylus and unguis combine length, with two serrate
ventrodistal setae and two serrate dorsodistal setae (longer setae
2.9x dactylus and unguis combined length); dactylus 2.7x unguis.

Pleopods (Figure 7H) poor condition, exopod not observed;
endopod with nine setae.

Uropod (Figure 7I) peduncle 0.9 L:W; exopod with two
articles; 6.6 L:W; article-1 3.2 L:W, with simple seta; article-2

5.7 L:W, with two distal setae (short and long); endopod 6.0 L:W;
article-1 3.1 L:W, naked; article-2 4.0 L:W, with four simple setae
and one penicillate distal seta. Exopod 0.8x endopod.

Distribution. Species known only from type locality, off
Kangaroo Island (SE Australia) at depth 1548 m.

Remarks. Pseudotanais barossai sp. nov. has a thin spine
on antenna article-2 and with this it can be separated from
P. abathagastor and P. mariae which have a weaker seta at this
position, and P. barnesi that lacks any seta. Furthermore, a thin
spine on antennal article-3 also distinguishes P. barossai from P.
amundseni, which has a weaker seta. In addition, a single spine on
the pereopods 2–6 merus differentiates P. barossai from all other
congeners that have a combination of spine and seta, two setae or
being naked at this position.
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Pseudotanais coonawarrai sp. nov.

This species is registered in ZooBank number: LSID urn:lsid:
zoobank.org:act:9C6979E0-B0A2-47FE-8C4B-54B5CA2CA
C39.

Diagnosis. Antenna articles 2–3 with spine. Mandible molar
coronal with two distal spines. Pereopod-2 carpus blade-like
spine short (0.4x propodus). Pereopods 2–6 merus with spine and
seta. Uropod exopod 0.8x endopod.

Material examined. Holotype, neuter 2.9 mm, partly dissected
(J62734), SLOPE 134.

Etymology. In the Bindjali Aboriginal language,
coonawarra is honeysuckle and a wine region from southern
Australia, as genitive.

Description of female. BL = 2.9 mm. Body robust
(Figure 8A) 4.1 L:W. Cephalothorax 0.9 L:W, 1.1x pereonites
1–3, 0.2x BL. Pereonites 0.6x BL, pereonite-1 0.5x pereonite-2,
pereonites 1–6: 0.2, 0.2, 0.4, 0.6, 0.7, and 0.6 L:W, respectively;
pereonites 1, 4–6 with small anterolateral setae. Pleon short,

0.4x BL. Pleonites 0.9 L:W, pleonites 1–2 and 4–5 with
dorsolateral pair of setae. Pleotelson 5.3x pleonite-5, with pair of
laterodistal setae.

Antennule (Figure 8B) article-1 3.9 L:W, 2.8x article-2, with
one simple and two penicillate midlength setae, and one simple
and three penicillate distal setae; article-2 2.5 L:W, 1.2x article-
3, with two simple setae and one distal penicillate seta; article-3
3.7 L:W, with one simple, one penicillate, four bifurcated setae
and one aesthetasc.

Antenna (Figure 8C) article-2 1.1 L:W; 0.9x article-3, with
spine (0.3x article-2); article-3 1.4 L:W, 0.3x article-4, with spine
(0.2x article-3); article-4 6.2 L:W, 2.7x article-5, with middorsal
penicillate seta, three simple and three penicillate distal setae;
article-5 3.3 L:W, 7.7x article-6, with distal seta; article-6 0.5 L:W,
with four distal setae.

Labrum (Figure 8D) rounded, finely setulate. Left mandible
(Figure 8E) lacinia mobilis well developed, distally serrate, incisor
distal margin beveled and serrate, molar coronal with two longer
distal spines. Right mandible not recovered. Labium (Figure 8F)

FIGURE 8 | Pseudotanais coonawarrai sp. nov; neuter (J62734), (A), dorsal; (B), antennule; (C), antenna; (D), labrum; (E), left mandible; (F), labium; (G), maxillule;
(G’) maxillule endite; (H), maxilla; (I), maxilliped; (J), epignath. Scale lines (A) = 1 mm, (B–I) = 0.1 mm.
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simple, rounded, glabrous. Maxillule (Figure 8G) endite with
eight distal spines and outer subdistal setae; palp (Figure 8G’)
with two setae. Maxilla (Figure 8H) almost circular, naked.

Maxilliped (Figure 8I) palp article-1 1.2 L:W, naked, article-2
1.0 L:W, with fine outer and three inner setae (one minute, one
very long); article-3 0.9 L:W, with one shorter and three longer
inner setae, article-4 1.6 L:W, with one sub-distal and five distal
setae. Maxilliped endites mostly fused but with distinct central
cleft, each with two round gustatory cusps. Epignath (Figure 8J)
linguiform, simple, naked.

Cheliped (Figure 9A) basis 1.5 L:W, naked; merus with ventral
seta; carpus 1.6 L:W, 1.0x palm, with two midventral setae and
middorsal seta; chela non-forcipate, palm 1.6 L:W with seta near
the dactylus insertion; fixed finger 3.0 L:W, 0.7x palm, with three
setae on cutting edge (ventral seta not seen); dactylus 4.7 L:W,
cutting edge smooth, with dorsoproximal seta.

Pereopod-1 (Figure 9B) overall 14.3 L:W; basis 7.2 L:W, 4.0x
merus, with one dorsoproximal and two (or three) ventral setae;
ischium with ventral seta; merus 2.3 L:W and 0.8x carpus, with
minute ventrodistal seta; carpus 2.4 L:W, 0.7x propodus, with one

FIGURE 9 | Pseudotanais coonawarrai sp. nov.; neuter (J62734), (A), cheliped; (B), pereopod-1; (C), pereopod-2, (D), pereopod-3; (E), pereopod-4; (F),
pereopod-5; (G), pereopod-6; (H), pleopod; (I), uropod. Scale lines = 0.1 mm.
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ventrodistal and two dorsodistal setae; propodus 4.4 L:W, 0.6x
dactylus and unguis combined length, with one subdistal seta,
dactylus 0.5x unguis, with proximal seta.

Pereopod-2 (Figure 9C) overall 9.6 L:W; basis 4.7 L:W,
4.3x merus, with mid-dorsal penicillate seta and mid-
ventral simple seta; ischium with ventral seta; merus
1.1 L:W, 0.6x carpus, with seta and spine ventrodistally;
carpus 2.3 L:W, 0.9x propodus, with dorsodistal seta, small
distal seta, and short spine and blade-like spine (0.4x
propodus) ventrodistally, several comb-like scales distally;
propodus 5.0 L:W, 1.7x dactylus and unguis combined
length, with one distal seta (0.3x dactylus and unguis
combined length), with comb-like scales along dorsal margin;
dactylus 0.5x unguis.

Pereopod-3 (Figure 9D) overall 15.9 L:W; basis 3.7 L:W,
2.9x merus, with two simple and one penicillate midventral
setae; ischium with ventral seta; merus 1.4 L:W, 0.8x carpus,
with seta and spine ventrodistally; carpus 2.0 L:W, 1.0x
propodus, with dorsodistal seta, small seta, small spine and
short ventrodistal blade-like spine (0.4x propodus) distally;
propodus 4.5 L:W, 1.5x dactylus and unguis combined length,
with one distal seta (0.4x dactylus and unguis combined length);
dactylus 0.3x unguis.

Pereopod-4 (Figure 9E) overall 6.2 L:W; basis 2.5 L:W, 3.8x
merus, with small simple ventroproximal seta and long penicillate
midventral seta; ischium with two ventral setae; merus 1.3 L:W,
0.5x carpus, with seta and spine; carpus 3.3 L:W, 1.2x propodus,
with one seta, two spines (short and longer) and short blade-
like spine (0.2x propodus); propodus 4.7 L:W, 2.8x dactylus and
unguis combined length, with two serrate ventrodistal setae and
one serrate dorsal seta (2.3x dactylus and unguis combine length)
and penicillate seta dorsally; dactylus 1.5x unguis.

Pereopod-5 (Figure 9F) overall 5.5 L:W; basis 2.7 L:W, 5.0x
merus, with simple ventroproximal seta and short penicillate
midventral seta; ischium with two ventral setae; merus 1.3 L:W,
0.4x carpus, with seta and spine; carpus 3.0 L:W, 1.2x propodus,
with dorsodistal seta, two distal spines and short blade-like spine
(0.2x propodus); propodus 4.6 L:W, 2.9x dactylus and unguis
combined length, with two serrate ventrodistal setae and serrate
dorsodistal seta (2.9x dactylus and unguis combined length);
dactylus 1.7x unguis.

Pereopod-6 (Figure 9G) overall 5.4 L:W; basis 2.7 L:W, 4.6x
merus, with proximal penicillate seta; ischium with two ventral
setae; merus 1.6 L:W, 0.5x carpus, with seta and spine; carpus
2.7 L:W, 1.2x propodus, with one seta, two spines and short
blade-like spine (0.3x propodus); propodus 4.6 L:W, 2.9x dactylus
and unguis combined length, with two serrate ventral setae and
two serrate dorsal setae (longer seta 2.5x dactylus and unguis
combined length); dactylus 1.7x unguis.

Pleopods (Figure 9H) rami long and slender, exopod with five,
endopod with nine setae.

Uropod (Figure 9I) peduncle 1.2 L:W; exopod with two
articles; 9.5 L:W; article-1 6.0 L:W, with subdistal seta; article-
2 4.7 L:W, with two setae distally; endopod 7.7 L:W; article-1
3.5 L:W, with one simple and one penicillate setae; article-2
4.5 L:W, with one subdistal and two simple setae, and one
penicillate distal seta. Exopod 0.8x endopod.

Distribution. Species known only from the type locality off
Cape Otway (SE Australia) at depth 1021 m.

Remarks. The combination of antenna articles 2–3 with
spines, coronal mandible molar, short ventrodistal setae on
the pereopod-1 merus and carpus, and slender uropods places
P. coonawarrai sp. nov. in the “denticulatus + abathagastor”
group. A spine on the antenna article-2 distinguishes the new
species from P. abathagastor and P. mariae, which have a seta
on this article, and from P. barnesi, which has this article naked.
The uropod exopod, shorter than the endopod (0.8x), separates
P. coonawarrai from P. chaplini and P. oloughlini, where exopod
is 1.1x endopod, and from P. palmeri where the exopod and
endopod are equal. The presence of a spine and seta on the merus
of pereopods 4–6 separates P. coonawarrai from P. biopearli,
P. barossai, P. corollatus, P. georgesandae and P. locueloae, which
have a spine or two setae in this position. Finely, the absence of
wide-based spines on pereopods 2–3 in P. coonawarrai is similar
to P. denticulatus and P. kitsoni although it can be distinguished
by a short pereopod-2 with an overall proportion of 9.6 L:W
compared to > 13 L:W in P. denticulatus and P. kitsoni.

Key for the identification of Pseudotanais females of the
“denticulatus+ abathagastor” morpho-group.

1. Antenna article-3:
with spine or seta.......................................................................2
naked...........................................................................P. barnesi

2. Antenna article-3 with
seta............................................................................................. 3
spine.......................................................................................... 4

3. Antenna article-2 with; pereopods 4–6 merus with:
thin spine; spine and seta...................................P. amundseni
spine; two spines........................................................ P. elephas
seta; spine....................................................................P. mariae

4. Pereopods 4–6 ischium with:
one seta......................................................................................5
two setae....................................................................................6

5. Antenna article-4 L:W ratio:
< 7.0 L:W..................................................................................7
> 9.2 L:W...............................................................P. locueloae

6. Antenna article-4 L:W ratio
< 8.2 L:W..................................................................................9
> 8.3 L:W................................................................................10

7. Antenna article-2 with:
spine...........................................................................................8
seta.................................................................... P. abathagastor

8. Uropod exopod to endopod ratio:
0.8x........................................................................ P. livingstoni
1.1x. ........................................................................P. oloughlini

9. Antenna article-2 with:
spine. .......................................................................................12
seta.............................................................................. P. chopini

10. Uropod exopod to endopod ratio:
≤ 0.9x0....................................................................................11
≥ 1.1x. ......................................................................P. chaplini

11. Uropod endopod L:W ratio; pereopod-3 carpus blade-like
spine to propodus ratio; pereopod-6 carpus blade-like to
propodus ratio:
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9.0 L:W; 0.4x; 0.4x.................................................. P. biopearli
9.6 L:W; 0.5x; 0.3x............................................ P. denticulatus
6.6 L:W; 0.3x; 0.2x.......................................... P. georgesandae

12. Pereonite-1 to pereonite-2 length ratio:
≤ 0.6x......................................................................................13
0.9x..........................................................................P. corollatus

13. Uropod exopod L:W ratio:
≥ 8.2x......................................................................................14
6.6x...............................................................P. barossai sp. nov.

14. Uropod endopod L:W ratio:
≤ 8.4 L:W................................................................................15
10.0 L:W...................................................................... P. kitsoni

15. Antenna article-4 L:W; uropod exopod to endopod ratio:
6.7 L:W; 1.0x..............................................................P. palmeri
6.2 L:W; 0.8x........................................P. coonawarrai sp. nov.

Pseudotanais shirazi sp. nov.

This species is registered in ZooBank number: LSID urn:lsid:
zoobank.org:act:A52BE5EE-0195-4981-BBB2-7D9539660
95F.

Diagnosis. Antenna article 2–3 with seta. Mandible molar
acuminate, with distal spines. Maxilliped endites fused with
distinct central cleft, with one simple seta and two inner-
distal tubercles. Chela non-forcipate, smooth on dorsal margin.
Pereopods 4–6 unguis simple (not bifurcated).

Material examined. Holotype, neuter 1.8 mm (J59677),
SLOPE 67. Paratype, female dissected 2.1mm (J61517), neuter
1.9 mm (J74952), SLOPE 40; neuter, broken (J62733), SLOPE 53.

Etymology. Shiraz is a grape varied, mostly used in Australia
and South Africa, as genitive.

Description of female. BL = 2.1 mm. Body robust
(Figures 10A,B) 3.3 L:W. Cephalothorax 0.8 L:W, 1.3x pereonites
1–3, 0.2x BL, with subocular pair of setae on. Pereonites 0.8x
BL, pereonite-1 0.4x pereonit-2, pereonites-1–6: 0.1, 0.2, 0.3, 0.5,
0.6, and 0.3 L:W, respectively; pereonite 1 with midlateral seta;
pereonites 3–5 each with a pair of small lateral setae. Pleon short,
0.2x BL. Pleonites 0.7 L:W, pleonite-4 with pair of dorsal setae,
pereonite-5 with two pairs of setae on each side of midline.
Pleotelson 1.2x pleonite-5, with pair of simple and penicillate
laterodistal setae.

Antennule (Figure 10C) article-1 3.9 L:W, 2.5x article-2, with
one simple and three penicillate midlength setae, and one simple
subdistal and three penicillate distal setae; article-2 2.5 L:W,
1.3x article-3, with two simple and one penicillate distal setae;
article-3 2.5 L:W, with five simple setae and one penicillate seta,
aesthetasc not seen.

Antenna (Figure 10D) article-1 destroyed during dissection;
article-2 1.3 L:W; 1.3x article-3, with seta (0.3x article-2); article-3
1.3 L:W, 0.3x article-4, with seta (0.5x article-3); article-4 6.3 L:W,
2.0x article-5, with three simple and three penicillate subdistal
or distal setae; article-5 3.2 L:W, 9.5x article-6, with simple seta;
article-6 0.5 L:W, with four simple setae.

Labrum (Figure 10E) rounded, naked. Left mandible
(Figure 10F) lacinia mobilis well developed, distally serrate,
incisor distal margin beveled, serrate. Right mandible
(Figure 10G) incisor unequally bifid, distal margin serrate,

molar acuminate with distal spines. Labium (Figure 10I) simple,
slightly rectangular, glabrous. Maxillule (Figure 10H) endite with
ten distal spines and several outer subdistal setae. Maxilla not
recovered. Maxilliped (Figure 10J) basis with seta, little shorter
than endites; palp article-1 naked, article-2 1.2 L:W with fine
outer and three inner setae; article-3 1.4 L:W with one shorter
and three longer inner setae; article-4 1.9 L:W with one subdistal
and five distal setae.

Maxilliped endites mostly fused but with distinct central cleft,
each with small middle seta and two gustatory cusps. Epignath
(Figure 10K) linguiform, simple distally rounded.

Cheliped (Figure 11A) basis distally broken; merus with
ventral seta; carpus 1.3 L:W, 1.0x palm, with two midventral setae,
and one mid-dorsal and one dorsodistal small setae; chela non-
forcipate, palm 1.3 L:W; fixed finger 3.0 L:W, 0.8x palm with
one ventral seta, three setae on cutting edge, and one simple seta
near dactylus insertion; dactylus 3.8 L:W, cutting edge smooth,
without proximal seta.

Pereopod-1 (Figure 11B) overall 14.3 L:W; basis 7.5 L:W,
4.2x merus, with dorsoproximal seta; ischium with ventral seta;
merus 2.0 L:W and 0.9x carpus, with two ventrodistal setae (short
and long); carpus 2.5 L:W, 0.7x propodus, with two dorsodistal
and one ventrodistal setae; propodus 4.3 L:W, 0.9x dactylus and
unguis combined length, with one long ventrodistal seta; dactylus
0.4x unguis with proximal seta.

Pereopod-2 (Figure 11C) overall 13.4 L:W; coxa with seta;
basis 7.0 L:W, 4.5x merus, with middorsal penicillate seta;
ischium with ventral seta; merus 1.5 L:W, 0.6x carpus, with
ventrodistal seta; carpus 2.5 L:W, 1.0x propodus, with dorsodistal
spine, short ventrodistal spine and short blade-like spine
(0.2x propodus); propodus 5.2 L:W, 1.5x dactylus and unguis
combined length, with ventroproximal seta (0.2x dactylus and
unguis combined length); dactylus 0.7x unguis.

Pereopod-3 (Figure 11D) overall 19.3 L:W; basis 2.6 L:W,
2.1x merus, with midventral penicillate seta; ischium with
ventral seta; merus 1.3 L:W, 0.8x carpus, with two ventrodistal
setae; carpus 2.0 L:W, 1.1x propodus, with dorsodistal spine,
short ventrodistal spine and short blade-like spine (0.2x
propodus); propodus 3.6 L:W, 1.6x dactylus and unguis
combined length, with ventrodistal spine (0.3x dactylus);
dactylus 0.8x unguis.

Pereopod-4 (Figure 11E) overall 5.0 L:W; basis 2.3 L:W, 3.7x
merus, naked; ischium with ventral seta (second seta not seen);
merus 1.5 L:W, 0.6x carpus, with two ventrodistal spines and
several comb-like scales; carpus 3.3 L:W, 1.2x propodus, with
two long spines and short blade-like spine (0.1x propodus);
propodus 4.2 L:W, 3.6x dactylus and unguis combined length,
with penicillate dorsal setae, two serrate ventrodistal spines and
one serrate dorsodistal seta (1.5x dactylus and unguis combined
length); dactylus 1.8x unguis.

Pereopod-5 (Figure 11F) overall 4.6 L:W; basis 2.3 L:W,
3.9x merus, with two midventral penicillate setae; ischium with
two ventral setae; merus 1.6 L:W, 0.6x carpus, with two spines;
carpus 2.8 L:W, 1.1x propodus, with dorsodistal seta and short
blade-like spine (0.1x propodus) (spines not seen); propodus
4.0 L:W, 3.3x dactylus and unguis combined length, with
penicillate dorsal seta, two serrate ventrodistal spines, and one
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Błażewicz et al. Pseudotanaids From the Australian Slope

FIGURE 10 | Pseudotanais shirazi sp. nov; neuter (J59677), (A), dorsal; (B), lateral; (C), antennule; (D), antenna; (E), labrum; (F), left mandible; (G), right mandible;
(H), maxillule; endite; (I), labium; (J), maxilliped; (K), epignath. Scale lines (A,B) = 1 mm, (C–J) = 0.1 mm.

serrate dorsal seta (1.5x dactylus and unguis combined length);
dactylus 3.0x unguis.

Pereopod-6 (Figure 11G) overall 5.4 L:W; basis 2.5 L:W,
3.3x merus, with minute ventroproximal seta; ischium with
two ventral setae; merus 2.0 L:W, 0.8x carpus, with two
spines; carpus 1.2 L:W, 0.9x propodus, with dorsodistal seta,
two distal spines, and short blade-like spine (0.1x propodus);
propodus 4.8 L:W, 6.0x dactylus and unguis combined length,
with two serrate ventral setae and two serrate dorsal setae

(longer setae 2.5x dactylus and unguis combined length);
dactylus 2.0x unguis.

Pleopods (Figure 11H) rami long and slender, exopod with
six, endopod with eight setae.

Uropod (Figure 11I) peduncle 1.3 L:W; exopod with two
articles; 7.8 L:W; article-1 1.3 L:W, with distal seta; article-2
2.8 L:W, with two long setae; endopod 7.0 L:W; article-1 3.5 L:W,
with one simple and two penicillate setae; article-2 4.2 L:W, with
one subdistal and five distal setae. Exopod 0.7x endopod.
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FIGURE 11 | Pseudotanais shirazi sp. nov.; neuter (J74952), (A), cheliped; (B), pereopod-1; (C), pereopod-2, (D), pereopod-3; (E), pereopod-4; (F), pereopod-5;
(G), pereopod-6; (H), pleopod; (I), uropod. Scale lines = 0.1 mm.

Distribution. The species is known from off Gippsland and
Jervis Point SE Australia, at depths 400–1277 m.

Remarks. Pseudotanais shirazi sp. nov., with short conical
blade like-spines on the carpus of pereopods 2–6, is the second
species after P. intortus with this shape. Its maxilliped endites
with a distinct medial cleft and each with one simple seta and
two tubercles, distinguish it from P. intortus where the maxilliped
endites are fused and each have only one tubercle. Additionally,
the blade-like spine in pereopod-2 in P. shirazi is conical while,
in P. intortus pereopod-2 is more flattened, with the cavity in
the central part. A short propodal seta on pereopods 2–3 (0.2x
dactylus and unguis combined length) in P. shirazi is different

from P. intortus, where this spine is almost as long as dactylus and
unguis combined length (0.8x). Finally, the pereopods 4–6 unguis
is simple in contrast to P. intortus with a bifurcated unguis.

DISCUSSION

The present study provides for the first time information about
Pseudotanaidae species from the continental margin of SE
Australia near Bass Strait. From five species, two occurred off
eastern coast between Gippsland and Jervis Point (P. shirazi
and P. chardonnayi), and three on the southern coast between
Great Otway (Otway Point) and Kangaroo Island (P. caberneti,
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P. barossai and P. coonawarrai) (Figure 12). These five species
bring the total number of described pseudotanaid species to 94.
Until now the family was represented in Australian waters by
only one species – the shallow-water Akanthinotanais scrappi
(Bamber, 2005). Remarkably, the family is apparently absent
in the well sampled Bass Strait (Błażewicz-Paszkowycz and
Bamber, 2012; Bamber and Błażewicz-Paszkowycz, 2013), but
they were recorded at the deeper shelf (around 100 m) and at
the slope of West Australia (Bamber, 2005; McCallum et al.,
2015; Poore et al., 2015); also, it was recorded in two locations
of Great Barrier Reef e.g., Lizard and Heron Is; (Stȩpień et al.,
2018). Unfortunately, these collections were not identified to
species level.

The Pseudotanaidae is cosmopolitan family that encompass
all biogeographic zones (Watling et al., 2013). Collated
literature date on the distribution of currently recognized
pseudotanaid genera and the morpho-groups, allow to
group pseudotanaids into few categories (Table 2 and
Figure 13):

- Akanthinotanais and “forcipatus” can be common on the
shelf from the tropics to polar regions and have been only
occasionally recorded below the continental margin (Sieg,
1977; Bird and Holdich, 1989a,b) or the abyssal (Jakiel et al.,
2019). The former is still relatively understudied because of
its relative scarcity, and exhibits a range of morphologies that
may encompass several genera, even in a separate family;

- “denticulatus + abathagastor” and “affinis + longisetosus”
represent deep-sea fauna, but several species have been
recorded on the shelf of polar regions. This distribution
supports a polar emergence phenomenon observed for
several taxa (Wilson, 1998; Berkman et al., 2004; Błażewicz-
Paszkowycz, 2005; Raupach et al., 2012). With some
probability, this group could also be represented by
Beksitanais, although this assumption could be revised
when more records become available;

- “spicatus” is recorded on the upper, lower slope and in the
abyss;

- Parapseudotanais is recorded only from the abyss;
- Mystriocentrus is known from lower slope and the abyss.

To confirm that Parapseudotanais and Mystriocentrus are
deep-water genera requires more data. The species provisionally
classified to the “colonus” group does not reveal a clear
distribution pattern that suggest an artificial (non-monophyletic)
character of the group.

Apart from the Pseudotanaidae, in general, the peracarid
fauna of Australian coast is very diverse (Poore et al., 1994;
Lowry and Stoddard, 2003; Poore and Bruce, 2012). With
that background, tanaids are represented by 162 species in
66 genera (Edgar, 1997, 2008, 2012; Bamber, 2005, 2008;
Błażewicz-Paszkowycz and Bamber, 2007, 2009, 2012; Jóźwiak
and Błażewicz, 2021). This situation is apparently worse at the
shelf break where only nine species from seven genera and

FIGURE 12 | Distribution of Pseudotanaidae (described in this study) on the coast of SE Australia.
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TABLE 2 | Classification of Pseudotanaidae to genera and morpho-groups according to Bird and Holdich (1989b) and McLelland (2007).

Group Species Ocean Depth zone Province

“affinis + longisetosus” P. affinis Atlantic shelf Arctic

“affinis + longisetosus” P. macrocheles Atlantic shelf Northern European Seas

“affinis + longisetosus” P. rapunzelae Southern shelf Scotia Sea

“affinis + longisetosus” P. shackletoni Southern shelf Scotia Sea

“affinis + longisetosus” P. chardonnayi Pacific upper slope NZ-Kermadec

“affinis + longisetosus” P. caberneti Pacific upper slope Subantarctic

“affinis + longisetosus” P. longispinus Atlantic lower slope North Atlantic

“affinis + longisetosus” P. scalpellum Atlantic lower slope North Atlantic

“affinis + longisetosus” P. spatula Atlantic lower slope North Atlantic

“affinis + longisetosus” P. svavarssoni Atlantic lower slope North Atlantic

“affinis + longisetosus” P. nipponicus Pacific lower slope Northern Pacific Boreal

“affinis + longisetosus” P. longisetosus Southern lower slope Antarctic

“affinis + longisetosus” P. nordenskioldi Southern lower slope Antarctic

“affinis + longisetosus” P. gaiea Pacific abyssal Equatorial Pacific

“affinis + longisetosus” P. geralti Pacific abyssal Equatorial Pacific

“affinis + longisetosus” P. julietae Pacific abyssal Equatorial Pacific

“affinis + longisetosus” P. romeo Pacific abyssal Equatorial Pacific

“affinis + longisetosus” P. uranos Pacific abyssal Equatorial Pacific

“affinis + longisetosus” P. yenneferae Pacific abyssal Equatorial Pacific

“affinis + longisetosus” P. chanelae Pacific abyssal North Pacific

“affinis + longisetosus” P. curieae Pacific abyssal North Pacific

“affinis + longisetosus” P. monroeae Pacific abyssal North Pacific

“affinis + longisetosus” P. szymborskae Pacific abyssal North Pacific

“affinis + longisetosus” P. vitjazi Pacific abyssal North Pacific

Akanthinotanais A. breviaquas Atlantic shelf Lusitanian

Akanthinotanais A. siegi Atlantic shelf Lusitanian

Akanthinotanais A. similis Atlantic shelf Northern European Seas

Akanthinotanais A. mortenseni Atlantic shelf Warm Temperate Northwest Atlantic

Akanthinotanais A. scrappi Indian shelf Southwest Australian Shelf

Akanthinotanais A. gerlachi Indian shelf Central Indian Ocean Islands

Akanthinotanais A. malayensis Pacific shelf Marshall, Gilbert, and Ellis Islands

Akanthinotanais A. pedecerritulus Indian shelf South Kuroshio

Akanthinotanais A. gaussi Southern shelf Scotia Sea

Akanthinotanais A. guillei Southern shelf Scotia Sea

Akanthinotanais A. rossi Southern shelf Scotia Sea

Akanthinotanais A. kurchatovi Atlantic upper slope N Atlantic

Akanthinotanais A. makrothrix Pacific upper slope Cocos Plate

Akanthinotanais A. longipes Atlantic lower slope Northern Atlantic Boreal

Beksitanais B. vanhoeffeni Southern shelf Amundsen/Bellingshausen Sea

Beksitanais B. abyssi Atlantic lower slope Northern Atlantic Boreal

Beksitanais B. apocalyptica Pacific abyssal Equatorial Pacific

“colonus” P. borceai Atlantic shelf Black Sea

“colonus” P. lilljeborgi Atlantic shelf Northern European Seas

“colonus” P. falcifer Atlantic upper slope N Atlantic

“colonus” P. sigrunis Atlantic upper slope N Atlantic

“colonus” P. colonus Atlantic lower slope North Atlantic

“colonus” P. baresnauti Atlantic abyssal North Atlantic

“denticulatus + abathagastor” P. crassicornis Atlantic shelf Arctic

“denticulatus + abathagastor” P. amundseni Southern shelf Amundsen/Bellingshausen Sea

“denticulatus + abathagastor” P. barnesi Southern shelf Amundsen/Bellingshausen Sea

“denticulatus + abathagastor” P. biopearli Southern shelf Amundsen/Bellingshausen Sea

“denticulatus + abathagastor” P. kitsoni Southern shelf Amundsen/Bellingshausen Sea

“denticulatus + abathagastor” P. elephas Southern shelf Scotia Sea

(Continued)
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TABLE 2 | (Continued)

Group Species Ocean Depth zone Province

“denticulatus + abathagastor” P. livingstoni Southern shelf Scotia Sea

“denticulatus + abathagastor” P. palmeri Southern shelf Scotia Sea

“denticulatus + abathagastor” P. abathagastor Pacific upper slope N Pacific Boreal

“denticulatus + abathagastor” P. denticulatus Atlantic lower slope North Atlantic

“denticulatus + abathagastor” P. corollatus Atlantic lower slope Northern Atlantic Boreal

“denticulatus + abathagastor” P. coonawarrai Pacific lower slope Subantarctic

“denticulatus + abathagastor” P. barrossai Pacific lower slope Subantarctic

“denticulatus + abathagastor” P. chaplini Pacific abyssal Equatorial Pacific

“denticulatus + abathagastor” P. chopini Pacific abyssal Equatorial Pacific

“denticulatus + abathagastor” P. georgesandae Pacific abyssal Equatorial Pacific

“denticulatus + abathagastor” P. mariae Pacific abyssal Equatorial Pacific

“denticulatus + abathagastor” P. oloughlini Pacific abyssal Equatorial Pacific

“denticulatus + abathagastor” P. locueolae Pacific abyssal North Pacific

“forcipatus” P. isabelae Atlantic shelf Mediterranean Sea

“forcipatus” P. mediterraneus Atlantic shelf Mediterranean Sea

“forcipatus” P. stiletto Atlantic shelf Mediterranean Sea

“forcipatus” P. unicus Atlantic shelf Mediterranean Sea

“forcipatus” P. forcipatus Atlantic shelf Northern European Seas

“forcipatus” P. jonesi Atlantic shelf Northern European Seas

“forcipatus” P. mexikolpos Atlantic shelf Warm Temperate Northwest Atlantic

“forcipatus” P. californensis Pacific shelf Tropical East Pacific

“forcipatus” P. enduranceae Southern shelf Amundsen/Bellingshausen Sea

“forcipatus” P. discoveryae Southern shelf Scotia Sea

“forcipatus” P. scotti Southern shelf Scotia Sea

“forcipatus” P. artoo Atlantic upper slope S Atlantic

“forcipatus” P. soja Pacific upper slope N Pacific Boreal

“forcipatus” P. falcicula Atlantic lower slope North Atlantic

“forcipatus” P. vulsella Atlantic lower slope North Atlantic

“forcipatus” P. misericorde Atlantic lower slope Northern Atlantic Boreal

“forcipatus” P. inflatus Pacific abyssal North Pacific

not classified P. intortus Pacific upper slope N Pacific Boreal

Mystriocentrus M. serratus Atlantic lower slope North Atlantic

Mystriocentrus M. biho Atlantic lower slope Northern Atlantic Boreal

Mystriocentrus M. hollandae Pacific abyssal North Pacific

not classified P. oculatus Atlantic shelf Arctic

Parapseudotanais P. abyssalis Atlantic abyssal Arctic Basin

not classified P. shirazi Pacific upper slope NZ-Kermadec

spicatus P. tympanobaculum Pacific upper slope N Pacific Boreal

spicatus P. spicatus Atlantic lower slope North Atlantic

spicatus P. kobro Pacific abyssal Equatorial Pacific

The zoogeographical and bathymetrical classification according to Spalding et al. (2007) and Watling et al. (2013).

four families (Apseudidae: one species; Agathotanaidae: two
species, Anarthruridae six species, Paratanaidae: one species)
are formally described (three species were described from SE
Australia) (Larsen and Heard, 2001; Jóźwiak and Jakiel, 2012;
Bamber and Błażewicz-Paszkowycz, 2013; Gellert and Błażewicz,
2018). For this reason tanaids are regarded as a comparatively
non-diverse group, especially when compared to the other well
studied taxa as Isopoda being represented in SE Australia by 51

families (Poore et al., 1994). However, exploration of the deeper
shelf and slope of W Australia (McCallum et al., 2015; Poore
et al., 2015) proves that tanaids below the continental break are
diverse and the perceived lack of diversity mentioned above may
be an illusion. The collection of Pseudotanaidae that we studied
here is too limited to draw a conclusion about zoogeographical
relationships and their link to the complex geological/tectonic
history of SE Australia.
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FIGURE 13 | Distribution of pseudotanaid genera and morpho-groups according to Bird and Holdich (1989b) and McLelland (2007) (for details see Table 2). The
zoogeographical and bathymetrical classification according to Spalding et al. (2007) and Watling et al. (2013). The size of the pies corresponds to the number of
species recorded.
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Bamber, R. N., Bird, G., Błażewicz-Paszkowycz, M., and Galil, B. (2009).
Tanaidaceans (Crustacea: Malacostraca: Peracarida) from soft-sediment
habitats off Israel, eastern Mediterranean. Zootaxa 2109, 1–44.

Berkman, P. A., Cattaneo-Vietti, R., Chiantore, M., and Howard-Williams, C.
(2004). Polar emergence and the influence of increased sea-ice extent on the
Cenozoic biogeography of pectinid molluscs in Antarctic coastal areas. Deep.
Res. Part II Top. Stud. Oceanogr. 51, 1839–1855. doi: 10.1016/j.dsr2.2004.07.017

Bird, G. J. (1999). A new species of Pseudotanais (Crustacea, Tanaidacea) from
cold seeps in the deep Caribbean, collected by the French submersible Nautile.
Zoosystema 21, 445–451.

Bird, G. J., and Holdich, D. M. (1984). New deep-sea leptognathiid tanaids
(Crustacea, Tanaidacea) from the north-east Atlantic. Zool. Scr. 13, 285–315.
doi: 10.1111/j.1463-6409.1984.tb00044.x

Bird, G. J., and Holdich, D. M. (1989b). Tanaidacea (Crustacea) of the north−east
Atlantic: the subfamily Pseudotanainae (Pseudotanaidae) and the family
Nototanaidae. Zool. J. Linn. Soc. 97, 233–298. doi: 10.1111/j.1096-3642.1989.
tb00548.x

Bird, G. J., and Holdich, D. M. (1989a). Recolonisation of artificial sediments in the
deep Bay of Biscay by tanaidaceans (Crustacea: Peracarida), with a description
of a new species of Pseudotanais. J. Mar. Biol. Assoc. U K. 69, 307–317. doi:
10.1017/S0025315400029428
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Jóźwiak, P., and Jakiel, A. (2012). A new genus and new species of Agathotanaidae
(Crustacea, Tanaidacea) from West Australia. Zookeys 243, 15–26. doi: 10.3897/
zookeys.243.3408

Kaiser, S., Lörz, A.-N., Bird, G., Malyutina, M., and Bowden, D. (2018). Benthic
boundary layer macrofauna from the upper slope of the Chatham Rise (SW
Pacific). Mar. Ecol. 2018:e12521. doi: 10.1111/maec.12521

Frontiers in Marine Science | www.frontiersin.org 23 November 2021 | Volume 8 | Article 779001106

https://doi.org/10.1080/00222933.2012.742164
https://doi.org/10.1016/j.dsr2.2004.07.017
https://doi.org/10.1111/j.1463-6409.1984.tb00044.x
https://doi.org/10.1111/j.1096-3642.1989.tb00548.x
https://doi.org/10.1111/j.1096-3642.1989.tb00548.x
https://doi.org/10.1017/S0025315400029428
https://doi.org/10.1017/S0025315400029428
https://doi.org/10.3897/ab.e51315
https://doi.org/10.3897/ab.e51315
https://doi.org/10.1080/00222930500450879
https://doi.org/10.1080/00222930500450879
https://doi.org/10.24199/j.mmv.2012.69.01
https://doi.org/10.24199/j.mmv.2012.69.01
https://doi.org/10.11646/zootaxa.3926.4.10
https://doi.org/10.1016/j.dsr.2020.103449
https://doi.org/10.1016/j.dsr.2020.103449
https://doi.org/10.1007/s12526-017-0826-9
https://doi.org/10.1007/s12526-017-0826-9
https://doi.org/10.1016/j.pocean.2020.102288
https://doi.org/10.1007/s12526-018-0881-x
https://doi.org/10.11646/zootaxa.3995.1.18
https://doi.org/10.11646/zootaxa.3995.1.18
https://doi.org/10.1371/journal.pone.0077594
https://doi.org/10.7717/peerj.11607
https://doi.org/10.3897/zookeys.243.3408
https://doi.org/10.3897/zookeys.243.3408
https://doi.org/10.1111/maec.12521
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-779001 November 26, 2021 Time: 10:6 # 24

Błażewicz et al. Pseudotanaids From the Australian Slope

Kudinova-Pasternak, R. (1993). Tanaidacea (Crustacea, Malacostraca) collected in
the 43 cruize of the R/V “Dmitri Mendeleev” in the South-western Atlantic and
the Weddell Sea.– Trudy Instituta okeanologii. Akad. Nauk SSSR 127, 134–145.

Lang, K. (1949). Contribution to the systematics and synonymics of the Tanaidacea.
Ark. För Zool. 42, 1–14.

Larsen, K., and Heard, R. W. (2001). A new tanaidacean subfamily,
Bathytanaidinae (Crustacea: Paratanaididae), from the Australian continental
shelf and slope. Zootaxa 19, 1–22. doi: 10.11646/zootaxa.19.1.1

Lowry, J. K., and Stoddard, H. E. (2003). Zoological catalogue of Australia,
19.2B. Crustacea: Malacostraca: Peracarida: Amphipoda, Cumacea, Mysidacea.
Canberra: CISRO Publishing.
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Anna M. Jażdżewska1*†, Tammy Horton2†, Ed Hendrycks3, Tomasz Mamos1†,
Amy C. Driskell4†, Saskia Brix5† and Pedro Martínez Arbizu6†

1 Department of Invertebrate Zoology and Hydrobiology, Faculty of Biology and Environmental Protection, University of Lodz,
Lodz, Poland, 2 National Oceanography Centre, Southampton, United Kingdom, 3 Canadian Museum of Nature, Research
and Collections, Ottawa, ON, Canada, 4 Laboratories of Analytical Biology, National Museum of Natural History, Smithsonian
Institution, Washington, DC, United States, 5 Senckenberg am Meer, Department for Marine Biodiversity Research (DZMB),
c/o Biocenter Grindel, CeNak: Zoological Museum, Hamburg, Germany, 6 German Center for Marine Biodiversity Research
(DZMB), Senckenberg am Meer, Wilhelmshaven, Germany

Paralicella tenuipes Chevreux, 1908 and Paralicella caperesca
Shulenberger and Barnard, 1976 are known as widely distributed deep-sea scavenging
amphipods. Some recent studies based on genetic data indicated the presence of high
intraspecific variation of P. caperesca suggesting it is a species complex. Based on
published molecular data from the Pacific and Indian oceans and new material obtained
from the North and South Atlantic, we integrated the knowledge on the intraspecific
variation and species distribution of the two nominal taxa. The study included analysis
of three genes (COI, 16S rRNA, 28S rRNA) and revealed the existence of a single
Molecular Operational Taxonomic Unit (MOTU) within P. tenuipes and six different
MOTUs forming P. caperesca. The distribution pattern of the recognized lineages varied
with three (P. tenuipes, MOTU 1 and MOTU 5 of P. caperesca) being widely distributed.
There was evidence of contemporary population connectivity expressed by the share
of the same COI haplotypes by individuals from very distant localities. At the same time
no signal of recent demographic changes was observed within the studied taxa. The
time-calibrated phylogeny suggested the emergence of species to be at the time of
Mesozoic/Cenozoic transition that may be associated with global changes of the ocean
circulation and deep sea water cooling.

Keywords: biodiversity, biogeography, species connectivity, abyss, COI barcoding, 16S rRNA gene, 28S rRNA
gene, species delimitation

INTRODUCTION

The deep sea, the largest ecosystem in the World, has received particular attention in recent decades.
Apart from scientific curiosity, advances in technology allowing the collection of deep-sea mineral
or biological resources (e.g., deep-sea mining or fisheries) have rendered this ecosystem of interest
also for commerce (Victorero et al., 2018; Hein et al., 2020). At the same time, signs of human
impact (both direct and indirect) and low recovery rate of the deep-sea communities have been
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observed (Fischer et al., 2015; Gollner et al., 2017; Jones et al.,
2017; Chiba et al., 2018). Despite the large efforts that scientists
have put into the exploration and characterization of the deep-
sea ecosystem, it is still insufficiently understood (Ramirez-Llodra
et al., 2010). Central among the still poorly known factors are
the identities, distributional ranges and population connectivity
of the species that live there. Rex et al. (2005) concluded that the
abyssal fauna is constituted by the populations of survivors from
the bathyal and as such it is less diverse. Recent analyses of abyssal
benthic communities have partly challenged the paradigm,
reporting very high diversities of several invertebrate groups,
especially when applying molecular studies (e.g., Brandt et al.,
2007; Janssen et al., 2015; Jażdżewska and Mamos, 2019; Brix
et al., 2020). It was also observed that underwater physiographic
features, although not being surmountable barriers for species
connectivity, may restrict dispersal, particularly for those taxa
lacking a free-living larval stage (Bober et al., 2018; Riehl et al.,
2018; Jakiel et al., 2019; Jażdżewska and Mamos, 2019; Brix et al.,
2020). Comparison of the geographic range sizes of shallow-water
and deep-sea fauna revealed that they are smaller in the former,
however the differences are not that large and the results are
significantly biased by the low availability of deep-sea data (Baco
et al., 2016). Other studies have provided evidence for deep-
sea species ranges that reach 500–2000 km, with several species
having much more limited distributions (Taylor and Roterman,
2017; Brix et al., 2018; Janssen et al., 2019; Washburn et al., 2021).
Moreover, application of molecular methods in studies of some
presumed cosmopolitan deep-sea species revealed that they are
complexes of taxa with more restricted ranges (Havermans, 2016;
Verheye et al., 2016).

Marine scavengers play an important role in the deep-sea
food web, recycling carbon reaching the seafloor as carrion and
making it available for other fauna (Havermans and Smetacek,
2018). The macrobenthic deep-sea scavenger community is
dominated by amphipod crustaceans (De Broyer et al., 2004;
Jamieson et al., 2011; Havermans and Smetacek, 2018; Horton
et al., 2020). Members of this specialist amphipod feeding
guild are well adapted by the possession of chemosensory
organs allowing for better localization of the carcass, and good
swimming abilities (Premke et al., 2003; De Broyer et al.,
2004). Amphipods are in the superorder Peracarida, a diverse
group of small shrimp-like taxa that brood their young in
a pouch, with no independent larval dispersal stage. Brandt
et al. (2012) summarized the distribution ranges of deep-sea
peracarids, and revealed that only 45 taxa were found in multiple
regions, among them 11 species of Amphipoda. One of the
species listed by these authors, Eurythenes gryllus (Mandt, 1822),
appeared to be a species complex (Havermans, 2016) challenging
former understanding of its cosmopolitan distribution. Of the
amphipod species listed as widely distributed, half belong to
the mobile deep-sea scavenger guild. Notable among these
are Paralicella caperesca Shulenberger and Barnard, 1976 and
Paralicella tenuipes Chevreux, 1908 that have been reported in
large numbers from baited traps in all oceans except the Arctic
and the Southern Ocean south of the Antarctic Polar Front (e.g.,
Chevreux, 1908; Shulenberger and Barnard, 1976; Ritchie et al.,
2015; Duffy et al., 2016; Horton et al., 2020; Patel et al., 2020).

The genus Paralicella currently contains six accepted species
(Table 1). The genus was created by Chevreux in 1908 for the
species Paralicella tenuipes, which was collected in large numbers
from baited traps in the North Atlantic (the lectotype was selected
from a trap set in the region of the Canary Islands at 5285 m)
(Chevreux, 1908).

A second species, Paralicella fusiformis (Birstein and
Vinogradov, 1955), was described based on an ovigerous female
of 17 mm length collected in a catch from 0 to 5500 m from
the Kuril-Kamchatka Trench in the Pacific Ocean (Birstein
and Vinogradov, 1955). The species was originally placed
in the genus Eurythenes. A third species, Paralicella microps
(Birstein and Vinogradov, 1958), was added, again in the genus
Eurythenes (Birstein and Vinogradov, 1958). In 1960, a fourth
species Paralicella similis Birstein and Vinogradov, 1960, was
described, and the authors, recognizing Chevreux’s earlier
work, transferred their species to the genus Paralicella, and
incorrectly synonymized the species P. fusiformis with P. tenuipes
(Birstein and Vinogradov, 1960). The authors noted the lack
of eyes in their specimens of P. fusiformis and the presence of
them in Chevreux’s P. tenuipes (but see note page 12 regarding
presence/absence of eyes in preserved material). The authors
also indicated the similarity between the beveled basis of the
pereopod 7 of their species P. microps, and that of P. tenuipes.

In 1976, Shulenberger and Barnard described the new species
Paralicella caperesca, from a collection of 220 specimens taken
in a trap set north of Oahu, Hawaii, at 5720 m. Barnard and
Shulenberger (1976) discussed the genus Paralicella, designating
a lectotype specimen for the species Paralicella tenuipes, after
noting that Chevreux’s original material contained specimens of
both P. tenuipes and P. caperesca. They also provide a key to the
genus and discuss the validity of two of Birstein and Vinogradov’s
species (P. fusiformis and P. microps) indicating the possibility
that these species are conspecific with P. caperesca and P. tenuipes
respectively. Barnard and Ingram (1990) added the last species,
Paralicella vaporalis, from the Pacific Ocean at the Hess Guyot
and Jasper Seamount from 706 to 1040 m, and provided an
updated key to the genus.

The separation of the six known species can be managed
morphologically using a number of characters (Table 1). The
presence of a small, red-brown eye and a strongly beveled basis
on pereopod 7, separate P. tenuipes and P. microps from the
remaining four species. These species can be separated by the
arrangement of the nodular setae in the middle of the apical
excavation of the inner plate of the maxilliped. This single, very
minor difference was postulated to be a phenotypic anomaly
by Barnard and Shulenberger (1976), and the species is in all
probability a synonym of P. tenuipes. The remaining four species
all lack a beveled basis on pereopod 7 and can be separated
into two groups using coxa 1, which is reduced and tapering
in P. similis and P. vaporalis, and expanded and adze-shaped
in P. fusiformis and P. caperesca. P. similis can be separated
from P. vaporalis on the shape of coxa 1 (rounded in P. similis,
triangular in P. vaporalis), and the basal articles of pereopods
5–7 (narrow in P. similis). Separation of the two remaining
species P. fusiformis and P. caperesca is more difficult and
relies on a number of quantitative characters which may be the
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TABLE 1 | The currently accepted Paralicella species with type localities and distinguishing morphological characters.

Species Paralicella tenuipes
(Chevreux, 1908)

Paralicella microps
(Birstein and Vinogradov,
1958)

Paralicella fusiformis
(Birstein and Vinogradov,
1955)

Paralicella caperesca
(Shulenberger and
Barnard, 1976)

Paralicella similis
(Birstein and Vinogradov,
1960)

Paralicella vaporalis
(Barnard and Ingram,
1990)

Type locality Canary Islands, North
Atlantic, 5285 m

Japan Trench, North West
Pacific, 0–6580 m

Kuril-Kamchatka Trench,
North West Pacific,
0–5500 m

North of Hawaii, Central
Pacific, 5720 m

East of New Zealand,
South-West Pacific,
0–3000 m

Hess Guyot and Jasper
Seamount, Pacific Ocean,
706–1040 m

Eye Small, non-ommatidial,
red-brown pigment

Small, non-ommatidial,
red-brown pigment

Apparently absent Large, non-ommatidial,
dispersed pigment, may
disappear in preservatives

Apparently absent Large, non-ommatidial,
dispersed pigment, may
disappear in preservatives

Coxa 1 Expanded and
adze-shaped

Expanded and
adze-shaped

Expanded and distally
rounded

Expanded with anterodistal
bevel

Reduced and tapering,
rounded

Reduced and tapering,
triangular

Apical excavation
and nodular setae
of the inner plate of
the maxilliped

Weakly excavate. Left with
one seta at distolateral
corner and two closely
appressed distomedially;
right with three, closely
appressed distomedially

Weakly excavate. Three
equally spaced setae: one
distolaterally corner one
distomedially, and one in
the center of the excavation

Not excavate. Nodular
setae unclear.

Moderately excavate. Three
unequally spaced setae:
one at distolateral corner
and two closely appressed
distomedially

Weakly excavate. Three
unequally spaced setae:
one at distolateral corner
and two closely appressed
distomedially

Weakly excavate. Three
unequally spaced setae:
one at midpoint and two
closely appressed
distomedially

Basis of pereopods
5-7

P5 slightly broadened, P6-7
broadened with strong
bevel

P5 slightly broadened, P6-7
broadened with strong
bevel

P5 slightly broadened, P6
narrowing distally, P7
broadened and
unbevelled

P5 slightly broadened, P6
narrowing distally, P7
broadened, with slight
bevel

P5-6 narrow, with
posteroventral lobe, P7
broadened, unbevelled,
with posteroventral lobe

P5-6 broad, with small
posteroventral lobe, P7
broadened, unbevelled,
with posteroventral lobe

Main references Chevreux, 1908; Barnard
and Shulenberger, 1976;
Shulenberger and Barnard,
1976

Birstein and Vinogradov,
1958; Barnard and
Shulenberger, 1976;
Shulenberger and Barnard,
1976

Birstein and Vinogradov,
1955; Barnard and
Shulenberger, 1976;
Shulenberger and Barnard,
1976

Barnard and Shulenberger,
1976; Shulenberger and
Barnard, 1976

Birstein and Vinogradov,
1960; Barnard and
Shulenberger, 1976;
Shulenberger and Barnard,
1976

Barnard and Ingram, 1990

Notes Probable synonym of
P. tenuipes

Potential senior synonym of
P. caperesca

Frontiers
in

M
arine

S
cience

|w
w

w
.frontiersin.org

3
D

ecem
ber

2021
|Volum

e
8

|A
rticle

750180

110

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-750180 December 1, 2021 Time: 14:2 # 4
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result of ontogenetic variation. If they are conspecific, the name
P. fusiformis would take priority over the more recently described
P. caperesca.

Barnard and Shulenberger (1976) studied both Pacific and
Atlantic specimens of P. caperesca and noted that there were
indeed some minor morphological differences, e.g., in the basal
articles of the antenna 2 flagellum, the right lacinia mobilis,
spination of the palp of maxilla 1, and cuticular spines and setules.
Minor differences in the slope on the ventral margin of the basis
of pereopod 7 were also noted, but these variations were common
to specimens from both Atlantic and Pacific collections.

No further detailed morphological studies on the genus have
been undertaken and there have been no further records of
the any of the other four Paralicella species in literature since
their original descriptions. It is now apparent from the recent
molecular studies (Ritchie et al., 2015; Bribiesca-Contreras et al.,
2021; Mohrbeck et al., 2021) that there are likely to be more
species residing in the P. caperesca complex. Determining the true
P. caperesca and P. fusiformis (if these do indeed represent valid
separate species), and clarifying the morphological characters
that separate the molecularly defined species will require very
detailed study of specimens of a variety of sizes and sexes from
each of the clearly defined MOTUs.

Owing to the availability of extensive published molecular
data and new material of Paralicella tenuipes and P. caperesca
from the Atlantic, Pacific and Indian Oceans we provide a
synthesis of the knowledge of the two species. We investigate
the hypothesis that these two apparently widely distributed
deep-sea species are actually complexes of molecularly uniform
and geographically and/or bathymetrically restricted taxa, and
provide an analysis of the phylogenetic relationships and
historical evolution of the genus.

MATERIALS AND METHODS

Data Assembly
In the present study, the datasets of two mitochondrial
(cytochrome c oxidase subunit I [COI] and 16S rRNA) as well as
one nuclear (28S rRNA) marker were analyzed. The material was
obtained from published articles available by March 2021 (Ritchie
et al., 2015; Jażdżewska and Mamos, 2019; Iguchi et al., 2020;
Mohrbeck et al., 2021; Weston et al., 2021) supplemented by
newly produced sequences. Figure 1 summarizes all datasets that
have been used in this study, and information on new material
collection, DNA extraction, amplification and sequencing is
presented below.

All chromatograms of the newly obtained sequences were
visually inspected, edited when reading mistakes happened in
Geneious 10.1.2, and primer sequences were trimmed. These
sequences were uploaded to GenBank under accession numbers:
COI: MZ655819–MZ655889, 16S: MZ655914–MZ655967,
28S: MZ655890–MZ655910. Relevant voucher information,
taxonomic classifications, and sequences of all studied genes
(except for already published 16S sequences) are deposited
in the dataset “DS-PCAPTEN” in the Barcode of Life Data

System (BOLD)1 (Ratnasingham and Hebert, 2007)2. Additional
summary that includes GenBank accession numbers for all
sequences is available in the Supplementary Material S1.

New Material Collection and DNA
Extraction
Thirty specimens of Paralicella (15 of each of P. caperesca
and P. tenuipes) were analyzed from samples collected at
the Porcupine Abyssal Plain Sustained Observatory (PAP-SO),
situated in the subpolar North-East Atlantic, at 48◦50′N 16◦30′W
and a water depth of 4850 m. Samples were collected by means of
baited trap (for trap details see Horton et al., 2020, and sampling
details in Hartman, 2019; Ruhl et al., 2019). In the South Atlantic,
41 individuals were collected at one station in the Brazilian Basin
during the DIVA-3 expedition. These individuals were collected
using a baited trap (its description and sampling procedure is
described in Martínez Arbizu et al., 2015).

In the case of North Atlantic amphipods, the total genomic
DNA was extracted from one-two pleopods using a mixture of
150 µl pure H2O with 0.015 g Chelex R© (SIGMA-ALDRICH Co.)
and 10 µl proteinase K. The digestion at 55◦C lasted for 6 h. The
DNA of individuals from the Brazilian Basin were extracted using
an AutoGenprep 965 extraction robot after overnight digestion at
55◦ in the AutoGen buffers with proteinase-K.

Cytochrome c Oxidase Subunit I Gene
Amplification and Sequencing
For North Atlantic individuals, the barcoding fragment of the
COI gene amplification was conducted with the degenerated
LCO1490-JJ and HCO2198-JJ primer pair (Table 2) and the
reaction conditions described in Hou et al. (2007). Sequences
were obtained by Macrogen Inc., the Netherlands on the Applied
Biosystems 3730xl capillary sequencer. One-way (forward)
sequencing was the standard procedure for all samples, but in
addition, at least one individual of each recognized MOTU was
sequenced in both directions.

The barcode fragment of the COI gene for the South Atlantic
specimens of the studied species was amplified and sequenced
with degenerate primers (dgLCO-1490/dgHCO-2198, Table 2)
according to the protocol described in Riehl et al. (2014).

Sequences were initially blasted using default parameters on
NCBI BLASTn and translated into amino acid sequences to
confirm that no stop codons were present.

16S rRNA Gene Amplification and
Sequencing
The 16S marker of 24 individuals (18 from the Central
Pacific and six from North Atlantic, preferably one-two per
each recognized BIN) was amplified using the primer pair
16SFt_amp/16SRt_amp2 (Table 2) in the conditions presented by
Lörz et al. (2018b). In the case of the Central Pacific specimens,
polymerase chain reaction was performed with AccuStart II PCR
SuperMix (Quantabio), while for North Atlantic ones DreamTaq

1www.boldsystems.org
2dx.doi.org/10.5883/DS-PCAPTEN
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FIGURE 1 | Summary of data used in the study with indication of the literature source, number of sequences and their initial length, general locality and original
identification. (A) COI gene dataset, (B) 16S rRNA gene dataset, (C) 28S rRNA gene dataset. Geographic codes: BB, Brazilian Basin; South Atlantic; CCZ,
Clarion-Clipperton Zone, Central Pacific; IO, Indian Ocean; NWP, North-West Pacific; SEP, South-East Pacific; SWP, South-West Pacific; PAP, Porcupine Abyssal
Plain, North Atlantic.

Green PCR Mastermix (Thermo Scientific) was used. Sequences
were obtained from Macrogen Inc., the Netherlands, with the
Applied Biosystems 3730xl capillary sequencer. Similarly to the

COI gene, one-way (forward) sequencing was the standard
procedure for all samples, but in addition, some individuals were
sequenced in both directions. Additionally, 30 sequences of the
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Jażdżewska et al. Diversity and Distribution of Paralicella

TABLE 2 | Summary of the primers used in the present study.

Gene Name Sequence 5′-3′ Direction Reference

COI LCO1490-JJ CHACWAAYCATAAAGATATYGG Forward Astrin and Stüben, 2008

HCO2198-JJ AWACTTCVGGRTGVCCAAARAATCA Reverse Astrin and Stüben, 2008

dgLCO-1490 GGTCAACAAATCATAAAGAYATYGG Forward Meyer, 2003

dgHCO-2198 TAAACTTCAGGGTGACCAAARAAYCA Reverse Meyer, 2003

16S 16SFt_amp GCRGTATIYTRACYGTGCTAAGG Forward Lörz et al., 2018b

16SRt_amp2 CTGGCTTAAACCGRTYTGAACTC Reverse Lörz et al., 2018b

16Sar CGCCTGTTTATCAAAAACAT Forward Palumbi et al., 1991

16Sbr CCGGTCTGAACTCAGATCACG Reverse Palumbi et al., 1991

28S 28F TTAGTAGGGGCGACCGAACAGGGAT Forward Hou et al., 2007

28S-700F AAGACGCGATAACCAGCCCACCA Forward Hou et al., 2007

28R GTCTTTCGCCCCTATGCCCAACTGA Reverse Hou et al., 2007

28S-1000R GACCGATGGGCTTGGACTTTACACC Reverse Hou et al., 2007

specimens from the South Atlantic were successfully amplified
and sequenced using the primer pair 16Sar/16Sbr (Table 2) at the
Smithsonian Institution’s Laboratories of Analytical Biology. The
protocol was as detailed in Riehl et al. (2014).

28S rRNA Gene Dataset
The analysis of the nuclear gene fragment was done on a
restricted number of individuals from the central Pacific and
North Atlantic. Twenty specimens representing 14 BINs (up to
three individuals per BIN) were chosen, for which both COI and
16S sequences were already available. The fragment of 28S gene
sequence amplification was conducted with the combination
of two forward (28F, 28S-700F) and two reverse (28R, 28S-
1000R) primers (Table 2) and reaction conditions published by
Hou et al. (2007). Polymerase chain reaction was performed
with AccuStart II PCR SuperMix (Quantabio) for central Pacific
individuals, and DreamTaq Green PCR Mastermix (Thermo
Scientific) for North Atlantic specimens. Sequencing in both
directions was performed by Macrogen Inc., the Netherlands,
while the editing of the sequences was similar to the procedure
for COI and 16S genes, resulting in 20 sequences of 1152–
1261 bp length.

Data Analysis
Separate alignments of the sequences of each gene were
performed with MAFFT 7 (Katoh et al., 2002; Katoh and
Standley, 2013) using the G-INS-i algorithm, the sequences
were trimmed to have all of them of the same length. The
RNA was homologous enough to use MAFFT software, the
alignment was carefully inspected by eye and no ambiguous
columns were found. Four alignments were produced: (1) full
dataset of all COI sequences with the alignment length of
594 bp, (2) dataset of all available 16S sequences (“short”:
length 267 bp), (3) restricted dataset of 16S sequences (“long”:
length 398 bp), (4) dataset of all available 28S sequences
(length: 1168 bp). Additionally, COI haplotypes were identified
and a COI haplotype dataset generated using DNA SP v6
(Librado and Rozas, 2009).

Species Delimitation
Five molecular species delimitation methods were applied to
reveal the Molecular Operational Taxonomic Units (MOTUs).
Two methods were distance-based: Barcode Index Number
(BIN) System (Ratnasingham and Hebert, 2013), and the
Assemble Species by Automatic Partitioning (ASAP) (Puillandre
et al., 2021). The following three were tree-based phylogenetic
approaches using Generalized Mixed Yule Coalescent (GMYC)
model-based method (Pons et al., 2006), according to Monaghan
et al. (2009), the Bayesian implementation of the Poisson Tree
Processes (bPTP) (Zhang et al., 2013) and multirate Poisson
Tree Process (mPTP) (Kapli et al., 2017). The dataset of all
COI sequences was used for BIN, ASAP and mPTP. Short 16S
sequences were analyzed with ASAP and GMYC, while both
the long ones and the 28S sequences were used for the above
two methods and mPTP. The restricted datasets of haplotypes
of all three markers were the basis for ASAP, bPTP, mPTP,
and GMYC analyses.

The BIN method is implemented as part of the Barcode
of Life Data system (BOLD; Ratnasingham and Hebert, 2007).
It compares newly submitted sequences with the sequences
already available. They are clustered according to their molecular
divergence using distance-based algorithms (single linkage
clustering followed by Markov clustering) that aim at finding
discontinuities between Operational Taxonomic Units (OTUs).
Each OTU receives a unique and specific code (aka Barcode Index
Number or BIN), either already available or new if the submitted
sequences do not cluster with already known BINs. Each BIN is
registered in BOLD.

The Assemble Species by Automatic Partitioning (ASAP)
(Puillandre et al., 2021) is a method that uses pairwise genetic
distances to assemble individuals into groups and proposes
species partitioning ranked according to a scoring system.

The GMYC method defines MOTUs through identification
of the switch from intraspecific branching patterns (coalescent)
to interspecific species branching patterns (Yule process) on
a phylogenetic tree. Because for GMYC an ultrametric tree is
required, as an input, a Bayesian tree was reconstructed in BEAST
2.6.3 (Bouckaert et al., 2019). The site model was set up with
bModelTest (Bouckaert and Drummond, 2017). The tree prior
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was set to Birth-Death following Bayes factors. Two runs of
Markov chain Monte Carlo (MCMC) were performed each 20 M
generations-long, sampled every 2,000 generations. Runs were
examined for convergence in Tracer 1.7 (Rambaut et al., 2018).
All runs reached the effective sample size (ESS) above 200 and
were combined using LogCombiner 2.6.3. The final tree was
summarized with TreeAnnotator 2.6.3, all being part of BEAST
2.6.3 package. The Bayesian tree was uploaded into the R 4.0.5
(R Core Team, 2021) software package ‘SPLITS’ (Species Limits
by Threshold Statistics) (Ezard et al., 2009) and analyzed using
the single threshold model.

For the following methods, a phylogenetic tree was
reconstructed with Maximum Likelihood (ML) approach using
RAxML 8.2.8 (Stamatakis, 2014) through raxmlGUI 2.0 (Edler
et al., 2021). The best-scoring ML trees were produced using the
GTRGAMMA substitution model. Bipartition information was
drawn from the phylogenies obtained with the rapid hill climbing
tree search algorithm. Statistical supports were estimated with
thorough bootstrap tests set to 1000 repetitions.

The bPTP incorporates the number of substitutions in the
model of speciation and assumes that the probability that a
substitution gives rise to a speciation event follows a Poisson
distribution (Zhang et al., 2013). The analysis was performed
on the bPTP webserver3 with 500,000 iterations of MCMC
and 10% burn-in.

The mPTP method incorporates different levels of
intraspecific genetic diversity deriving from differences in
either the evolutionary history or sampling of each species. The
method implements MCMC sampling that provides a fast and
comprehensive evaluation of the inferred delimitation (Kapli
et al., 2017). Five runs of 100 M MCMC generations long chain
with a burn in of 10% were performed on a local server.

Pairwise p-distances between all recognized MOTUs and
P. tenuipes were calculated on the complete COI dataset and
on the restricted dataset of COI haplotypes. Within MOTUs,
distances were also calculated using p-distance separately for
six datasets (two for COI, three for 16S, and one for 28S).
To visualize the MOTUs Neighbor-Joining (NJ) tree of all COI
sequences was generated based on p-distances (transition and
transversion substitution included and complete deletion) with
1000 bootstrap replicates (Felsenstein, 1985) in MEGA V7.0.18
(Kumar et al., 2016).

Molecular Operational Taxonomic Unit
Distribution and Population Connectivity
The distribution of each recognized MOTU was plotted on
the World map using QGIS 3.16 (QGIS.org, 2021). The
distributions included all records of both nominal species
extracted from the relevant literature (Supplementary Material
S2). Furthermore, to present the molecular divergence of
haplotypes and their geographical allocation, Median Joining
Networks were generated in PopART 1.7 (Bandelt et al., 1999)
separately for the two nominal species and independently for
each recognized MOTU within P. caperesca.

3https://species.h-its.org/ptp/

Reconstruction of Phylogeny and
Demography
Up to three individuals of each BIN were used to produce a time-
calibrated phylogeny. It was based on the combined COI and
16S dataset, so only the individuals with sequences of both genes
were included (except for the two BINs AEG2603 and ACZ4873,
for which only COI sequence was available). The analysis was
conducted in Beast 2.6.3 (Bouckaert et al., 2014). The molecular
clock was set using a strict clock and general for gammarid
amphipods the COI rate based on multiple calibration points
(including fossils) of 0.01773 substitutions/site Ma-1 (Copilaş-
Ciocianu et al., 2019). The value is in congruence with other
works on Amphipoda (e.g. Mamos et al., 2016). The substitution
model was selected via bModelTest (Bouckaert and Drummond,
2017). Birth-Death process was selected as a tree prior. Four runs
of the MCMC, each 20 million generations long and sampled
every 2,000 generations, were performed and examined for
convergence in Tracer 1.7 (Rambaut et al., 2018). All runs reached
the effective sample size (ESS) above 200 and were combined
using LogCombiner2.6.3. The final tree was summarized with
TreeAnnotator 2.6.3, all being part of BEAST 2.5.2 package.

Sampling of the studied taxa in different areas of the World
Ocean differed, but it was possible to separate geographic
populations for some of the MOTUs (MOTU 1, 4, and 5 of
P. caperesca and P. tenuipes) and they were further studied for
molecular diversity and demography. In this case, the minimum
number of individuals of a particular population was seven. The
COI molecular diversity of each population was calculated as the
total number of haplotypes and haplotype diversity. Historical
demographic patterns were explored using the COI data set
employing two approaches. First, to test for a recent demographic
expansion, Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997), Fu
and Li’s D (Fu and Li, 1993), Fu and Li’s F (Fu and Li, 1993; Achaz,
2009) Ramos-Onsins and Rozas’s (Ramos-Onsins and Rozas,
2002) indices were calculated using DNASP 6. Their statistical
significance was evaluated using 1000 simulated samples. Second,
the extended Bayesian skyline plot (eBSP) (Drummond et al.,
2005) in BEAST 2.5.2 was used to visualize the demographic
changes through time. The clock model, as well as the rate
and priors on the substitution models for each group, were
determined in the same way as for the time-calibrated phylogeny
population model was set to 0.5. The MCMC chain was run two
times to ensure convergence for 20 million generations, sampled
every 20,000 generations. One run for each data set was used to
plot the eBSP in R script4 after a 10% burn-in phase.

In order to assess putative relation between geographic and
molecular distances we used linear regression model in R
4.0.5 (see footnote 4). The visualization was performed for
Paralicella tenuipes and two MOTUs of P. caperesca (MOTU
1 and 5). Sampling locations were divided into the following
groups (putative populations): CCZ (Clarion-Clipperton Zone,
central Pacific), APEI 6 (North of CCZ, Central Pacific), NWP
(North-West Pacific), BB (Brazilian Basin, South Atlantic), PAP
(Porcupine Abyssal Plain, North Atlantic). Geographic distances

4http://www.r-project.org
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were estimated using Google Earth Pro. Within an ocean they
were measured by drawing straight line between central points of
each station group. Considering that in the case of the distances
between Pacific and Atlantic populations such method would
draw the line across the continent, for calculating the distances
between these groups of stations the line was drawn to surround
South America through the Drake Passage. Because of the low
number of groups to compare (max 10) we decided only to run
a simple linear regression visualization instead of correlation and
isolation by distance tests.

RESULTS

Species Delimitation
All species delimitation methods clearly separated the two
main lineages leading to the nominal Paralicella tenuipes and
P. caperesca (Figure 2). A few sequences identified as P. tenuipes
that grouped with P. caperesca seem to be associated with
identification mistakes and will be discussed later in the text. The
interspecies distances of COI between the two species varied from
0.156 to 0.188 (Table 3).

Delimitation within P. tenuipes recognized from one (majority
of methods) to four molecular units (Figure 2). The least
conservative were BIN system and ASAP based on COI sequences
that have recognized four units. GMYC recognized either three
(16S short sequences, 28S sequences) or two (16S long sequences)
MOTUs. The mean intraspecific p-distance of COI sequences
was 0.018 (0.000-0.040), while for COI haplotypes – 0.021
(0.002–0.040) (Table 4). For the 16S dataset, in the case of
short sequences the mean distance was 0.009, in the case of
long sequences it was 0.005 (0.007 for haplotypes). All 28S
sequences were identical.

Delimitation of MOTUs within P. caperesca varied strongly
from the recognition of a single unit (ASAP on COI haplotypes
and on all 16S combinations, mPTP on 16S haplotypes as well
as on 28S sequences and haplotypes, bPTP on 16S and 28S
haplotypes) to as many as 21 groups (bPTP on COI haplotypes)
(Figure 2). It confirms the existence of separate lineages. After
removing the extreme unifications and divisions, it may be
observed that four lineages represented by the following BINs:
BOLD:ADD2929 (MOTU 2), BOLD:AEH6662 (MOTU 3),
BOLD:ACZ5628 (MOTU 4), BOLD:ADD2497 (MOTU 6) were
most commonly separated from the rest of the groups. The
lineages forming the remaining two groups did not present a
stable pattern of unification/separation and for this study were
treated as two separate MOTUs. MOTU 1 consisted of seven
BINs (BOLD:AEG0263, BOLD:ACZ5625, BOD:ACZ5671,
BOLD:ACZ5631, BOLD:ACZ4905, BOLD:ACZ4904,
BOLD:ACZ5630), whereas MOTU 5 grouped six BINs
(BOLD:ACZ5627, BOLD:ACZ5629, BOLD:ACZ4489,
BOLD:ADP2618, BOLD:ACZ4873, BOLD:ACZ4903). The
COI p-distances between discriminated MOTUs of P. caperesca
ranged from 0.064 (between MOTU 1 and 2) to 0.128 (observed
for the MOTU 2 and 4 pair) (Table 3). The intraspecific
p-distances within nominal P. caperesca varied from 0.000 up to
0.133 of COI, from 0.000 to 0.094 of 16S and from 0.000 to 0.014

of 28S (Table 4). These values were clearly reduced when the
species were divided into suggested MOTUs. Within MOTU 1
p-distance of COI reached up to 0.072 (mean 0.028 for sequences
and 0.035 for haplotypes). Within 16S, the maximum p-distance
was 0.027, when the dataset of short (ca. 250 bp) sequences
was used, while it slightly raised up to 0.028 when the longer
fragment (ca. 400 bp) was analyzed. The 28S sequences within
MOTU 1 are identical. MOTUs 2, 3, 4, and 6 showed intraspecific
p-distances not higher than 0.003 no matter the dataset explored.
In the case of MOTU 5, the maximum p-distance of COI reached
0.059 (mean 0.029 for sequences, 0.031 for haplotypes). For the
16S gene, the dataset of short sequences showed lower values of
p-distance (max – 0.019, mean – 0.009), while they reached up
to 0.028 (mean 0.015 for sequences, 0.018 for haplotypes) in case
of longer sequences. The nuclear gene was diverse with a mean
p-distance of 0.011 (maximum – 0.014). MOTU 1 and 3 shared
a 28S sequence, while MOTU 5 was represented by three clearly
different sequences, additionally separated by the 28S sequence
of MOTU 4 (Supplementary Figure S1).

Molecular Operational Taxonomic Unit
Distribution and Populations
Connectivity
The literature records of both nominal species come from all
three oceans; the molecular study confirmed the pan-oceanic
distribution of P. tenuipes (Figure 3) and MOTU 1 of P. caperesca
(Figure 4). MOTU 5 was widely distributed in both Atlantic and
Pacific oceans, whereas MOTUs 4 and 6 were observed at a few
localities in the Pacific only. The most restricted geographically
appeared to be MOTU 2 and MOTU 3, each recognized from
a single station, the first in South-West Pacific and the second
in the North Atlantic. Although in some localities only a single
MOTU were observed, in the areas where more individuals of
P. caperesca were collected and studied, different lineages co-
occurred (Figure 4).

Out of the 19 haplotypes identified within P. tenuipes, seven
were singletons, the remaining ones were often shared between
the studied regions (Figure 5). As many as 171 individuals
represented one of the five dominant haplotypes, 34 individuals
characterized the remaining 14 haplotypes. The majority of
haplotypes of P. caperesca (56 out of 80) were singletons.
Within MOTU 1, there were four haplotypes shared between
geographical regions, with one almost equally represented in
Pacific and Atlantic oceans. One additional haplotype was
shared between North and South Atlantic, while another one
was found in South Atlantic and Indian Ocean (Figure 6).
The structure of the haplotype network of MOTU 1 has a
partially star-like topology with one central haplotype present
in Central Pacific and several haplotypes, differing from it by
a few mutations only, being widely distributed geographically.
MOTU 2, MOTU 3, and MOTU 4 were each restricted to
a single region, but all of them were represented by a few
individuals only. Among the 22 haplotypes recognized within
MOTU 5, only two were shared between regions, one identified
in Central and South-East Pacific, while the second present in
North-West and South-West Pacific. MOTU6 was represented
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FIGURE 2 | Neighbor-Joining tree presenting the clustering of all studied sequences and indication of different species delimitation. The branches were collapsed
according to the Barcode Index Numbers ascribed by BOLD. Cons, consensus MOTU delimitation. Data: COI seq, all COI sequences; COI hap, COI haplotypes;
16S s seq, 16S sequences (short ones); 16S lo seq, 16S sequences (long ones); 16S lo hap, 16S haplotypes (long sequences); 28S seq, 28S sequences; 28S hap,
28S haplotypes. Delimitation methods: mP, mPTP; bP, bPTP; A, ASAP; G, GMYC. Bootstrap support (1000 replicates), only values higher than 75 shown. Box with
red X inside – missing data.

TABLE 3 | Inter-species COI p-distances between MOTUs identified within P. caperesca.

Paralicella caperesca Paralicella tenuipes

MOTU 1 MOTU 2 MOTU 3 MOTU 4 MOTU 5 MOTU 6

Paralicella caperesca MOTU 1 0.066 0.093 0.113 0.108 0.096 0.186

MOTU 2 0.064 0.118 0.128 0.125 0.112 0.181

MOTU 3 0.092 0.118 0.087 0.094 0.085 0.176

MOTU 4 0.111 0.127 0.087 0.071 0.085 0.185

MOTU 5 0.109 0.124 0.098 0.076 0.094 0.188

MOTU 6 0.095 0.111 0.086 0.085 0.089 0.156

Paralicella tenuipes 0.181 0.181 0.176 0.185 0.185 0.157

Lower left – complete COI dataset, upper right – restricted dataset of COI haplotypes. In case of P. caperesca MOTUs highest values indicated in bold, the lowest –
italicized.

by two haplotypes, one of them present in North-West and
South-West Pacific.

Reconstruction of Phylogeny and
Demography
The Bayesian phylogenetic reconstruction confirmed the
existence of two main lineages leading to the nominal Paralicella

caperesca and P. tenuipes (Figure 7). This separation can be
estimated at ca. 37 Ma. The differentiation within P. tenuipes
can be estimated as happening within the recent 1 Ma. The
diversification within P. caperesca appeared between eight to two
Ma. Around eight million years ago, the lineages were divided
into two groups: combining MOTUs 1–3 and MOTUs 4–6. Soon
after this, the MOTU 6 separated from the rest, and six million
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years ago MOTU 3 diverged. Division between MOTU 4 and 5
happened ca. four Ma, while the most recent separation was of
MOTU 2 and MOTU 1, estimated at ca. two million years ago.

All values of haplotype diversity of P. tenuipes were significant
with the highest observed in the Central Pacific and the lowest
in the North Atlantic (Table 5). Haplotype diversity of MOTU
1 of P. caperesca (represented by 104 individuals in our study)
was highest in the North-West Pacific, but this value was not
statistically significant (Table 4). In the Central Pacific population
this measure was lower than in the North-West Pacific, but in
contrast to this region it was significant. The Atlantic population
was the least diverse of the three and the value was insignificant.
Within MOTU 5, the haplotype diversity of the North Atlantic
population was distinctly higher than that of the Central Pacific
(both values significant), however, only nine individuals of
MOTU 5 were collected in the whole Atlantic. From the results of
neutrality tests, some recent population contraction of Paralicella
tenuipes may be seen, particularly in South Atlantic. Whereas,
in the case of MOTU 1 of P. caperesca, a slight population
expansion in the Atlantic appeared. MOTU 5 seemed to have
a stable population in the Central Pacific, while in the North
Atlantic it was a sign of recent population contraction. The
neutrality tests were significant only in a few cases of MOTU
1 of P. caperesca. The results of eBSP confirmed no significant
drops or sudden expansion of populations of both species
(Supplementary Figures S2, S3), whereas linear regression
revealed no separation of the populations of P. tenuipes and
MOTU 5 of P. caperesca and a weak signal of differentiation for
MOTU 1 of the second species (Supplementary Figure S4).

DISCUSSION

Species Identification
Our study undoubtedly confirmed the separation of P. tenuipes
and P. caperesca. All individuals identified morphologically by
the taxonomists (TH, EH) as certain species were molecularly
ascribed to the correct group. This confirms the former findings
by Mohrbeck et al. (2021) and is in contrast with Ritchie et al.
(2015), who indicated that the characters used for morphological
species identification are not separating these two taxa correctly.
Because the publication of wrongly identified sequences may have
a large influence on future studies, it is important to clarify these
issues which we have done here (Table 6). Using the sequence
information of both COI and 16S, it can be seen that four
individuals from Ritchie et al. (2015) identified as P. tenuipes and
two presented as “unidentified primitive lysianassoid” appear to
be representatives of different clades of P. caperesca. Moreover,
one individual cited as Valettietta anacantha is represented
by the COI sequence (GenBank accession number: KP713950)
belonging to MOTU 1 (BOLD:ACZ5625) of P. caperesca. The 16S
of the same individual does not show similarity to any Paralicella
species but it groups with sequences of V. anacantha from the
study of Ritchie et al. (2015). The relatively short fragment of
the 18S gene (591 bp, GenBank accession number KT372893) is
the only available sequence of 18S of the genus Valettietta and
the whole family Valettiopsidae and presents 93-95% similarity
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FIGURE 3 | Distribution map of Paralicella tenuipes. Black dots indicate literature records. Green squares show stations from where the individuals for molecular
studies were obtained. Star – type locality of the species. Full list of references used to prepare the map in Supplementary File S2.

FIGURE 4 | Distribution map of Paralicella caperesca. Black dots indicate literature records. Color symbols (same as in Figure 1) show localities from where the
individuals for molecular study were obtained. Star – type locality of the species. Full list of references used to prepare the map in Supplementary File S2.

to various species of Alicellidae from the same study. There are
no sequences of this gene provided by other researchers to cross-
validate the sequence identity. As a result, it is impossible to
determine the reason why the COI sequence is almost identical

to those of P. caperesca while the 16S resembles another taxon.
As such, we recommend that this record be removed from
GenBank, or updated with proper comment, to avoid further
confusion. In a study by Iguchi et al. (2020), the identifications
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FIGURE 5 | Median Joining Network of all Paralicella tenuipes COI haplotypes
with indication of the division of the taxon into BINs. Colors indicate
geographic origin of haplotype.

were of Amphipoda at the order level. The comparison of COI
sequences obtained by these researchers with our data revealed
12 individuals to be P. caperesca (three different MOTUs) and one
individual of P. tenuipes (Table 6). There are also two sequences
of P. caperesca from the region of the Crozet Islands, provided
by Corrigan et al. (2014). They are both short (COI – 262 bp,
16S – 301 bp) and do not group with any available sequence
of Paralicella stored either in GenBank or BOLD. These records
should also be removed from public databases.

Cryptic Diversity
The diversity patterns of the two nominal species studied differ
considerably. Recent work by Bribiesca-Contreras et al. (2021)
and some species delimitation methods used by us (BINs,
ASAP on sequences, and GMYC) suggested further division of
P. tenuipes, but this is not supported by the majority of methods
and should be treated as so-called oversplitting of taxa. The
fact that mostly one unit was recognized and the observation
of low intraspecific distances confirm that no further division of
P. tenuipes is justified. Oversplitting has been reported for other
deep-sea species of Amphipoda from the North-West Pacific
(Lörz et al., 2018a; Jażdżewska and Mamos, 2019) and could
partly be explained by unequal sampling of all populations of
certain species. It is worth noting also that the length of the
studied fragment of the gene may have an influence on the final
delimitation results. In our study, it can be seen that in the case
of 16S sequences, when the shorter fragment was considered (ca.
250 bp), both the mean and maximum uncorrected p-distance
were higher than when the longer (ca. 400 bp) sequences were
analyzed (Table 4). It derives from the higher concentration of
variable sites (4.5%) in the shorter fragment of 16S amplified
by former authors studying P. tenuipes (Ritchie et al., 2015;
Weston et al., 2021).

The opposite situation can be seen within the nominal
P. caperesca that was further divided into separate MOTUs by

the majority of analytical methods (Figure 2) that suggests the
existence of cryptic speciation. The least conservative methods
suggested that P. caperesca consists of as many as 18-21 units
(e.g., BINs in BOLD). In this case, it appears that the BIN system
applied in BOLD may oversplit the taxa, which derives from the
fact that the threshold used is set at ca. 2% of COI sequence
similarity (Ratnasingham and Hebert, 2013). The threshold
values for this gene more successfully separating amphipod
species are set at 3–7% of molecular similarity and are suggested
to be family specific (Costa et al., 2009; Knox et al., 2012; Lobo
et al., 2017; Tempestini et al., 2018; Jażdżewska and Mamos,
2019). As a result, the best justified division suggests the existence
of six separate MOTUs within P. caperesca. Apart from two
dominant MOTUs (MOTU 1 and MOTU 5), the remaining ones
are represented by one to eight individuals. Samples containing
Paralicella generally contain very large numbers of individuals
(hundreds to thousands of specimens in each sample) and the
sorting and identification is therefore generally carried out by
the use of rapidly assessed morphological characters, indicating
initially that the specimen belongs to the genus Paralicella. This
is followed by separation at the species level as either P. tenuipes
(with a distinct small red/brown eye and a strong bevel on P7) or
P. caperesca (lacking the distinct small red/brown eye and lacking
a bevel on P7). It should be noted that P. caperesca specimens
possess a white or orange pigmented diffuse non-ommatidial
eye in fresh material, but this often fades after preservation, and
therefore it cannot be relied on for species determination.

The fine characters which are needed to distinguish between
the two nominal species in this study and the other members of
the genus (P. fusiformis, P. microps, P. similis, and P. vaporalis) are
not routinely checked during the sorting process. Now that there
is a clear indication that the P. caperesca complex comprises more
than a single entity, extra care will need to be taken when sorting
and identifying Paralicella samples, including examination of
coxa 1, uropods and possibly some mouthpart characters to
determine the species of Paralicella that is being dealt with.
Attention will need to be paid to the means by which it will be
possible to clearly discriminate between the MOTUs, particularly
considering the likelihood that they co-occur throughout their
range. This will mean revisiting the already collected samples
of many thousands of individuals, to first determine a means to
distinguish between the MOTUs morphologically and to describe
each in full (whilst in alignment with the known 6 species),
only then will we be able to clarify their distribution and depth
ranges. Presently, only a small group of specimens representing
four of the MOTUs defined here was available for morphological
study. Detailed description of the available molecularly defined
specimens is now underway.

Until such work can be completed, where studies involve
morphological species delimitation, P. caperesca should be
treated as a species complex, and cited as such in all publications.
It is also important to note that as for P. tenuipes, the
length of the 16S sequence fragment influences the uncorrected
p-distance results. In the case of MOTU 1, the use of a
short fragment suggests only a slightly higher diversity of
sequences in comparison to longer ones because the extension
of the studied fragment does not change the proportion of the
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FIGURE 6 | (A) Median Joining Network of all Paralicella caperesca COI haplotypes with indication of the division of the taxon into BINs and final MOTUs studied.
The numbers indicate mutation steps larger than 15. (B) Median Joining Networks of each studied MOTU of P. caperesca. Colors indicate geographic origin of
haplotype.

variable sites reaching in both cases ca. 4.5%. For MOTU 5
the opposite pattern may be observed (Table 4) deriving from
the considerable increase of variable sites (from two to six

percent) in the longer sequence. The results derived from
the longer fragment of 16S seem to be more congruent with
the results from the other two genes studied, so it is highly
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FIGURE 7 | Time-calibrated phylogeny of Paralicella caperesca and P. tenuipes. Maximum clade credibility chronogram was inferred from a strict molecular clock
model based on the COI + 16S data set of studied taxa. The numbers given next to the respective main nodes indicate Bayesian posterior probabilities (>0.5).
MOTUs 1–6 as separated by delimitation methods (in Figure 2). Colors indicate geographic distribution of given MOTU, while codes represent different BINs. Light
green box indicate potential timeline of Drake Passage opening, light yellow box – the closure of the Isthmus of Panama, the overlap time marked in yellowish green.

recommended to use the longer fragment of 16S in future
molecular studies.

Intraspecific diversification has already been observed by
Ritchie et al. (2015) who distinguished four clades within the
studied Paralicella specimens. ‘Group 1’ recognized in that study

corresponds to P. tenuipes, ‘Group 2’ relates to our MOTU 6 of
P. caperesca, ‘Group 3’ corresponds to our MOTU 5, whereas
‘Group 4’ combines individuals from our MOTU 1 and 2. In
the subsequent paper, presenting the population structure of
two Paralicella species collected in five distant Pacific trenches
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TABLE 5 | Summary of genetic diversity and neutrality tests of three MOTUs within P. caperesca (MOTU1, MOTU4, and MOTU5) and P. tenuipes including separation of
the geographic populations.

N h Hd FLD FLF Fu’s Fs R2 TD

P. caperesca MOTU1 104 50 0.93 − 0.58 − 0.69 − 9.37* 0.09 − 0.75

P. caperesca MOTU1 Central Pacific 67 30 0.89* 0.41 0.20 − 0.71 0.11 −0.33

P. caperesca MOTU1 Atlantic 26 14 0.88 − 2.17* − 2.04* − 2.67 0.08 − 1.33

P. caperesca MOTU1 North-West Pacific 7 6 0.95 0.17 0.12 1.51 0.17 − 0.27

P. caperesca MOTU4 7 4 0.81 − 0.52 − 0.55 − 1.39 0.17 − 0.65

P. caperesca MOTU5 88 22 0.78* 0.04 0.25 3.90 0.12 0.42

P. caperesca MOTU5 Central Pacific 73 14 0.69* 0.17 0.52 8.40 0.13 0.72

P. caperesca MOTU5 North Atlantic 9 4 0.78* 1.48 1.23 5.69 0.19 0.36

P. tenuipes 207 19 0.85* − 0.78 0.28 7.49 0.13 1.60

P. tenuipes Central Pacific 163 17 0.83* − 1.03 0.09 7.98 0.14 1.61

P. tenuipes Atlantic 35 7 0.76* 1.19 1.62 8.57 0.19 2.04

P. tenuipes North Atlantic 15 6 0.71* 1.21 1.16 4.10 0.18 0.84

P. tenuipes South Atlantic 20 6 0.80* 1.41 1.70 6.82 0.21 2.05

N, number of individuals; h, number of haplotypes; Hd, haplotype diversity; FLD, Fu and Li’s D; FLF, Fu and Li’s F, Fu’s Fs; R2, Ramos-Onsins and Rozas’s; TD, Tajima’s
D. *Indicates statistically significant value (p < 0.05).

(Ritchie et al., 2017) this division was only partly used –
Group 1 (P. tenuipes) was named RFLP sp. 1, while groups 2–4
(P. caperesca) were combined into a single unit – RFLP sp. 2.

One of the important issues emerging from the use of
molecular tools to identify species, particularly when cryptic
diversity is noticed and the type collection used for species
description is not available for genetic analysis, is to decide
which of the molecularly recognized units represents the
originally described taxon. For P. tenuipes, described from the
region of Canary Islands (Chevreux, 1908), the closest area
presently studied was the North Atlantic where representatives
of three BINs were identified (Figure 5). Nevertheless, they all
constitute a single species, and most probably they all inhabit
the type locality of this taxon, which is further justified by
the presence of the same BINs and haplotypes in the South
Atlantic. Since cryptic diversity has been recognized within
P. caperesca, deciding which of the lineages constitutes that
originally described (Shulenberger and Barnard, 1976) is more
difficult. This species was described from a large collection of
amphipods from North of Hawaii; molecular analysis was not
considered at that time. France and Kocher (1996) attempted to
extract and study DNA of certain deep-sea scavenging species
including P. caperesca and P. tenuipes collected in 1977 and
1978 in the Central North Pacific, most probably near the locus
typicus of the first species. Their study resulted in four sequences
of a short fragment of the 16S gene (ca. 160 bp) (GenBank
accession numbers: U92692, U92693, U92694, U92695). The
single sequence of P. tenuipes groups with sequences of
individuals representing BOLD:ACZ6441 confirming its identity.
Two sequences of P. caperesca have affinity to the 16S sequences
of individuals ascribed to BOLD:ACZ5625, while the third
is almost identical to the sequences of two individuals, one
representing BOLD:ACZ6571, the second – BOLD:ACZ4905. All
of these BINs belong to MOTU 1 of P. caperesca, which may
suggest that the species description was based on individuals
of this molecular unit. However, since the original collection
studied by Shulenberger and Barnard (1976) consisted of several

individuals and our study has already revealed that different
MOTUs of P. caperesca co-exist in the Central Pacific, any
decision on which MOTU can represent P. caperesca sensu stricto
must be preceded by detailed morphological examination and, if
possible, molecular study of the types.

Species Distribution and Population
Genetics
Based on morphological studies, both studied species have been
considered as widely spread or even cosmopolitan (Table 7;
Shulenberger and Barnard, 1976; Brandt et al., 2012). Our
study is the first that provides molecular evidence for the
cosmopolitanism of P. tenuipes, as well as a very wide distribution
of two of the MOTUs within P. caperesca. It confirms also the
wide bathymetric ranges (2189–3673 vertical metres) of these
species, mainly collected at abyssal depths (Table 7). It should
be underlined that the restricted number of individuals (five
in total) from the Indian Ocean for which the sequences were
available might have an influence on our knowledge of these
species’ distributions. However, a recent molecular study of
scavenging amphipods from hydrothermal vent fields in South-
East and Central Indian Ridge did not reveal the presence of
either P. tenuipes or any MOTU of P. caperesca there (Kniesz
et al., in review5). The specific conditions of the areas adjacent
to vent fields may influence the composition of the scavenging
fauna and may be the reason for not recording the presently
studied species. Additionally, the traps used in that study were
placed relatively shallow (2500–2900 m) while P. tenuipes and
P. caperesca seem to prefer greater depths. P. tenuipes was not
recorded south of Antarctic Convergence, whereas individuals
resembling P. caperesca have been recorded in the area of
South Shetland and South Sandwich Islands as well as in the
Lazarev Sea (De Broyer et al., 2004). Those animals however,

5Kniesz, K., Jażdżewska, A. M., Martinez Arbizu, P., and Kihara, T. C. (in review).
DNA barcoding of scavenging amphipod community at active and inactive
hydrothermal vents in the Indian Ocean. Front. Mar. Sci.
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TABLE 6 | Molecular identification of sequences from Corrigan et al. (2014); Ritchie et al. (2015), and Iguchi et al. (2020).

COI 16S

Original ID GenBank acc.
No

BIN GenBank acc. No Affinity to presently
studied sequence

Final ID

Corrigan et al., 2014

P. caperesca KF430243 No similarity to any
Paralicella spp.

KF430270 No similarity to any
Paralicella spp.

No identification possible to be
made, records should be
removed from public database

Ritchie et al., 2015

P. tenuipes KP713928 BOLD:ACZ6235 KP456110 P. tenuipes P. tenuipes

P. tenuipes KP713934 BOLD:ACZ6237 KP347450 P. tenuipes P. tenuipes

P. tenuipes KP713931 BOLD:ACZ6237 KP456113 P. tenuipes P. tenuipes

P. tenuipes KP713930 BOLD:ACZ6441 KP456112 P. tenuipes P. tenuipes

P. tenuipes KP713929 BOLD:ACZ6441 KP456111 P. tenuipes P. tenuipes

P. caperesca KP713925 BOLD:ACZ4905 KP456099 P. caperesca P. caperesca MOTU 1

P. caperesca KP713924 BOLD:ACZ5625 KP456101 P. caperesca P. caperesca MOTU 1

Unidentified
Primative
Lysianassoid

KP713917 BOLD:ACZ5625 KP456102 P. caperesca P. caperesca MOTU 1

Unidentified
Primative
Lysianassoid

KP713916 BOLD:ACZ6571 KP456100 P. caperesca P. caperesca MOTU 1

P. tenuipes KP713932 BOLD:ADD2929 KP456104 Separate clade
within P. caperesca

P. caperesca MOTU 2

P. tenuipes KP713933 BOLD:ADD2929 KP456103 Separate clade
within P. caperesca

P. caperesca MOTU 2

P. caperesca KP713923 BOLD:ACZ5627 KP456107 P. caperesca P. caperesca MOTU 4

P. caperesca KP713922 BOLD:ACZ4489 NA NA P. caperesca MOTU 5

P. caperesca KP713921 BOLD:ACZ4903 KP456105 P. caperesca P. caperesca MOTU 5

P. tenuipes KP713927 BOLD:ACZ4903 KP456106 P. caperesca P. caperesca MOTU 5

P. tenuipes KP713926 BOLD:ADD2497 KP456098 Separate clade
within P. caperesca

P. caperesca MOTU 6

P. caperesca KP713920 BOLD:ADD2497 KP456097 Separate clade
within P. caperesca

P. caperesca MOTU 6

Valettietta anacantha KP713950 BOLD:ACZ5625 KP456094 No similarity to any
Paralicella spp.

No identification possible to be
made, records should be
removed from public database

Iguchi et al., 2020

Amphipoda sp. B05-5 LC484992 BOLD:ACZ6571 NA NA P. caperesca MOTU 1

Amphipoda sp. B05-15 LC484983 BOLD:ACZ6571 NA NA P. caperesca MOTU 1

Amphipoda sp. B05-16 LC484984 BOLD:ACZ6571 NA NA P. caperesca MOTU 1

Amphipoda sp. B05-4 LC484991 BOLD:ACZ6571 NA NA P. caperesca MOTU 1

Amphipoda sp. B05-7 LC484994 BOLD:AEG0263 NA NA P. caperesca MOTU 1

Amphipoda sp. B05-10 LC484978 BOLD:ACZ4903 NA NA P. caperesca MOTU 5

Amphipoda sp. B05-12 LC484980 BOLD:ADD2497 NA NA P. caperesca MOTU 6

Amphipoda sp. B05-17 LC484985 BOLD:ADD2497 NA NA P. caperesca MOTU 6

Amphipoda sp. B05-18 LC484986 BOLD:ADD2497 NA NA P. caperesca MOTU 6

Amphipoda sp. B05-19 LC484987 BOLD:ADD2497 NA NA P. caperesca MOTU 6

Amphipoda sp. B05-8 LC484995 BOLD:ADD2497 NA NA P. caperesca MOTU 6

Amphipoda sp. B05-9 LC484996 BOLD:ADD2497 NA NA P. caperesca MOTU 6

Amphipoda sp. B05-6 LC484993 BOLD:ACZ6441 NA NA P. tenuipes

In bold the cases where the incongruence between original and final identification occurred.

Frontiers in Marine Science | www.frontiersin.org 16 December 2021 | Volume 8 | Article 750180123

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-750180 December 1, 2021 Time: 14:2 # 17
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TABLE 7 | Summary of distribution of both species with respect to results based on morphology and molecular methods.

Northernmost station Southernmost station General
distribution

Depth range [m]

Paralicella tenuipes morphology

50◦00.1′ N, 14◦19.3′ W
(Atlantic Ocean – PAP)

48◦59′ S, 51◦13′ E
(Indian Ocean – Crozet Island)

Cosmopolitan 1414–6546

Paralicella tenuipes genetics

49◦00′18.0′ ′N, 16◦28′15.6′ ′W
(Atlantic Ocean – PAP)

26◦33′10.8′ ′S 35◦11′16.8′ ′W
(Atlantic Ocean – Brazilian Basin)

Cosmopolitan 3818–6945

Paralicella caperesca morphology

54◦04.08′ N, 34◦09.43′ W
(Atlantic Ocean – PAP)

48◦59′ S, 51◦13′ E
(Indian Ocean – Crozet Island)

Cosmopolitan 1740–6537

Paralicella caperesca MOTU 1

49◦00′18.0′ ′N 16◦28′15.6′ ′W
(Atlantic Ocean – PAP)

26◦43′00.0′ ′S 175◦11′00.0′ ′W
(Pacific Ocean – Kermadec Trench)

Cosmopolitan 3818–6007

Paralicella caperesca MOTU 2

26◦43′00.0′ ′S 175◦11′00.0′ ′W
(Pacific Ocean – Kermadec
Trench)

Known from one station only Kermadec Trench 6007

Paralicella caperesca MOTU 3

48◦56′34.8′ ′N 16◦29′06.0′ ′W
(Atlantic Ocean – PAP)

Known from one station only Porcupine Abyssal
Plain

4846

Paralicella caperesca MOTU 4

12◦33′46.8′ ′N 116◦43′01.2′ ′W
(Pacific Ocean – CCZ)

19◦27′03.6′ ′N 120◦03′10.8′ ′W
(Pacific Ocean – CCZ)

Clarion-Clipperton
Zone

4057–4203

Paralicella caperesca MOTU 5

49◦00′18.0′ ′N 16◦28′15.6′ ′W
(Atlantic Ocean – PAP)

24◦58′00.0′ ′S 171◦03′00.0′ ′E
(Pacific Ocean – SFB)

Atlantic & Pacific
oceans

2500–6173

Paralicella caperesca MOTU 6

19◦22′31.8′ ′N 157◦52′58.2′ ′E
(Pacific Ocean – east of
Mariana Trench)

24◦58′00.0′ ′S 171◦03′00.0′ ′E
(Pacific Ocean – SFB)

West Pacific Ocean 2500–4100

PAP, Porcupine Abyssal Plain; CCZ, Clarion-Clipperton Zone; SFB, South Fidji Basin.

possessed certain characters that differed from the described
species (De Broyer, personal communication), since they were
not studied molecularly, we have not included these distribution
records in our study.

Low genetic diversity and wide distribution of deep-sea
species have been postulated by various authors (Zardus
et al., 2006; McClain and Hardy, 2010; Etter et al., 2011)
however, only a relatively low number of peracarid species are
reported to present large horizontal ranges (Brandt et al., 2012).
Recent studies of widely distributed species identified solely by
morphology have revealed species complexes of multiple taxa
with more restricted ranges when molecular methods are applied
(Havermans et al., 2013; Verheye et al., 2016; Jakiel et al.,
2019). Although cosmopolitanism of deep-sea species appears
to be less common than previously thought, certain scavenging

amphipod species have been confirmed by molecular studies
as widely distributed. These include Abyssorchomene distinctus
(Birstein and Vinogradov, 1960), Eurythenes magellanicus (Milne
Edwards, 1848), E. maldoror (d’Udekem d’Acoz and Havermans,
2015), Bathycallisoma schellenbergi (Birstein and Vinogradov,
1958) and Haptocallisoma abyssi (Oldevig, 1959) (Havermans,
2016; Jażdżewska et al., 2020; Mohrbeck et al., 2021; Weston
et al., 2021; Kniesz et al., in review5). Very few amphipod
species have had a very wide (>2 km) vertical distribution
molecularly confirmed, as has been observed here for Paralicella.
Similar to the situation of wide geographic ranges inferred from
morphological identification, several taxa previously listed as
recorded from a wide bathymetric range appear to be more
restricted when their genetic intraspecific structure is checked.
Among amphipod species of confirmed wide bathymetric range
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are Abyssododecas styx Takeuchi et al., 2016 and Rhachotropis
saskia Lörz & Jażdżewska (Takeuchi et al., 2016; Lörz et al.,
2018a). These two species inhabit abyssal and hadal depths of
North-West Pacific, whereas the Paralicella species from our
study are mainly abyssal taxa that are also collected in bathyal
depths. There is a report of the collection of P. caperesca in
the Indian Ocean that reached the research vessel deck still
alive (Treude et al., 2002) suggesting high resistance of this
species to decompression, however, this was an incidental case
as the majority of collected individuals were dead on arrival
at deck. However, other studies have confirmed the resistance
of this species to decompression (Macdonald and Gilchrist,
1980; Yayanos, 1981). It is known that these species do cross
the bathyal-abyssal border and have often been collected in
the water column several metres above the seafloor (Ingram
and Hessler, 1983; Thurston, 1990). Amphipods of the genus
Paralicella are known to be obligate scavengers (Havermans and
Smetacek, 2018; Horton et al., 2020). Carrion (particularly large
carcasses of nekton), although providing nutrition for a long
time and being more common in the deep sea than previously
expected, is believed to be irregularly deposited and unevenly
distributed over the seafloor (Smith and Baco, 2003; Havermans
and Smetacek, 2018). Near feeding or spawning grounds as
well as along species migration corridors, the availability of
carrion is high (Smith, 2007) but in other open ocean areas
this may not be the case. The irregularity of food availability
implies their special adaptations including, their well-developed
chemosensory system and good swimming abilities allowing
quick access to available food sources (Hessler et al., 1978;
Thurston, 1979; Ingram and Hessler, 1983; Klages et al., 2002;
Premke et al., 2003). These adaptations may partly explain the
wide horizontal ranges of the studied species, and to consider that
resistance to changing pressure may also allow these amphipods
to profit from food at different depths.

The separation of the two studied nominal Paralicella species
from another species from the family Alicellidae (the supergiant
amphipod, Alicella gigantea Chevreux, 1899) appeared to be
ca. 80 Ma, which is earlier than recorded by Copilaş-Ciocianu
et al. (2020). However, when considering the highest posterior
density intervals in both cases the time of lineage separation
overlap. The separation of the two nominal Paralicella species
is reported here at ca. 35–37 Ma, which is similar to the
divergence of Paralicella caperesca and Valettietta anacantha
recorded by Copilaş-Ciocianu et al. (2020). However, in that
study P. tenuipes was not considered. The time of diversification
within Alicellidae, occurring from the Late Mesozoic to Middle
Cenozoic (Figure 7), is congruent with the global climatic
cooling during that period, and the transition from a halothermal
ocean circulation into thermohaline one (McClain and Hardy,
2010; Copilaş-Ciocianu et al., 2020). The thermohaline ocean
circulation is driven by high-latitude deep-water formation
and results in cold, oxygenated waters at the bottom. Because
amphipods are considered as well adapted to cold conditions
with low tolerance to hypoxia (Copilaş-Ciocianu et al., 2020)
the change of environmental conditions that has “opened” vast
deep-sea bottom areas for colonization could have promoted
the speciation of the studied species. The speciation of the two

nominal species of Paralicella occurred at the time of serious
reconfiguration of continents, when the Isthmus of Panama
was still open, while the Drake Passage and the West Wind
Drift was in the process of formation (Brandt et al., 2007;
O’Dea et al., 2016; Straume et al., 2020). The fact that both
species emerged already at that time may partly explain their
present wide distribution – there was enough time to spread and
different oceanic gateways were available. It should be considered
that these species might have originated from shallow waters
and only during the further stages of speciation submerged,
so at the initial stage of expansion they might have been less
dependent on the water depth both in the area of Isthmus
of Panama and Drake Passage. The further speciation within
P. caperesca is predicted as happening from ca. 7 Ma. At that
time, only small and shallow water basins were present in the
area of Isthmus of Panama, preventing the connection of the
Central Pacific populations and may be responsible for the
speciation of lineages geographically restricted to the Pacific
(MOTUs 2, 4, 6) or to the Atlantic (MOTU 3). The full
opening of the Drake Passage (reaching abyssal depths) and
the formation of the West Wind Drift would have allowed
maintenance of intraspecific connectivity. This contemporary
Atlantic and Pacific population connectivity of P. tenuipes, as well
as between MOTU 1 and MOTU 5 of P. caperesca, is confirmed
by the distribution of haplotypes that are often shared between
very distant regions (Figures 5, 6) as well as by the lack, or
very weak signal, of population separation within each of them
(Supplementary Figure S4). On a more local scale, the constant
gene flow within P. tenuipes and the two most widely distributed
MOTUs of P. caperesca was recently observed by Bribiesca-
Contreras et al. (2021) studying scavenging Amphipoda from
three Areas of Particular Environmental Interest in the Clarion-
Clipperton Zone. A similar pattern was recorded by Ritchie
et al. (2017) for Paralicella RFLP sp. 1 that corresponds to
P. tenuipes. In that case, although generally bidirectional, North-
West direction of migration predominated. At the same time,
a very weak signal of migration was observed for Paralicella
RFLP sp. 2, but this may be explained by the fact that the
taxon combined four different MOTUs of which two have a
very restricted distribution. It should not be overlooked that the
authors considered the studied species as the “trench” ones, not
considering that from morphology-based literature both were
reported from Central Pacific abyssal plain (Ritchie et al., 2017).
It is also worth noting no evidence for recent population size
changes of the P. tenuipes and the two MOTUs of P. caperesca
that remains in contrast with other findings for deep-sea species.
The significantly negative Tajima’s D values observed for certain
vent and non-vent taxa were interpreted as resulting from recent
expansion of populations after disturbance events, suggestive
of the instability of deep-sea habitats (Vrijenhoek, 2010; Taylor
and Roterman, 2017). Although we are aware that some of the
populations studied by us consist of a small number of individuals
it appears that the populations of studied Paralicella species
are stable over time, implying robustness and high plasticity
of these taxa. It may be expected that they are less prone
to unfavorable (human or non-human induced) events that
occur in the abyss.
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CONCLUSION

Our study has provided a detailed synthesis of the extensive
published molecular data and incorporated new data on
species in the genus Paralicella. We have shown that the
two studied species have different intraspecific structures, with
Paralicella tenuipes constituting a single molecular unit, while
P. caperesca is a complex of potentially cryptic species. In
terms of biogeography we have confirmed that P. tenuipes
and two MOTUs of P. caperesca are widely distributed or
even cosmopolitan taxa, while some of the lineages appear
to have a more limited distribution. The two studied species’
divergence occurred in the Eocene at the time of reconfiguration
of the continents which might have allowed both species to
colonize all oceans. The further speciation within P. caperesca
is predicted as happening in the Miocene when the connection
of the Atlantic and Pacific deep sea was already restricted,
which may explain the recognition of some lineages with limited
geographic ranges.
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Jażdżewska et al. Diversity and Distribution of Paralicella

Hou, Z. G., Fu, J. H., and Li, S. Q. (2007). A molecular phylogeny of the genus
Gammarus (Crustacea: Amphipoda) based on mitochondrial and nuclear gene
sequences. Mol. Phylogenet. Evol. 45, 596–611. doi: 10.1016/j.ympev.2007.06.
006

Iguchi, A., Nishijima, M., Yoshioka, Y., Miyagi, A., Miwa, R., Tanaka, Y.,
et al. (2020). Deep-sea amphipods around cobalt-rich ferromanganese crusts:
taxonomic diversity and selection of candidate species for connectivity analysis.
PLoS One 15:e0228483. doi: 10.1371/journal.pone.0228483

Ingram, C. L., and Hessler, R. R. (1983). Distribution and behavior of scavenging
amphipods from the central North Pacific. Deep Sea Res. A Oceanogr. Res. Pap.
30, 683–706. doi: 10.1016/0198-0149(83)90017-1
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With the accelerating development of direct and indirect anthropogenic threats,
including climate change and pollution as well as extractive industries such as deep-
sea mining, there is an urgent need for simple but effective solutions to identify
conservation priorities for deep-sea species. The International Union for Conservation
of Nature (IUCN) Red List of Threatened Species is an effective and well-recognized
tool to promote the protection of species and presents an opportunity to communicate
conservation threats to industry, policy makers, and the general public. Here, we present
the Vent Red List for molluscs: a complete global assessment of the extinction risk of
all described molluscs endemic to hydrothermal vents, a habitat under imminent threat
from deep-sea mining. Of the 184 species assessed, 62% are listed as threatened: 39
are Critically Endangered, 32 are Endangered, and 43 are Vulnerable. In contrast, the 25
species that are fully protected from deep-sea mining by local conservation measures
are assessed as Least Concern, and a further 45 species are listed as Near Threatened,
where some subpopulations face mining threats while others lie within protected areas.
We further examined the risk to faunas at specific vent sites and biogeographic regions
using a relative threat index, which highlights the imperiled status of vent fields in the
Indian Ocean while other vent sites within established marine protected areas have a
high proportion of species assessed as Least Concern. The Vent Red List exemplifies
how taxonomy-driven tools can be utilized to support deep-sea conservation and
provides a precedent for the application of Red List assessment criteria to diverse taxa
from deep-sea habitats.

Keywords: deep-sea mining, IUCN Red List, hydrothermal vents, conservation, molluscs

INTRODUCTION

As a vast and relatively unexplored ecosystem, the deep sea presents unique conservation
challenges. The heterogeneity of deep-sea habitats makes it difficult to identify representative
systems for area-based conservation (Van Dover et al., 2018), variability in governance across
Exclusive Economic Zones (EEZ) and Areas Beyond National Jurisdiction (ABNJ) engenders
inconsistency in global deep-sea management (Gjerde et al., 2008), and restricted biological
knowledge limits the capacity to understand the impact of threatening events to deep-sea taxa
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(Danovaro et al., 2017). As industrial interest and commercial
exploitation begins to accelerate faster than biological discovery,
we face an increasingly urgent need for simple but effective tools
to protect deep-sea species.

While the seafloor is home to incredible life, it is also
characterized by large quantities of commercially valuable
minerals including polymetallic sulfides at hydrothermal
vents, manganese nodules on abyssal plains, and cobalt-rich
ferromanganese crusts on seamounts (Hein et al., 2013; Petersen
et al., 2016). The mining of these deep-sea environments and
their resources is now being widely considered, and in some cases
instigated (Okamoto et al., 2019), as demand for industrially
important metals grows and technological capabilities improve
(Sharma, 2011, 2015). Despite several studies concluding that
mining will have an adverse and often irreversible impact on
local deep-sea biodiversity (e.g., Gollner et al., 2017; Van Dover
et al., 2017; Niner et al., 2018; Simon-Lledó et al., 2019), very few
conservation measures have been implemented to date.

Of the deep-sea habitats threatened by mining, hydrothermal
vents harbor the highest density of life (Van Dover et al., 2018).
These are very small environments, occupying only ∼ 50 km2 of
the seafloor, globally (Sigwart et al., 2017), yet each hydrothermal
vent site is characterized by a multitude of unique species, hosting
a relative biomass to that of coral reefs or tropical rainforests
(Van Dover, 2000). As well as being highly insular and distinct
in biodiversity from the surrounding benthos, hydrothermal vent
communities also exhibit high levels of endemism and regional
variation in species composition, with many endemics having
only limited connectivity with other local vent sites (Rogers et al.,
2012; Yahagi et al., 2019). Molluscs represent one of the dominant
groups in vent habitats, with good global coverage and a large
degree of vent-endemism (Wolff, 2005; Chapman et al., 2019). As
important members of the vent community, they inhabit an array
of niches including hosting endosymbiotic bacteria in specialized
organs (Chen et al., 2018a), forming dense aggregations that
provide substrate for other species (Laming et al., 2018; Sun
et al., 2020), and exhibit unique ecological traits (e.g., Chen et al.,
2018b).

Taxonomically driven solutions should be central to deep-
sea conservation initiatives (Glover et al., 2018). A transparent
and reliable evaluation of the conservation status of vent-
endemic species would enable clear communication of threats to
diverse stakeholders. The International Union for Conservation
of Nature (IUCN) Red List of Threatened Species (hereafter,
the Red List) is an internationally recognized taxon-based
conservation tool that informs global policies by providing
the most comprehensive and rigorous information available on
species extinction risk (Rodrigues et al., 2006). The Red List
allows for consistent assessment of extinction risk for any animal,
plant, or fungal taxon through the use of standardized criteria,
and its application has been widely successful in raising awareness
of threats and ensuring the protection of species in other systems
(Betts et al., 2020).

The Red List uses five categories with escalating risk that
imply a higher expectation of extinction. Species with adequate
data that are not threatened can fall into two categories: Least
Concern, typically including widespread taxa or taxa not affected

by threats, or Near Threatened, with taxa that are close to
qualifying for a threatened category but do not meet all criteria
(IUCN, 2012). Species that are threatened are subdivided into
the following categories: Vulnerable, Endangered, and Critically
Endangered, where taxa face a high, very high, or extremely high
risk of extinction, respectively (IUCN, 2012). To be listed within
a threatened category, species must meet the requirements and
specific thresholds of at least one of the IUCN Red List Criteria:
comprising criteria A and C which use data on population
sizes and declines, criterion B which uses the geographic range
of the species to estimate extinction risk, criterion D which
is applicable to species with very restricted populations, and
criterion E which uses quantitative analysis to assess probability
of extinction (IUCN, 2012).

Deep-sea mining is already a recognized potential threat to
vent ecosystems, as extensively discussed in recent literature (Van
Dover et al., 2017; Miller et al., 2018; Niner et al., 2018), but it
remains uncertain whether mining poses a sufficient threat to risk
the total global extinction of vent species. The Red List presents
an opportunity to assess the extent to which deep-sea mining
would imperil individual vent-endemic species across different
global sites (Sigwart et al., 2019). Furthermore, assessments
of entire taxonomic groups are most effective as they allow
for comprehensive comparison of threat (e.g., Carpenter et al.,
2008). This study therefore aimed to assess the extinction risk
of all molluscs endemic to hydrothermal vents using the Red
List criteria. The resulting Vent Red List provides a universally
recognized assessment of the threat of deep-sea mining for vent
molluscs. All of these assessments have been reviewed and are
published on the global IUCN Red List of species (IUCN, 2021).
We further compare the distribution of species at risk to illustrate
the relative threat levels to vent-endemic taxa across different
biogeographic regions and regulatory areas.

MATERIALS AND METHODS

Taxon Selection
We used species records from existing studies (Wolff, 2005;
Chapman et al., 2019) and expert knowledge to compile a
complete list of all mollusc species described to date (up to 2021)
endemic to active hydrothermal vent environments. As Red List
assessments are taxon-specific, only named species were included
in this study. Species were considered endemic where they had
only been recorded at hydrothermal vents at time of assessment.
Species that are also known from other deep-sea habitats, as
well as vent-peripheral species (including all cephalopods), were
excluded from this list, leaving a total of 184 vent-endemic
molluscs (Supplementary Material 1). These species span five
different mollusc classes: Gastropoda, Bivalvia, Monoplacophora,
Polyplacophora, and Solenogastres.

Red List Assessments
We assessed the extinction risk of each species using the Red
List criteria (IUCN, 2012), following IUCN guidelines and the
method presented by Thomas et al. (2021). All assessments were
made using Red List criteria B and/or D2 (Table 1), which use
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TABLE 1 | Application of the IUCN Red List categories and criteria to hydrothermal vent-endemic molluscs, based on IUCN guidelines (IUCN, 2012) and definitions
listed in Thomas et al. (2021).

Red List category Category requirements

Critically Endangered (5) Criterion B
• EOO < 100 km2 and/or AOO < 10 km2

• 1 location*
• Continuing decline† observed, estimated, inferred or projected in any of: EOO; AOO; area, extent and/or quality of habitat; number of

locations or subpopulations; number of mature individuals

Endangered (4) Criterion B
• EOO < 5,000 km2 and/or AOO < 500 km2

• ≤ 5 locations*
• Continuing decline† observed, estimated, inferred or projected in any of: EOO; AOO; area, extent and/or quality of habitat; number of

locations or subpopulations; number of mature individuals

Vulnerable (3) Criterion B
• EOO < 20,000 km2 and/or AOO < 2,000 km2

• ≤ 10 locations*
• Continuing decline† observed, estimated, inferred or projected in any of: EOO; AOO; area, extent and/or quality of habitat; number of

locations or subpopulations; number of mature individuals
AND/OR

Criterion D2
• AOO < 20 km2 or ≤ 5 locations
• Plausible future threat◦ that could drive the species to Critically Endangered or Extinct in a very short time

Near Threatened (2) Criterion B
• EOO < 20,000 km2 and/or AOO < 2,000 km2, ≤ 10 locations, but no continuing decline†

AND/OR
Criterion D2
• AOO < 20 km2 and ≤ 5 locations, but threat is not expected to drive species to Critically Endangered or Extinct in a very short time

owing to the protection of some sites

Least Concern (1) No continuing decline† or plausible future threat◦

The assigned Risk Score of each category is indicated in brackets. EOO, Extent of Occurrence; AOO, Area of Occupancy.
*Location is a technical term in the context of Red List assessments, specifically, a distinct area where a threatening event can rapidly affect all individuals in the area
(IUCN, 2012).
†A continuing decline is inferred in areas of exploratory mining contracts signed by the International Seabed Authority or in the Exclusive Economic Zones of nations that
have granted mining licenses (Thomas et al., 2021).
◦A plausible future threat is considered where there are no regulations in place to protect from future deep-sea mining (Thomas et al., 2021).

geographic distribution data and information about continuing
declines (criterion B) or plausible future threats causing extreme
declines (criterion D2) to determine extinction risk. Nearly all
vent species are lacking data to calculate population sizes and
trends or run extinction risk models required for the other criteria
(Thomas et al., 2021). Literature reviews were conducted for
each species and data collected included the name, location,
depth, biogeographic region, and local jurisdiction of the vent
fields from which each species is known. Each assessment is
therefore based on the best available published distribution data
available at the time and may be subject to revisions as new
data become available. Vent field names and coordinates listed
in the literature were compared and aligned with the InterRidge
Vents Database to ensure consistent nomenclature for sites
(Beaulieu and Szafranski, 2020).

As the primary anthropogenic threat to vent-endemic species
(Van Dover, 2014), deep-sea mining informed the criteria B
and D2 requirements of continuing declines and plausible
future threats for the Vent Red List assessments (Table 1).
The local mining threat for each locality was determined based
on regional seabed management objectives and the regulatory
frameworks at sites within the range of each species (Thomas
et al., 2021). Hydrothermal vents in EEZs are regulated by
national governments and those in ABNJ are regulated by
the International Seabed Authority (ISA) (Thompson et al.,
2018). Key considerations for threat assessment included the

implementation of deep-sea mining licenses, marine protected
areas (MPAs), and mining moratoria. For example, continuing
decline was inferred in areas of exploratory mining contracts
signed by the ISA or in the EEZs of nations that have
granted mining licenses (criterion B); plausible future threat
was considered in areas where there are no regulations in
place to protect from future deep-sea mining (criterion D2)
(Thomas et al., 2021).

Threat Score
To illustrate the global distribution of extinction risk to vent
species, all assessment data were amalgamated to produce a list
of hydrothermal vent fields with the number of species assessed
under each Red List category at each site (Supplementary
Material 2). As with previous studies (e.g., Tingley et al., 2019),
the five Red List categories were then assigned a sequential
ranked risk score (Least Concern = 1, Near Threatened = 2,
Vulnerable = 3, Endangered = 4, Critically Endangered = 5), and
the number of species in each category were multiplied by its risk
score and summed, to produce a total assessment of threat to all
species at that vent field (Eq. 1).

Ranked Sum =
∑(

Risk Score × Number Spp.
)

i (1)

where i is each Red List category.
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To reduce bias between sites with varying species richness, a
standardized Threat Score was calculated by dividing the Ranked
Sum by the total number of species across all categories at that
site (Eq. 2).

Threat Score =
Ranked Sum

Species Richness
(2)

For example, at the Menez Gwen vent field on the Mid-Atlantic
Ridge, there are eight species, of which six species were assessed
as Least Concern (risk score = 1) and two Near Threatened (risk
score = 2). Thus, the Ranked Sum is (6∗1)+(2∗2) = 10, resulting
in a Threat Score of 10/8 = 1.25 for that vent field.

RESULTS

Of the 184 vent-endemic mollusc species assessed for the
Vent Red List, 114 (62%) are assessed as threatened (listed as
Vulnerable, Endangered or Critically Endangered) by deep-sea
mining, and a further 45 (24.4%) are listed as Near Threatened
(Table 2, Figure 1, and Supplementary Material 1). Only 13.6%
of species are listed as Least Concern, under the protection of
MPAs. Sufficient data were available to complete assessments of
extinction risk for all species and none are listed as Data Deficient.
The majority of the molluscs assessed are highly restricted within
their respective biogeographic regions (Figure 1A), with over
60% of species known only from one or two hydrothermal vent
fields (Figure 2).

Generally, mollusc species richness is low at individual sites:
of the 110 vent fields listed in this study, only 35 host five
or more vent-endemic mollusc species, with over half hosting
only one or two species (Figure 1A). Individual hydrothermal
vent fields in the Northern East Pacific Rise have the greatest
recorded species richness for vent-endemic molluscs, with the
13N, 21N and 9 50’N East Pacific Rise vent fields hosting 32,
28, and 28 species, respectively (Supplementary Material 2).
The Mid-Atlantic Ridge has the greatest collective diversity, with
an average species richness of 7.13 across its vent fields. The
Northeast Pacific ridges and Southwest Pacific basins also have
relatively high species richness, while the Indian Ocean and East

Scotia Ridge vents have the lowest collective species richness
across the nine biogeographic regions (Figure 1A).

The assignment of different Red List categories is dependent
on local regulatory frameworks, with the threat level varying
across different countries’ EEZs, ISA mining license areas, and
designated MPAs (Figure 1B; Thomas et al., 2021). The Threat
Score illustrates the overall extinction risk for the endemic
mollusc species at each vent field and is indicative of the threat
posed by deep-sea mining to the area (Figure 1C). Globally,
over half of vent fields have a Threat Score ≥ 3, signifying
that hydrothermal vent species in those areas are at a high
extinction risk. Individually, vent fields in the Indian Ocean
and Northwest Pacific have the maximum Threat Score of 5,
indicative of the Critically Endangered status assigned to species
at these sites, whereas all vent fields on the East Scotia Ridge have
the minimum Threat Score of 1, representative of assessments of
Least Concern (Figure 1C).

Among the nine major biogeographical regions examined
(Figure 1A), Indian Ocean vent molluscs are under the greatest
extinction risk, with 100% of species listed in threatened
categories, including 60% as Critically Endangered (Table 2
and Figure 1C). This coincides with the distribution of ISA
mining licenses across vent sites along the Central and Southwest
Indian Ridges in the Indian Ocean (Figure 1B). Species at
Northwest and Southwest Pacific vents, where there is a varying
threat level across different countries’ EEZs (Figures 1B,C),
are also at high risk, with 77.8 and 95.7% listed in threatened
categories, respectively (Table 2). The individual vent fields with
the highest Threat Scores in these regions lie within the Japan
and Papua New Guinea EEZs, where deep-sea mining licenses
have been granted, whereas vent fields protected by the Marianas
Trench Marine National Monument have a lower Threat Score
(Figure 1C). Mid-Atlantic Ridge vent molluscs have the greatest
spread of extinction risk, with 30% of species listed in threatened
categories, 30% as Near Threatened, and 40% as Least Concern
(Table 2). This corresponds with the incidence of both ISA
mining licenses and the Azores’ vent-specific MPAs along the
Mid-Atlantic Ridge (Figure 1B).

The three East Pacific biogeographic regions have the greatest
proportion of species assessed as Near Threatened, each with

TABLE 2 | Current IUCN Red List status for all 184 hydrothermal vent-endemic mollusc species described to date, by biogeographic region.

Biogeographic region LC NT VU EN CR Species richness % Threatened % Threatened + NT

Mid-Atlantic Ridge 8 6 4 1 19 26.3 57.9

Mid-Cayman Spreading Centre 1 1 100.0 100.0

East Scotia Ridge 4 4 0.0 0.0

Indian Ocean 1 3 6 10 100.0 100.0

Northeast Pacific 2 9 6 17 35.3 88.2

Northern East Pacific Rise 8 25 14 47 29.8 83.0

Southern East Pacific Rise 14 8 22 36.4 100.0

Northwest Pacific 3 5 3 15 10 36 77.8 91.7

Southwest Pacific 2 14 10 22 48 95.8 100.0

All 25 45 43 32 39 184 62.0 86.4

Note that some species are located at vent fields across multiple biogeographic regions. IUCN Red List Category abbreviations: CR, Critically Endangered; EN,
Endangered; VU, Vulnerable; NT, Near Threatened; LC, Least Concern. Threatened categories include all species listed as VU, EN, or CR.
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FIGURE 1 | Global distribution of threat to hydrothermal vent-endemic mollusc species from deep-sea mining, based on IUCN Red List assessments. (A) Map
showing the species richness of vent-endemic molluscs described to date at the hydrothermal vent fields included in this study, where light green denotes low
species richness and dark green denotes high species richness. Dashed shapes denote the different biogeographic regions for hydrothermal vents (Rogers et al.,
2012): (i) Mid-Atlantic Ridge, (ii) Mid-Cayman Spreading Center, (iii) East Scotia Ridge, (iv) Indian Ocean, (v) Northeast Pacific, (vi) Northern East Pacific Rise,
vii: Southern East Pacific Rise, (viii) Northwest Pacific, (ix) Southwest Pacific. (B) Map showing the locality and extent of different seabed regulatory areas relevant to the

(Continued)
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FIGURE 1 | hydrothermal vent fields included within this study, including exploratory polymetallic sulfide mining licenses granted by the International Seabed
Authority, Marine Protected Areas, and countries’ Exclusive Economic Zones. Dashed mid blue line denotes the Antarctic Treaty boundary. Insets are included for
areas with smaller details. (C) Map showing the scale of mining threat to each hydrothermal vent field included within this study, where 1 denotes a low Threat Score
associated with Least Concern Red List assessments, and 5 denotes a high Threat Score associated with Critically Endangered assessments. Insets are included
for areas with high density of vent fields.

over 50% of species located both within and outside MPAs
implemented by Mexico and Canada (Table 2 and Figure 1).
There are no active mining licenses and as a consequence there
are no species in the East Pacific assessed as Endangered or
Critically Endangered (Table 2). Nonetheless, several vent fields
in this region, especially along the Southern East Pacific Rise, lie
in ABNJ without protection from deep-sea mining (Figure 1B).
Species located in areas that have significant protection from
deep-sea mining are consistently assessed at lowest risk; for
example, all four East Scotia Ridge vent molluscs are assessed as
Least Concern as a result of the Antarctic Treaty and the South
Georgia and the South Sandwich Islands MPA (Figure 1B).

DISCUSSION

The Vent Red List is indicative of the unique biodiversity and
threat profile of each hydrothermal vent field and biogeographic
region, and can be used to effectively communicate and drive
the conservation of these remarkable deep-sea habitats. The
importance of mining licenses as a controlling factor in the
determination of Red List status underlines the threat of potential
mining to the conservation of vent-endemic species.

Biogeographic Distribution of Mining
Threats
The distribution of threats to hydrothermal vents is closely
tied to the regulation within each geographic area. In ABNJ,
hydrothermal vents within ISA mining license areas along the

FIGURE 2 | Frequency distribution of the range of global vent-endemic
mollusc species; histogram based on the numbers of hydrothermal vent sites
in the range of species assessed in the Vent Red List.

Mid-Atlantic and Indian Ocean Ridges (Miller et al., 2018) have
a higher Threat Score than those at the Northern and Southern
East Pacific Rise, with Indian Ocean vent species exhibiting the
greatest proportion of threatened Red List assessments. This is
influenced by the overlap in species ranges with a variety of
regulatory areas: species found at sites along the Mid-Atlantic
Ridge have ranges across a mosaic of ABNJ and EEZs with
differing protections. Threats to vent sites within individual EEZs
are highly variable and dependent on current national regulation
of the seabed. Vent fields that lie within the territorial waters
of countries that have granted mining licenses, such as Japan
(Okamoto et al., 2019) and Papua New Guinea (Hoagland et al.,
2010), generally exhibit high Threat Scores. Conversely, vent
species in countries and regions that have endeavored to preserve
portions of the seabed with MPAs, such as the Azores (Calado
et al., 2011; Abecasis et al., 2015) and Mexico (Menini and Van
Dover, 2019), are at a much lower risk of extinction.

While this study is focused on vent-endemic molluscs, our
results are representative of the global distribution of mining
threat for all vent-endemic taxa. Deep-sea species tend to be
very data-limited, therefore future assessments of extinction risk
for other vent taxa, including crustaceans and polychaetes, are
expected to be reliant on the same Red List criteria as the
Vent Red List (Thomas et al., 2021). Vent species exhibit high
endemicity, and the primary anthropogenic threat is regionally
controlled, thus the overall proportion of Red List categories for
hydrothermal vent environments is unlikely to vary significantly
with the addition of new taxa. The Red List is a species-based
conservation tool, yet in this case it provides a comprehensive
and reliable illustration of the geographic distribution of threats
to a specific deep-sea habitat.

Red Listing the Deep Sea
Taxonomy-driven tools such as the Red List can cultivate deep-
sea conservation; the application of Red List assessments to
vent-endemic molluscs provides a precedent for other deep-
sea taxa and habitats (Glover et al., 2018; Sigwart et al., 2019).
Red List assessments are easily understood by a wide range
of stakeholders (Rodrigues et al., 2006; Betts et al., 2020),
and have the potential to provide an alternative perspective to
ecosystem-based management approaches and enhance deep-sea
conservation initiatives beyond hydrothermal vents.

The cobalt-rich ferromanganese crusts of seamounts, for
example, are a target of five mining exploration licenses granted
by the ISA to Brazil, China, Japan, Russia, and the South Korea
(Miller et al., 2018; ISA, 2021). Seamounts are characterized
by high productivity (Clark et al., 2010) and are rich in long-
lived corals that likely take decades to millennia to recover from
disturbance (Gollner et al., 2017; Watling and Auster, 2017).
Likewise, gas hydrate deposits that occur in conjunction with cold
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seeps, another important chemosynthetic habitat in the deep sea
that hosts hundreds of similarly endemic species to vents (Wolff,
2005; Suess, 2018), are also under increasing consideration
for commercial extraction (Chong et al., 2016; Miller et al.,
2018). The insular nature, relatively well-documented global
distribution, and imminent mining threat to both these habitats
mean it is viable to apply a Red List approach to assess these
hotspots of deep-sea biodiversity (Thomas et al., 2021).

Further Considerations
One potential limitation to our Red List approach, as with
the majority of deep-sea research, is the underlying lack of
observational data for different vent populations. None of the
species included in this study were assessed as Data Deficient, yet
it is recognized that the distribution and range of some mollusc
species at hydrothermal vents is not fully known and requires
further research. The global summary of endemic molluscs at
hydrothermal vent sites illustrates overall low species richness
across the majority of vent fields, compared to a few species-rich
sites. This may be indicative of the paucity of baseline biodiversity
knowledge for deep-sea habitats (Glover et al., 2018); however,
this could also be a feature of the local and regional heterogeneity
seen in vent communities arising from geographic variation in
tectonic activity and vent geochemistry (Van Dover, 2000; Thaler
and Amon, 2019). In the face of accelerating threats, assessments
of extinction risk can only be based on the best available data at
the time (IUCN, 2016), and although data are lacking for many
groups (Glover et al., 2018), the Vent Red List demonstrates that
there is sufficient information to assess even relatively data-poor
species using Red List criteria (Thomas et al., 2021).

Specimen collection and taxonomic research are fundamental
to deep-sea conservation, and present a bottleneck to the
application of taxon-based conservation tools (Glover et al.,
2018). This can be especially problematic where there is ongoing
research that could result in taxonomic revisions, such as the
study of species complexes. For example, among Lepetodrilus
species on the East Pacific Rise, genetic evidence from multiple
studies delineate separate lineages that are currently included
within nominal species (Johnson et al., 2008; Matabos and
Jollivet, 2019). Assessing a species complex as a single taxon could
artificially lower the threat category in a Red List assessment
because the taxon represents an over-estimation of combined
abundance and range for several species. Taxonomic research
and timely updates following reviews are, therefore, of the
utmost importance to ensure accurate measures of extinction
risk. Ongoing research can be integrated into Red List assessment
text and taxa can be reassessed as frequently as required
(IUCN, 2012). Furthermore, based on current findings, seabed
management and mining regulation appears to have a greater
impact on Red List assessment outcomes than the distribution
data for individual species (Thomas et al., 2021).

A more concerning trend that has recently emerged is the
potential North/South divide in the extent of biological research
and deep-sea mining prospects (Thaler and Amon, 2019). We
found a similar pattern in this study, with the Indian
Ocean having the greatest proportion of threatened Red List
assessments despite exhibiting one of the lowest collective species

richness counts. The high proportion of Critically Endangered
assessments at the Indian Ocean vent fields is indicative of
their biodiversity uniqueness as species can only be assessed
as Critically Endangered under Red List criterion B if they are
known from a single location (Thomas et al., 2021). In fact, along
with the Southwest Pacific, the Indian Ocean hosts the greatest
proportion of locally endemic species known only from a single
hydrothermal vent field. Further research is however required to
determine whether this is simply a factor of low sampling effort
in the Southern Hemisphere.

While entire vent biotas are threatened in biogeographic
regions that have no protection from deep-sea mining, such
as the Indian Ocean, the threat is significantly reduced in
regions that straddle different regulatory areas, like the Mid-
Atlantic Ridge. Despite several ISA mining licenses issued for
the Mid-Atlantic Ridge, no vent fields in this region have a
Threat Score greater than three as a result of the protection
provided by the Azores MPA network (Abecasis et al., 2015).
This highlights the importance of implementing conservation
measures like MPAs to reduce extinction risk, yet at present,
other than the South Georgia and South Sandwich Islands
MPA, all other vent-related MPAs are located in the northern
hemisphere. In an ecosystem that has well-documented, distinct
faunal communities across different biogeographic regions, the
preservation of areas representative of each region is essential.

Toward Protection for Hydrothermal
Vents
The conservation of hydrothermal vent habitats and their
unique fauna requires action to lower the extinction risk
of vent species. While the incorporation of new data to
the Vent Red List has potential to influence assessment
outcome and lead to Red List category change, this would
only constitute a non-genuine change under IUCN regulations
(IUCN Standards and Petitions Committee, 2019); i.e., improved
knowledge on the species rather than a true change in
extinction risk. Furthermore, given the relatively broad category
thresholds of the Red List criteria, the addition of new
species distribution data does not always affect assessment
result (Thomas et al., 2021). Consequently, to improve the
extinction risk of vent species, real conservation measures would
need to be implemented that mitigate the threat of deep-
sea mining.

One conservation method that has potential to safeguard
hydrothermal vents from deep-sea mining is the implementation
of MPAs (Menini and Van Dover, 2019). Globally, 70 vent-
endemic mollusc species were assessed as Least Concern or
Near Threatened, based on the protection afforded by MPAs,
either to the entire, or a proportion of the population. These
assessment outcomes demonstrate the effectiveness of MPAs
to protect individual species against the threat of extinction.
However, the presence of an MPA alone does not always
constitute protection and both assessment and real conservation
outcomes are dependent on whether the threat is sufficiently
mitigated by implementation of the MPA (Edgar et al., 2014). For
example, while bottom fishing is prohibited within New Zealand’s
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Kermadec Benthic Protected Area, there is no active legislation
against other commercial activities like seafloor mining, so vent
sites are left unprotected (Van Dover et al., 2011). Furthermore,
even MPAs that include specific regulation for the protection of
hydrothermal vents are at times too small to afford protection
from nearby threats. Research predicts that mining sediment
plumes can spread up to 70 km (Luick, 2012; Miller et al.,
2018), therefore hydrothermal vents within this proximity,
protected or not, could possibly be impacted. For example, the
Endeavor Hydrothermal Vents MPA in Canada encompasses
five hydrothermal vents of interest, but is within 70 km of
nearby unprotected vents. Likewise, proximity to inactive vent
deposits that are also potential mining targets (Van Dover, 2019)
should be considered. Therefore, it is imperative that MPAs are
planned with reference to all vents in an area, including inactive
deposits, and are established including a generous buffer zone, as
a precautionary measure.

With increasing demand for metals to support renewable
energy technologies, blanket MPAs may not be the most realistic
approach for policy makers. A more measured approach may
be to implement a moratorium on deep-sea mining to allow
for further research into the biodiversity, ecology, connectivity,
and resilience of vent communities (Glover et al., 2018; Van
Dover et al., 2018). Several countries (Kakee, 2020) and, more
recently, large corporations (No Deep Seabed Mining, 2021),
have declared their support for a mining moratorium until
sufficient advances have been made to inform environmentally
sound mining legislation. The Red List assessments presented
in this study provide a global overview of mining threat at
hydrothermal vents and support a precautionary approach for
deep-sea conservation, including the implementation of a deep-
sea mining moratorium.

CONCLUSION

Whether in the form of MPAs or moratoria, we have an
international obligation to protect hydrothermal vents from
anthropogenic threats, and the Red List is a valuable conservation
tool to help inform such policy decisions. In this case, the
application of the Red List criteria to all known vent-endemic
molluscs highlights the variation in mining threat across global
biogeographic regions and the impact of jurisdiction status, with
vent fields in mining license areas (e.g., Indian Ocean) exhibiting
a greater threat level than those in protected areas (e.g., Azores
MPA). The Vent Red List conveys the very real extinction risk
that deep-sea mining poses to vent-endemic species to a wide

audience and provides a new platform to ensure the conservation
of this unique deep-sea habitat.
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Hydrothermal vent areas have drawn increasing interest since they were discovered
in 1977. Because of chemoautotrophic bacteria, they possess high abundances of
vent endemic species as well as many non-vent species around the fields. During the
survey conducted by the Bundesanstalt für Geowissenschaften und Rohstoffe (Federal
Institute for Geosciences and Natural Resources, BGR) to identify inactive polymetallic
sulfide deposits along Central and Southeast Indian Ridges, the INDEX project studied
the scavenging amphipod community at three newly discovered hydrothermal fields.
A sample consisting of 463 representatives of Amphipoda (Malacostraca: Crustacea)
was collected by means of baited traps in active and inactive vents of three different
sites and subsequently studied by both morphological and genetic methods. Molecular
methods included the analysis of two mitochondrial (cytochrome c oxidase subunit
I [COI] and 16S rRNA) and one nuclear (18S rRNA) genes. By six delimitation
methods, 22 molecular operational taxonomic units (MOTUs) belonging to 12 genera
and 10 families were defined. The existence of potential species complexes was
noted for the representatives of the genus Paralicella. The inactive site, where 19
species were found, showed higher species richness than did the active one, where
only 10 taxa were recorded. Seven genera, Ambasiopsis, Cleonardo, Eurythenes,
Parandania, Pseudonesimus, Tectovalopsis, and Valettiopsis, were observed only at
inactive sites, whereas Haptocallisoma, was collected exclusively at active ones.
The species Abyssorchomene distinctus (Birstein and Vinogradov, 1960), Hirondellea
brevicaudata Chevreux, 1910, and Hirondellea guyoti Barnard and Ingram, 1990,
have been previously reported from vent sites in the Atlantic or Pacific oceans.
The present study provides the first report of Eurythenes magellanicus (H. Milne
Edwards, 1848) and five other already described species in the Indian Ocean. The
addition of 356 sequences strongly increases the number of amphipod barcodes
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in reference databases and provides for the first time COI barcodes for Cleonardo
neuvillei Chevreux, 1908, Haptocallisoma abyssi (Oldevig, 1959), Hirondellea guyoti,
Tectovalopsis fusilus Barnard and Ingram, 1990, and the genera Haptocallisoma,
Pseudonesimus, and Valettiopsis.

Keywords: Indian Ocean, hydrothermal vent, barcoding, genetic diversity, Amphipoda, abyssal, deep sea,
baited trap

INTRODUCTION

Much less is known about hydrothermal vents and the deep sea
in general than about terrestrial and shallow-water ecosystems.
The first hydrothermal vent was discovered in 1977 along the
Galapagos Rift (Lonsdale, 1977). Over the past 50 years the
study of hydrothermal vents has progressed, but most studied
vents are located in the Pacific and Atlantic oceans (German and
Von Damm, 2006). The first vent fields on the Central Indian
Ridge were discovered in 2000 and 2001 (Gamo et al., 2001;
Hashimoto et al., 2001; Van Dover et al., 2001). Compared to that
of Atlantic and Pacific vents, the fauna of the Indian Ocean vents
is underexplored (Ingole and Koslow, 2005; Nakamura et al.,
2012).

Discovery of the first hydrothermal vent field changed the
view of primary production in the world’s oceans fundamentally
(De Busserolles et al., 2009). At hydrothermal vent fields
chemoautotrophic bacteria use inorganic substances such as
ferrous iron, hydrogen sulfides, and methane for primary
production (De Busserolles et al., 2009). They occur free living
or in symbiosis with eukaryotic species. Because this food source
is independent of primary production in the photic zone, many
endemic species are found in these fields, but non-vent species
also occur in higher abundance around the vents than in the rest
of the deep sea (Podowski et al., 2009).

Kato et al. (2010) revealed that abundance, diversity, and
activity of microbial communities within sulfide structures of
inactive vents are higher than or comparable to those of active
vents. Inactive vent fields consist of polymetallic sulfides, like
active vents, but without any detectable emissions (Van Dover,
2011) and are located within or close to active vent fields. Inactive
fields are often inhabited by a mix of general deep-sea species,
inactive vent species, and a reduced number of vent species,
which are found in low abundances (Erickson et al., 2009; Levin
et al., 2009; Collins et al., 2012; Boschen et al., 2016).

The high food availability at active and inactive vent
fields leads to the presence of specific scavenging megafaunal
species (Gerdes et al., 2019a). In this benthic deep-sea
environment food is a limiting factor, and scavengers play
an important role in recycling the organic carbon reaching
the ocean floor and providing it as food for higher trophic
levels. Marine scavengers are found throughout all phyla and
habitats (King et al., 2007). They include some fishes and
many invertebrate taxa like ophiuroids, asteroids, holothurians,
decapods, isopods, and amphipods. Scavenging amphipods have
been collected in great numbers by means of baited traps
(Perrone et al., 2002; Jamieson et al., 2009; Gallo et al., 2015)
and include mainly the representatives of Lysianassoidea, from

the genera Abyssorchomene, Anonyx, Cyclocaris, Cyphocaris,
Eurythenes, Hirondellea, Orchomene, Orchomenella, and the
alicelloid Paralicella (Shulenberger and Hessler, 1974; Sainte-
Marie, 1986; Christiansen, 1996; Legeżyńska et al., 2000;
Blankenship and Levin, 2007; Duffy et al., 2016).

Deep-sea scavenging amphipods are adapted to endure
the extreme conditions and limitations, using chemosensory
appendages to detect and take their bait (Tamburri and Barry,
1999). As one limiting factor in deep-sea environment is food,
some scavenging amphipods complement their necrophagy with
detritivory, carnivory, and even cannibalism (Blankenship and
Levin, 2007; Jamieson et al., 2010; Havermans and Smetacek,
2018). Another recent finding of cellulase in one scavenging
species, Hirondellea gigas (Birstein and Vinogradov, 1955),
suggests that it may digest wood debris, although no wood
particles were recorded in its digestive tract (Kobayashi et al.,
2012). Other vent amphipod species, also well-adapted to their
environment, feed on the microbes present there.

Ventiella sulfuris Barnard and Ingram, 1990, is the most
abundant amphipod species at the Eastern Pacific Rise vent
fields. It lives in symbiosis with microbial communities inhabiting
its midgut and hindgut and is known to be vent endemic
(Corbari et al., 2012). Another vent endemic amphipod species,
Dulichiopsis dianae Corbari and Sorbe, 2017, was detected at
hydrothermal vents along the Mid-Atlantic Ridge (Corbari and
Sorbe, 2017), but several amphipods are reported to be caught at
or near hydrothermal vent systems all over the world (Barnard
and Ingram, 1990; Desbruyères et al., 2006; Bellan-Santini, 2007;
Larsen, 2007) that are not necessarily vent endemic (∗We use
“endemic” to refer to species occurring within a biotope and not
within a geographical region; as per Wolff, 2005).

Baited traps were deployed during INDEX 2018, providing the
opportunity to examine scavenging amphipods at the vent fields
in the Indian Ocean. The objectives of the present study were:
(1) to identify scavenging amphipod species at the Southeast
and Central Indian ridges and (2) to determine whether the
distribution pattern of recorded species is associated with the
hydrothermal activity.

MATERIALS AND METHODS

Sampling
Our study was part of the INDEX 2018 expedition on Dutch
RV Pelagia. The Southeast and the Central Indian Ridges are
located in the Indian Ocean about 1,400 km southeast of the
island of Mauritius. At each of three newly discovered vent
fields, an amphipod trap was placed by the Canadian Remotely
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Operated Vehicle (ROV) ROPOS. It was deployed three times
by the manipulators and placed traps at one inactive (AT1: on
the Southeast Indian Ridge) and two active areas (AT2: on the
Southeast Indian Ridge; AT3: on the Central Indian Ridge). The
distance between AT1 and AT2 was approximately 342 km, that
between AT2 and AT3, 210 km (Table 1 and Figure 1).

To attract the scavenging fauna, fish and cat food were
enclosed in a net (40 µm mesh size) inside each trap. After
7–29 h the trap was recovered by the ROV (Table 1).
On shipboard, the larger individuals were hand-picked,
and the smaller ones, including the sediment were, passed
through a 40-µm sieve, and all samples preserved in 96%
undenatured ethanol.

Morphological Analyses
All intact specimens were studied morphologically. Badly
damaged specimens were not counted and processed. The
material is stored at the German Centre for Marine Biodiversity
Research (DZMB) in Wilhelmshaven.

In the first step all amphipods were identified by means
of a Leica M 125 stereomicroscope and the relevant literature
(Chevreux, 1889; Shulenberger and Barnard, 1976; Lincoln,
1979; Barnard and Ingram, 1990; Barnard and Karaman,
1991; Bousfield and Hendrycks, 1995; Berge and Vader, 2001;
Hendrycks, 2007; Lowry and De Broyer, 2008; Lowry and
Stoddart, 2010; Lowry and Kilgallen, 2014; d’Udekem d’Acoz
and Havermans, 2015; Horton and Thurston, 2015; Kilgallen
and Lowry, 2015). For purposes of the morphological work, one
representative of each recognized morphospecies was dissected
and all appendages were mounted on permanent slides with
polyvinyl-lactophenol containing lignin pink.

Undescribed or unknown species were named according to
the nomenclature rules of Sigovini et al. (2016). Because of
taxonomic problems, specimens of the genus Paralicella were
divided into two morphological groups, and “sp. group” identifier
was added to the name. In addition, a unique species code was
given to the species where the species-level identity was not
known or the species was new to science (Horton et al., 2021).
This species code is a standardized code in the INDEX project
and combines storage, year of publication, and a serial number.

Photographing and Confocal Imaging
The 279 specimen used for molecular analysis were
photographed with a Leica M 125 stereomicroscope equipped
with a Leica MC 170 HD camera. In addition, one representative
of each morphospecies [excluding the largest species, Eurythenes

magellanicus (H. Milne Edwards, 1848)] was chosen for confocal
laser scanning microscopy (Supplementary Table 1). The
specimens were stained with a 1:1 solution of acid fuchsin and
Congo red overnight according to procedures adapted from
Michels and Büntzow (2010), then temporarily mounted on an
objective slide with glycerine and self-adhesive reinforcement
rings to support the coverslip (Michels and Büntzow, 2010).
For larger specimens, double-sided tape pieces and some drops
of Karo R© light corn syrup were mounted between slide and
coverslip (Brix et al., 2018).

The scanning was performed with a Leica TCS SP5 equipped
with a Leica DM5000 B upright microscope and three visible-
light lasers (DPSS 10 mW 561 nm; HeNe 10 mW 633 nm;
Ar 100 mW 458 nm, 476 nm, 488 nm, and 514 nm), combined
with the software LAS AF 2.2.1. Leica Application Suite Advanced
Fluorescence (Kihara and Rocha, 2013) at the DZMB in
Wilhelmshaven. To obtain the images, we used objective HCX PL
APO CS 10.0× 0.40 DRY UV and 561 nm excitation wavelength
with 80% acousto-optic tuneable filter. Series of stacks were
created with a resolution of 2,048× 2,048 pixels. The final images
were obtained by means of maximum projection. Finally, the
individual images were merged in Adobe R© Photoshop R© 21.1.3 and
edited for contrast and brightness.

Molecular Studies
For each recognized morphospecies a representation of one to
ten individuals was chosen for DNA barcoding. In cases where
taxa caused morphological identification problems the number of
analyzed specimens was increased or all specimens were used. For
279 specimens genomic DNA was extracted from one pleopod
or pereopod (for smaller specimens), which was removed and
treated with 30 µl of CHELEX (BIO-RAD Insta Gene Matrix)
for 20 min at 56◦C and 10 min at 99◦C. For some samples
the additional purification of the chelex extract was performed
with columns (E.Z.N.A. R© Mollusc DNA Kit, NucleoSpin R© Tissue)
according to the manufacturer’s protocol.

Polymerase chain reactions of the mitochondrial cytochrome
c oxidase subunit I (COI) and mitochondrial ribosomal large
subunit (16S) were performed with amphipod-specific primers
(Table 2) and protocols provided by their authors (Costa et al.,
2009; Lörz et al., 2018). The fragment of the COI gene was
amplified for all chosen individuals, whereas 16S and the nuclear
small ribosomal subunit (18S) was amplified on a subset of
specimens. For 18S the universal primer set 18SE and 18SL
(Table 2) was used, and the polymerase chain reaction conditions

TABLE 1 | Deployed amphipod traps with station ID, coordinates, ridge (Central Indian Ridge = CIR, Southeast Indian Ridge = SEIR), hydrothermal activity, collection
depth, the deployment time of the trap on the seafloor and the measured environmental parameters (temperature, salinity, and pH-value).

Trap No. Station ID Coordinates Ridge Hydrothermal
activity

Sampled
depth (m)

Time on
bottom (h)

Temperature
(◦C)

Salinity (psu) pH

AT1 I18_067RO_AT1 27◦ 39′ S, 73◦

53′ E
SEIR inactive 2,508 29 1.79 34.72 3.10

AT2 I18_075RO_AT1 27◦ 15′ S, 72◦

43′ E
SEIR active 2,919 7 1.71 34.73 3.10

AT3 I18_099RO_AT1 25◦ 28′ S, 69◦

56′ E
CIR active 2,629 22 2.0 34.69 3.09
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FIGURE 1 | Vent fields sampled on the Southeast Indian Ridge and Central Indian Ridge in the Indian Ocean: AT1 (inactive), AT2 (active), and AT3 (active).

were as follows: initial denaturation at 94◦C for 3 min; 45 cycles
of 30 s at 94◦C, 45 s at an annealing temperature of 55◦C,
and 1 min at 72◦C; final elongation for 3 min at 72◦C. To
all primers M13 tails were added to provide defined nucleotide
sequences for sequencing (Table 2). All amplified products were

purified with Exo-SAP-IT R©. Afterwards they were sequenced
by Macrogen Inc., The Netherlands. In order to assemble
long DNA fragments of the 18S gene, we sequenced amplified
fragments with intermediate primers synthetized by Macrogen
Inc. (Table 2) in addition.
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TABLE 2 | Primers used in the present study.

Gene Name Sequence 5′–3′ Direction References

COI UCOIR ACWAAYCAYAAAGAYATYGG Forward Costa et al., 2009

UCOIF TAWACTTCDGGRTGRCCRAAAAAYCA Reverse Costa et al., 2009

16S 16SFt_amp GCRGTATIYTRACYGTGCTAAGG Forward Lörz et al., 2018

16SRt_amp2 CTGGCTTAAACCGRTYTGAACTC Reverse Lörz et al., 2018

18S 18SE CTGGTTGATCCTGCCAGT Forward Hillis and Dixon, 1991

18SL CACCTACGGAAACCTTGTTACGACTT Reverse Hamby and Zimmer, 1988

F-566 CAGCAGCCGCGGTAATTCC Forward, intermediate Hadziavdic et al., 2014

R-1200 CCCGTGTTGAGTCAAATTAAGC Reverse, intermediate Hadziavdic et al., 2014

M13 M13-FP TGTAAAACGACGGCCAGT Forward Schuelke, 2000

M13R-pUC CAGGAAACAGCTATGAC Reverse Messing, 1983

Each primer was added by the universal M13 tail (M13-FP, M13R-pUC).

The resulting sequences were edited with Geneious Prime R©

2020.1.2 (Kearse et al., 2012) as a check for ambiguities and
errors. All edited sequences were aligned and trimmed with
MAFFT v7.450 (Katoh et al., 2002) alignment in Geneious by the
automatic algorithm. Afterward, similarity analyses with Blastn
(Altschul et al., 1990) search against GenBank and the Barcode
of Life Data System (BOLD, Ratnasingham and Hebert, 2007)
were performed. Short sequences and sequences with bad quality
were not included in the analysis. All sequences were deposited
in GenBank with the accession numbers COI, MZ197178–
MZ197435; 16S, MZ197436–MZ197490; and 18S, MZ197491–
MZ197533. Relevant voucher information, pictures, taxonomic
classifications, and sequences were deposited in the dataset
“DS-INMAC01” in BOLD (Ratnasingham and Hebert, 2007)1

(doi: 10.5883/DS-INMAC01) (GenBank accession numbers:
Supplementary Table 1).

Species Delimitation and Phylogenetic
Analyses
To infer the number of species in the present study, we delimited
them according to their morphology by grouping them to
morphospecies and by analyzing genetic distances of molecular
taxonomic units (MOTUs). The MOTUs were delimited on COI
sequences by five methods–three distance-based and two tree-
based.

Because, for some of the delimitation methods, a threshold
is mandatory, intra- and interspecific distances for our dataset
were first calculated by the Barcode Gap Analysis provided
by BOLD (distance model: Kimura 2 Parameter; alignment
options: BOLD aligner; ambiguous base/gap handling: pairwise
deletion). As a result the threshold value for the species-
delimitation methods was set at 0.976 or 97.6% (mean
intraspecific divergence is 2.4 after exclusion of the species
complex) (Supplementary Figures 1, 2 and Supplementary
Table 2), but note that the threshold for separating species
within marine Amphipoda reported in the literature ranges
from 93% to 97% and is suggested to be family specific
(Knox et al., 2012; Tempestini et al., 2018; Mohrbeck et al.,
2021).

1http://www.boldsystems.org

Automatic Barcode Gap Discovery (ABGD) (Puillandre et al.,
2012) is based on computing the threshold distance or “barcoding
gap” between inter- and intraspecific variation that leads toward
the number of groups. In the present case ABGD analyses were
performed with the default settings (Pmin = 0.001, Pmax = 0.1,
Steps = 10, X = 1.5, Nb bins = 20) on the ABGD website2

with JC69 Jukes-Cantor parameter. This parameter reflects the
assumption that base frequencies are equal with one substitution
rate (Emerson et al., 2001) and gave the clearest barcoding gap
within all tested parameters for our data.

Another distance-based method is CD-HIT (Li and Godzik,
2006), a heuristic clustering process that requires defined
sequence similarity thresholds. The CD-HIT-EST method was
used on the CD-HIT Suite web server at the University of
California, San Diego,3 and analyses were done with default
settings and the predefined threshold of 97.6%.

The third method of delimitation that used calculated
distances is the Barcode Index Numbers (BINs) system
implemented in BOLD (Ratnasingham and Hebert, 2013). It
registers each cluster of sequences and assigns a unique and
specific code (BIN). An uploaded sequence goes through cluster
analyses that try to find discontinuities between the clusters.

In contrast, general mixed Yule coalescence is a method that
determines the point of transition from speciation to coalescent
branching patterns on an ultrametric tree (Pons et al., 2006;
Monaghan et al., 2009). When this method was performed, a
Bayesian inference tree was built with BEAST v1.8.3 (Drummond
et al., 2012). Yule-coalescent models as implemented in the R
package “splits” (Suchard et al., 2018) were used.

Moreover, another method determining the transition from
speciation to coalescent branching, the Bayesian Poisson tree
process for larger datasets (Zhang et al., 2013) was tested on the
web server.4 As input file the Bayesian tree calculated by BEAST
was used. The data were inserted as an unrooted tree, 100,000
MCMC generations, thinning of 100, and 0.1 burn-in.

For the graphic presentation of MOTUs and morphospecies,
Bayesian tree analyses were conducted for the COI dataset. The

2https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html
3http://weizhong-lab.ucsd.edu/cdhit-web-server/cgi-bin/index.cgi
4http://species.h-its.org/ptp/
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optimal model was identified by the modeltest carried out by
MEGA X (Kumar et al., 2018) using both the Akaike Information
Criterion (AIC) and the Bayesian Information Criterion (BIC).
For the COI dataset the Tamura-Nei (TN93 + G + I)
model was the best fitting model. For construction of the
tree, the BEAST v1.8.3 package and Yule-coalescent model as
implemented in the R package “splits” (Suchard et al., 2018)
were applied. The tree was produced and annotated with
Bayesian posterior probabilities (PP) with TreeAnnotator in the
BEAST v1.8.3 package.

For inference of phylogenetic relationships among recorded
species, 16S and 18S rDNA gene fragments from one to three
representatives of recognized MOTUs were amplified and added
to the COI dataset. The tree of concatenated sequences of all
three markers studied (27 individuals) was generated by the
software Mr. Bayes (Ronquist and Huelsenbeck, 2003) by means
of 15,000,000 generations, 2 runs, 4 chains, and a burn-in of
4,000. Gaps in the alignment were treated as the nucleotide
N. Individual models were calculated for each marker: COI,
General Time Reversible (GTR + G); 16S, Hasegawa-Kishino-
Yano (HKY + G + I); 18S, General Time Reversible (GTR + G).
All trees were graphically adjusted with the software Adobe R©

Photoshop R© 21.1.3.

Community Analyses and Population
Connectivity
Rating the species richness was performed by generating the
rarefaction curves (Hessler and Sanders, 1967). The individual
rarefaction curve was processed by means of Past 4.05 (Hammer
et al., 2001). In combination with the Venn diagram, it was
adjusted in the software Adobe R© Photoshop R© 21.1.3.

For analysis of the population connectivity between the two
locations, haplotype networks were generated by Population
Analysis with Reticulate Trees (PopART).5 Minimum spanning
network (Bandelt et al., 1999) was applied for all MOTUs
of the COI dataset. The haplotypes of all MOTUs of the
genus Paralicella are presented together to demonstrate the
differences and similarities between the recognized molecular
units. Furthermore, for the COI dataset statistical tests were
carried out by means of DnaSP6 (Librado and Rozas, 2009;
Rozas et al., 2017) and Arlequin 3.5 (Excoffier and Lischer, 2010)
for estimation of the gene diversity. For all populations with
sample size n ≥ 4, haplotype (h) and nucleotide (π) diversities
(Tajima, 1983), Fu’s Fs (Fu, 1996), and Tajima’s D (Tajima, 1989)
were calculated.

Additional diversity analyses on the COI dataset were
performed in Arlequin 3.5 (Excoffier and Lischer, 2010). To
detect species population differentiation within and among
predefined groups, we performed an AMOVA with 1,000
permutations and pairwise differences. Two groups were
selected–“active” and “inactive”–from analysis of the COI
sequences obtained.

RESULTS

Species Delimitation and Identification
Baited traps AT1 and AT2 captured 463 scavenging amphipods,
which could be identified morphologically as 18 different
morphospecies (Figures 2, 3) (AT1, 364 individuals; AT2, 99
individuals). Trap AT3 captured no amphipods. From 279
individuals used for molecular study, 258 high-quality sequences

5http://popart.otago.ac.nz

FIGURE 2 | Confocal images of all sampled taxa of Alicelloidea, Eusiroidea, and Stegocephaloidea. (A) Paralicella sp. group 1A DZMB_2021_0085. (B) Paralicella
sp. group 1B DZMB_2021_0086. (C) Paralicella sp. group 2A DZMB_2021_0087. (D) Paralicella sp. group 2B DZMB_2021_0088. (E) Tectovalopsis aff. diabolus.
(F) Tectovalopsis fusilus. (G) Valettiopsis sp. DZMB_2021_0091. (H) Cleonardo neuvillei. (I) Parandania sp. (E,G): scale = 500 µm. (A–D,F,H,I): scale = 1 mm.
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of COI were obtained (PCR and sequencing success rate: 92.5%)
(Table 3) (+21 individuals not sequenced +184 individuals
checked only morphologically). Fragment lengths ranged from
527 to 658 bp; no indels or stop codons were found.

The molecular species delimitation methods revealed 20
to 29 MOTUs (Table 3, Supplementary Figures 3–5, and
Supplementary Tables 3–9). From all the methods combined,
consensus clusters were created for conform results of at
least three of them. The result in all cases was a consensus
cluster except for the genus Paralicella. Within this genus two
entities were identified on the basis of morphology–Paralicella
sp. group 1 (presenting morphological similarity to Paralicella
vaporalis Barnard and Ingram, 1990) and group 2 (showing some
similarities with P. caperesca Barnard and Shulenberger, 1976)–
which were further divided by molecular study. Within the first
all delimitation methods recognized two MOTUs, whereas in the
second the number of molecular units ranged from three (ABGD,
initial partition) to nine (general mixed Yule-coalescence and
Bayesian Poisson tree process); in the second case four consensus
MOTUs were defined. As a result, 24 MOTUs with 17 clusters and
7 singletons (Figure 4) were identified.

All recognized MOTUs were identified to genus level
(from a combination of the morphological and molecular
identification), and seven units were identified to species level
(Table 3). For another three MOTUs, affinities with described
species were found–Tectovalopsis aff. diabolus Barnard and
Ingram, 1990, Paracallisoma aff. alberti Chevreux, 1903, and
Pseudonesimus aff. abyssi Chevreux, 1926–whereas, four more
recognized units are probably new to science–Eurythenes sp.
DISCOLL PAP B, Hirondellea sp. nov. DZMB_2021_0092,
Ambasiopsis sp. nov. DZMB_2021_0093, and Paracallisoma sp.
nov. DZMB_2021_0094.

In addition to the COI dataset, 54 sequences of 16S (PCR and
sequencing success rate: 81.8%) and 44 sequences of 18S (PCR
and sequencing success rate: 66.7%) were obtained (Table 3).
The phylogenetic tree containing 27 concatenated sequences
represents 16 MOTUs within 4 superfamilies (Figure 5). The
tree supports the separation of Lysianassoidea and Alicelloidea.
Within Lysianassoidea, representatives of different families were
grouped together. A different situation can be seen in the case of
Alicelloidea, where representatives of two families (Valettiopsidae
and Alicellidae) were mixed. The species Tectovalopsis aff.
diabolus and Paralicella sp. group 1 formed one cluster with
Valettiopsis sp. DZMB_2021_0091, whereas the Paralicella group
2 was clearly separated with high posterior probabilities.

Faunistic Composition and Population
Connectivity
The 364 individuals collected by trap AT1 at the inactive field
formed 19 MOTUs in 11 genera (Figure 6A). The 99 captured
by trap AT2 at the active field, belonged to 10 MOTUs and five
genera. Trap AT3, placed for 22 h close to an active field, captured
no amphipods. Only seven MOTUs were captured at both AT1
and AT2. The calculations of the rarefaction curves indicated
higher species richness at inactive fields; for active fields the curve
approached asymptote and flattens out (Figure 6B).

The amphipod assemblage of the inactive site was dominated
by Tectovalopsis fusilus and Hirondellea guyoti, which constituted
60.4% of all individuals collected (Figure 7). The remaining 17
MOTUs were represented by similar numbers of individuals. The
dominating taxon at the active site was Paralicella sp. group
2B DZMB_2021_0088, which alone made up more than 50%
of abundance. The other taxa contributing substantially to this
assemblage were Abyssorchomene distinctus, Hirondellea sp. nov.
DZMB_2021_0092, Paracallisoma sp. nov. DZMB_2021_0094,
and Paralicella sp. group 1B DZMB_2021_0086. The genera
Eurythenes and Tectovalopsis were collected exclusively at
the inactive site.

In the whole area studied, three taxa (Cleonardo neuvillei,
Ambasiopsis sp. nov. DZMB_2021_0093, and Parandania sp.)
were each represented by a single individual (Figure 8A). Among
the remaining species, haplotype numbers ranged from 1 to
30 (Table 4).

The haplotype diversity (h) was high for AT1 and for the
combined data of AT1 and AT2 in Paralicella sp. group 2B
DZMB_2021_0088 (h = 0.800–0.835), Eurythenes sp. DISCOLL
PAP B (h = 0.857), Hirondellea guyoti (h = 0.709), and Hirondellea
sp. nov DZMB_2021_0092 (h = 0.782, 0.833), whereas for
Paracallisoma aff. alberti (h = 1.000) only AT1 and, for
Abyssorchomene distinctus (h = 0.928–0.952), the whole set of
data showed high haplotype diversity. Nucleotide diversity (π)
was low for all populations, ranging between π = 0.00047 for
Paracallisoma sp. nov. DZMB_2021_0094 (combined data) and
π = 0.00674 for Eurythenes sp. DISCOLL PAP B (Table 4).

The haplotype network for the genus Paralicella (Figure 8B)
indicated a clear separation between the six MOTUs, with a
mutation rate of 29 to 103 substitutions. The three individuals
constituting MOTU Paralicella sp. group 2A DZMB_2021_0087
showed 24 and 27 substitutions among its representatives.

The neutrality and population-expansion tests revealed
that, for the populations of Paralicella sp. group 2B
DZMB_2021_0088, Tectovalopsis fusilus, and Abyssorchomene
distinctus, the Tajima’s D values were negative and significant
(p < 0.05), indicating an excess of rare nucleotides thus an
expansion of the population or indicative of a selective sweep.
Fu’s Fs confirmed this theory with negative values and highly
significant p-values (p < 0.001–0.0001). Similarly, evidence
for expansion of populations was observed in Hirondellea
sp. nov. DZMB_2021_0092, Paracallisoma aff. alberti, and
Paracallisoma sp. nov. DZMB_2021_0094. The values for
Tajima’s D and Fu’s Fs combined with mainly significant
p-values (Table 4).

Within-population differences in the analysis of molecular
variance (AMOVA) accounted for all the variation (100%) for
most of the species, and no evidence supported separation
into genetically distinct populations (Table 5). In addition,
negative or near-zero Fst-values indicated that the studied
populations were genetically homogeneous, but all p-values were
not significant, indicating no population structure. The only
exception was Abyssochormene distinctus, where the variation
of the AMOVA within the population was 95.39% and the Fst
was positive, but p-values were still not significant, indicating no
population structure.
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TABLE 3 | The list of taxa identified, with superfamily, family and genus information, number of sequences for COI, 16S, and 18S, morphological delimitation (M), number of MOTUs based on Automatic Barcode Gap
Discovery (Ai, initial, and Ar, recursive, partition), CD-Hit (C), GMYC (G), bPTP (B), and BIN.

Superfamily Family Genus Species No. individuals Marker Species delimitation methods BOLD BIN

AT1 AT2 CO1 16S 18S M Ai Ar C G B BIN

Alicelloidea Alicellidae Paralicella Chevreux, 1908 Paralicella sp. group 1A
DZMB_2021_0085

2 3 5 2 3 1 1 1 1 1 1 1 BOLD:AEF8804

Paralicella sp. group 1B
DZMB_2021_0086

0 6 6 1 2 1 1 1 1 1 1 BOLD:AEF6691

Paralicella sp. group 2A
DZMB_2021_0087

0 3 3 3 2 1 1 3 3 3 3 BOLD:AEF9380
BOLD:AEF9381
BOLD:AEF9383

Paralicella sp. group 2B
DZMB_2021_0088

16 54 63 10 6 1 1 1 1 3 4 1 BOLD:AEF6635

Paralicella sp. group 2C
DZMB_2021_0089

2 1 3 1 0 1 1 1 2 2 1 BOLD:AEF6636

Paralicella sp. group 2D
DZMB_2021_0090

1 0 1 1 1 1 1 1 1 1 1 BOLD:AEF9382

Tectovalopsis Barnard and Ingram,
1990

Tectovalopsis aff. diabolus
Barnard and Ingram, 1990

3 0 3 3 3 1 1 1 1 1 1 1 BOLD:AEF9480

Tectovalopsis fusilus Barnard and
Ingram, 1990

131 0 78 2 2 1 1 1 1 1 1 1 BOLD:AEF6344

Valettiopsidae Valettiopsis Holmes, 1908 Valettiopsis sp.
DZMB_2021_0091

2 0 1 2 2 1 1 1 1 1 1 1 BOLD:AEF7847

Eusiroidea Eusiridae Cleonardo Stebbing, 1888 Cleonardo neuvillei Chevreux,
1908

1 0 1 1 1 1 1 1 1 1 1 1 BOLD:AEF6468

Lysianassoidea Eurytheneidae Eurythenes S. I. Smith in Scudder,
1882

Eurythenes magellanicus (H. Milne
Edwards, 1848)

9 0 8 2 3 1 1 1 1 1 1 1 BOLD:ADD1766

Eurythenes sp. DISCOLL PAP B 8 0 7 1 2 1 1 1 1 1 2 1 BOLD:AEF7086

Hirondelleidae Hirondellea Chevreux, 1889 Hirondellea brevicaudata
Chevreux, 1910

6 0 5 3 2 1 1 1 1 1 1 1 BOLD:AEF6862

Hirondellea guyoti Barnard and
Ingram, 1990

89 0 11 1 2 1 1 1 1 1 1 1 BOLD:AEF7644

Hirondellea sp. nov.
DZMB_2021_0092

22 11 13 2 1 1 1 1 1 1 1 1 BOLD:AEF9394

Lysianassoidea
incertae sedis

Ambasiopsis K.H. Barnard, 1931 Ambasiopsis sp. nov.
DZMB_2021_0093

1 0 0 1 1 1 – – – – – – –

Scopelocheiridae Haptocallisoma Horton and Thurston,
2015

Haptocallisoma abyssi (Oldevig,
1959)

0 3 3 3 0 1 1 1 1 1 1 1 BOLD:ADH7303

Paracallisoma Chevreux, 1903 Paracallisoma aff. alberti
Chevreux, 1903

10 2 9 4 3 1 1 1 1 2 2 2 BOLD:AEF7929
BOLD:AEF9456

Paracallisoma sp. nov.
DZMB_2021_0094

18 9 13 2 1 1 1 1 1 1 1 1 BOLD:AEF8324

Tryphosidae Pseudonesimus Chevreux, 1926 Pseudonesimus aff. abyssi
Chevreux, 1926

23 0 6 3 3 1 1 1 1 1 1 1 BOLD:AEF6700

Uristidae Abyssorchomene De Broyer, 1984 Abyssorchomene distinctus
(Birstein and Vinogradov, 1960)

19 7 18 5 4 1 1 1 1 1 1 1 BOLD:ACZ6415

Stegocephaloidea Stegocephalidae Parandania Stebbing, 1888 Parandania sp. 1 0 1 1 1 1 1 1 1 1 1 1 BOLD:AAF7953

Total numbers 10 12 22 364 99 258 54 45 18 20 21 23 27 29 24

Last column provides the BIN code. Shading indicate cases where incongruence between different delimitation methods was noted.
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FIGURE 3 | Confocal images of all sampled taxa of Lysianassoidea (including one light microscopy image of a large species, A). (A) Eurythenes magellanicus.
(B) Eurythenes sp. DISCOLL PAP B. (C) Hirondellea brevicaudata. (D) Hirondellea guyoti. (E) Hirondellea sp. nov. DZMB_2021_0092. (F) Ambasiopsis sp. nov
DZMB_2021_0093. (G) Haptocallisoma abyssi. (H) Paracallisoma aff. alberti. (I) Paracallisoma sp. nov. DZMB_2021_0094. (J) Pseudonesimus aff. abyssi.
(K) Abyssorchomene distinctus. (A): scale = 2 cm. (B,K): scale = 1 mm. (C–J): scale = 500 µm.

DISCUSSION

Morphological vs. Molecular
Identification of Amphipods
Studying baited-trap samples from hydrothermal vent areas by
morphological methods supplemented by DNA barcoding led
us to a total of 22 MOTUs belonging to 10 genera and four
families. For the MOTUs collected, the morphology agreed
with the molecular species delimitation, except for the genus
Paralicella.

Paralicella includes six described species so far (WoRMS
Editorial Board, 2021), but taxonomic issues have been
mentioned for this genus. Ritchie et al. (2015) reported
incongruence between the morphological and molecular
identifications of two species within this genus but the
discrepancies were not confirmed later (Mohrbeck et al., 2021).
In contrast, high mean intraspecific divergences were reported
for Paralicella caperesca (Jażdżewska et al., 2021; Mohrbeck
et al., 2021). Our morphological study of the representatives of
Paralicella separated them into two different groups, but they
were further divided into molecular clades with non-distinct
external appearance.

Additional morphological study is required to confirm that
these taxa should be treated as cryptic species or to find
the morphological characters that will allow separation of the
MOTUs within these species complexes. Moreover, individuals

within one MOTU of Paralicella sp. group 2 (group 2A
DZMB_2021_0087) showed high COI sequence divergence
(expressed among other evidence by ascription of three different
BINs) that may reflect, for example, past population divergence
and then subsequent introgression. Because only fragments of
two mitochondrial and one nuclear gene loci were sequenced,
definite delineation of species within these MOTUs is not
possible–ideally data from more than one nuclear gene loci
should be obtained.

Scavenging Community in the Studied
Area
The known distribution of the taxa collected is shown in
Table 6. Abyssorchomene distinctus is the only species in our
collection that was previously detected in the Indian Ocean.
Apart from Cleonardo neuvillei, all taxa recorded in the present
study were previously caught with baited traps. Cleonardo species
are considered bathypelagic and carnivorous (Bousfield and
Hendrycks, 1995), so the presence of single individual in our
samples can be regarded as a by-catch.

The genus Eurythenes is very commonly collected with baited
traps (Jamieson et al., 2011; Havermans et al., 2013; Narahara-
Nakano et al., 2018). Of Eurythenes magellanicus, we detected
the largest individual (105 mm) reported so far that was still an
immature female. The largest previously named representative
for that species is a mature female 85 mm collected from the
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FIGURE 4 | Bayesian inference tree for CO1 data (258 individuals). Tree constructed by using Tamura-Nei substitution and Yule-coalescent model. Numbers
represent posterior probabilities (only values higher than 40% are presented). Relevant species delimitation result is shown by vertical bars; disagreements are
highlighted: M: morphology. Ai: Automatic Barcode Gap Discovery (initial partition). Ar: Automatic Barcode Gap Discovery (recursive partition). C: CD-Hit. G: general
mixed Yule-coalescence GMYC. B: bPTP and BIN. The red bar presents the consensus of all delimitation methods. Samples from AT1 (inactive) and AT2 (active) are
color-coded; individuals of one MOTU with matching delimitation results are summarized and highlighted in bold.

stomach of a fish off Cape Horn (Stoddart and Lowry, 2004).
The deep-sea species belonging to the genus Hirondellea are
commonly found in baited traps (Jamieson et al., 2011; Ritchie
et al., 2015; Duffy et al., 2016) as well as at hydrothermal vent
fields (Barnard and Ingram, 1990). Ambasiopsis, another genus
belonging to Lysianassoidea, has been recorded from the Indian
Ocean before, and it was represented by Ambasiopsis brevipes

Ledoyer, 1986 collected at Banc du Geyser (Ledoyer, 1986).
A detailed check of our Ambasiopsis material revealed, however,
that it is a different species.

Some species from the superfamily Alicelloidea were collected
as well. The genus Paralicella is known from all three oceans,
including Antarctic waters (Chevreux, 1908; Shulenberger and
Barnard, 1976; De Broyer et al., 2004; Horton and Thurston,
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FIGURE 5 | Bayesian inference tree construction on the concatenate three-gene dataset (COI, 16S rDNA, 18S rDNA). The distances were calculated with the
General Time Reversible model (COI, 18S) and the Hasegawa-Kishino-Yano model (16S). Numbers represent posterior probabilities. Next to the tree information
about the relative abundances for the two locations are given. The superfamilies are indicated on the right.

2009; Horton et al., 2020b; Weston et al., 2021; Jażdżewska
et al., 2021) and has been collected at hydrothermal vent fields
before (Barnard and Ingram, 1990), as has Valettiopsis (Juan de
Fuca Ridge in the Pacific Ocean) (Tsurumi, 2001). The genus
Parandania is not only a worldwide distributed genus, but was
also sampled at hydrothermal vents (Wang et al., 2019). One
species within this genus, Parandania boecki is panoceanic and
reported from Indian Ocean (De Broyer et al., 2007).

Population Connectivity and Community
Analyses
Our study provides the first known records for scavenging
amphipods caught with the help of baited traps at hydrothermal
vent fields in the Indian Ocean. Nevertheless, sampling in the
deep sea is sometimes challenging, and certain limitations to the
study must be mentioned. The first is lack of replicates, second
that the active and inactive sites are some distance apart and
without adjacent non-vent abyssal controls, and third that the
traps were left on the sea floor for different periods of time
(Table 1). These factors might produce differences within the
species composition and abundance. Similarly, differences in

abiotic factors at the three traps locations might influence the
fauna that approached them.

The distribution of organic matter and the hydrostatic
pressure are important in defining the composition of hadal
scavenging communities (Wolff, 1959; Beliaev and Brueggeman,
1989). Experimental study has revealed that some amphipod
species are not flexible enough to colonize highly disturbed
zones, for example glacier melting areas or bottom sections
opened after ice shelf collapse because of changes in salinity and
intensive sedimentation (Seefeldt et al., 2017). Hydrothermally
active areas can also be considered disturbed areas, with irregular
abiotic factors like bursting chimneys, hypoxia (Hourdez and
Lallier, 2007), high temperatures (Chevaldonné et al., 1991,
1992), and high levels of hydrogen sulfide, methane, ammonia,
and heavy metals (Campbell et al., 1988a,b). In comparison,
inactive areas offer stable environmental conditions that are
more attractive to general deep-sea organisms (Erickson et al.,
2009; Levin et al., 2009; Boschen et al., 2016). Similar values
of temperature, salinity and pH were observed at all three
locations, so these factors cannot explain the complete failure
of trap AT3 even though it spent similar time on the bottom
as the very successful AT1 trap. Of the three sites AT3
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FIGURE 6 | Comparison of active and inactive sites. (A) Venn-diagram presenting the different MOTUs and their collection locations. (B) Assessment of the species
richness by individual-based rarefaction curve.

was situated in the closest vicinity of the active vent. The
emissions from vents are associated with oxygen depletion
in the surrounding waters (Hourdez and Lallier, 2007) while
amphipods are regarded as having low tolerance to hypoxia
(Modig and Ólafsson, 1998; Wu and Or, 2005; Copilaş-
Ciocianu et al., 2020) that may caused their absence there.
Unfortunately, the oxygen concentration data are not available
for the studied sites, so this issue must remain open question. At
the other two traps 463 amphipods were captured, but are these
amphipods only occasional visitors to the fields or might they
be vent endemic?

At hydrothermal vent fields life depends on the presence of
chemoautotrophic microbes. In the Indian Ocean, the microbes
support the high abundance of the shrimp Rimicaris kairei

Watabe and Hashimoto, 2002, which in turn sustains a variety
of other vent endemic taxa, including fish species (Gerdes et al.,
2021; Thiel et al., 2021). Generally, vent endemic species occur
in high abundance around the active fields (Ingole and Koslow,
2005; Thornton et al., 2016), but despite the special food source,
typical vent-endemic amphipods have not previously been
reported from the Indian Ocean, even though knowledge about
the vent fields along the Central and Southeast Indian Ridges has
increased during the last decade as a result of the massive sulfide
exploration program in the German license area (Gerdes et al.,
2019a,b, 2021). The absence up to now of any amphipod records
and abundance that is on average lower than those reported
in the literature for baited traps (Duffy et al., 2012; Horton
et al., 2020b; Patel et al., 2020), we conclude that the presently
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FIGURE 7 | Relative abundance of MOTUs at the active and inactive areas. Unnamed MOTUs with n ≤3 are grouped together as “others.” More details about
numbers of each MOTU can be found in Table 3.

studied scavenging amphipod assemblage is probably not vent
endemic. The three previously described species (Hirondellea
guyoti, Tectovalopsis fusilus, and T. aff. diabolus) have so far been
recorded exclusively from hydrothermal vent fields (Barnard
and Ingram, 1990; Desbruyères et al., 2006), however, and we
report four species new to science that have not yet been
collected elsewhere. These species do not depend directly on the
chemoautotrophic bacteria and primary production in the vent
fields, but they may be more resistant to hypoxic conditions
than other deep-sea amphipod species and may profit from the
primary production that is offered by the vent fields. They may
therefore be treated as vent related, but because no baited traps
were set in the abyssal plain adjacent to the presently studied area,
the presence of these species also outside the hydrothermal vent
fields cannot be excluded.

Differences in amphipod assemblages between
hydrothermally active and inactive regions can be observed.
The inactive site was characterized by higher abundance and
species richness (Table 3 and Figures 6, 7) than the active
area. Rarefaction results indicated that the higher diversity at
the inactive site would still be the expected result. In addition,
the population analyses indicate a significant population
expansion of the Paralicella sp. group 2B DZMB_2021_0088,
Tectovalopsis fusilus, and Abyssorchomene distinctus (Table 5);
the other species studied also tended to expand. Expanding
populations are a general deep-sea phenomenon particularly in
vent-endemic species (Vrijenhoek, 2010; Taylor and Roterman,
2017). Furthermore, the analyses of Tajima’s D and Fu’s Fs did
not reveal clear differences within genetic diversity between
populations at active and inactive sites. In addition, AMOVA
reinforced this statement by comparing the mitochondrial COI
sequences of active and inactive populations for six species
from the Southeast Indian Ridge, resulting in a lack of genetic

structure, as suggested by negative or non-significant values for
Fst. On this basis, we speculate that no “active” or “inactive” vent
communities are present. Instead, just one population probably
approaches the different fields. The expansion of the populations
in the deep sea may be associated with recent bottlenecks,
dispersal of random individuals between patchy habitats, or
positive selection (Taylor and Roterman, 2017) and, however,
signify a large population size.

Different feeding strategies might explain the difference
between the traps from active and inactive vents. These
differences are not only quantitative (although the quantitative
difference should be viewed with caution) but also qualitative,
because the active area was dominated by Paralicella sp.
group 2B DZMB_2021_0088. This genus is known to consist
of obligate scavengers (Horton et al., 2020b) that are very
successful in locating baits in the deep sea and depend
only on this specific kind of food. Horton et al. (2020b)
revealed that temporal changes in environmental conditions
in the ocean may influence the scavenger community. These
changes are reflected in the switch from obligate necrophagous
amphipod dominance (Paralicella) to a more diverse assemblage
with larger numbers of facultative scavengers (Abyssorchomene
sp., Eurythenes spp.). In the present case, the differences in
environmental conditions between the active and inactive sites
may reflect the temporal changes observed by Horton et al.
(2020b). These authors have also observed that the scavenger
community changes with the time the bait spends on the bottom,
from the dominance of obligate scavengers, to a more diverse
assemblage with a higher share of facultative scavengers (Janßen
et al., 2000). In our study the trap at the active site spend
a shorter amount of time on the bottom, a difference that
might have prevented less specialized amphipod species from
reaching it, but the rarefaction curve for the active site sample
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FIGURE 8 | Results of the statistical haplotype network analysis based on the COI data-set (258 individuals). Colors refer to the different sampling localities and the
size of each circle is proportional to the number of individuals (see legends). Hatch marks show single substitutions. Minimum spanning networks for (A) Alicelloidea,
Eusiroidea, Lysianassoidea and Stegocephaloidea. (B) Paralicella; differentiated into six groups. Mutations (n > 10) are presented as numbers.
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TABLE 4 | Genetic diversity indices, parameters of demographic history and neutrality and population expansion tests calculated for the COI dataset.

Species n No.
haplotypes

Haplotype
diversity (h)

Nucleotide
diversity (π)

Tajima’s D Fu’s Fs

Paralicella sp. group 1A
DZMB_2021_0085

AT1 2 1 – – – –

AT2 3 2 0.667 0.00101 – 0.20067

com 5 2 0.400 0.00061 –0.81650 0.09021

Paralicella sp. group 1B
DZMB_2021_0086

AT2 6 3 0.600 0.00203 –1.29503 0.29690

Paralicella sp. group 2B
DZMB_2021_0088

AT1 15 9 0.800 0.00377 –1.95478* –2.10318

AT2 53 23 0.835 0.00560 –1.95004* –16.22493***

com 68 30 0.823 0.00510 –2.05811* –22.31432***

Tectovalopsis fusilus AT1 78 9 0.305 0.00077 –2.09503* –7.04595***

Eurythenes
magellanicus

AT1 9 2 0.222 0.00122 –1.44751 1.41490

Eurythenes sp.
DISCOLL PAP B

AT1 8 5 0.857 0.00674 0.09834 0.12110

Hirondellea
brevicaudata

AT1 5 1 – – – –

Hirondellea guyoti AT1 11 5 0.709 0.00238 -1.40298 -0.97174

Hirondellea sp. nov.
DZMB_2021_0092

AT1 4 3 0.833 0.00329 -0.06501 0.25081

AT2 9 4 0.583 0.00101 –1.51297 –1.89165*

com 13 6 0.782 0.00175 –1.01207 –2.69176*

Paracallisoma aff.
alberti

AT1 7 2 0.286 0.00478 –1.62257* 4.56086

AT2 2 2 1.000 0.00152 – –

com 9 3 0.417 0.00405 –1.87639* 2.51104

Paracallisoma sp. nov. AT1 4 1 – – – –

AT2 9 3 0.417 0.00068 –1.36240 –1.08110*

com 13 3 0.295 0.00047 –1.46801* –1.40150*

Pseudonesimus aff.
abyssi

AT1 6 2 0.333 0.00051 –0.93302 –0.00275

Abyssorchomene
distinctus

AT1 11 9 0.945 0.00254 –1.21775 –7.38058***

AT2 7 6 0.952 0.00261 –1.52412* –3.70942**

com 18 13 0.928 0.00260 –1.88027* –11.98916***

Significant P-values are marked with asterisks. < 0.05*, < 0.001**, < 0.0001 ***. Only MOTUs represented by a total n ≥ 4 shown. Combined populations from AT1 and
AT2 are presented as “com.”

approached the asymptote, so no addition of new species in this
assemblage was predicted.

Nevertheless, in another study the species Eurythenes gryllus
(Lichtenstein in Mandt, 1822) is reported to be rather an obligate
scavenger (Dauby et al., 2001), but as the genus Eurythenes has
never been collected at hydrothermal vent areas, it seems to avoid
areas with active hydrothermal activity. Dauby et al. (2001) also
reported one species of Abyssorchomene [A. nodimanus (Walker,
1903)] as an obligate scavenger, in contrast with Horton et al.
(2020b). For A. distinctus, which we captured on both active
and inactive site in more or less equal numbers, we might
conclude it is resistant enough to environmental conditions to
feed at the active site and has no preference for habitat. The
genus Hirondellea has been reported to be either an obligate
scavenger (Blankenship and Levin, 2007) or a micropredatory
browsing type, so scavenging is just an alternative feeding
mode for the species (Dauby et al., 2001). In the stomach

of Hirondellea antarctica (Schellenberg, 1926) hydrozoans and
sea anemones were detected (Dauby et al., 2001). The two
described species of Hirondellea presently we captured may be
assumed to be facultative scavengers avoiding the active vent
sites, whereas Hirondellea sp. nov. DZMB_2021_0092, collected
in both locations, may be an obligate scavenger or may also
feed on the vent fauna. Little is known about the dominant
species in the inactive site–Tectovalopsis fusilus. Similarly to
Paralicella this genus is regarded as grouping obligate scavengers
(Lowry and De Broyer, 2008), but T. fusilus has so far been
collected only once and is known from single individual, so
a final decision cannot be drawn about how variable its food
composition is.

Our study leads to the conclusions that the scavenging
amphipods at the vent fields are not restricted to the locations
studied and that only some of the most resistant species may
be able to deal with the difficult conditions at the active area.
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TABLE 5 | Analysis of molecular variance (AMOVA) based on pairwise difference among haplotypes; significance calculated by 1,000 permutations of the COI dataset.

Source of variation Sampling site (active/inactive) = population

Percentage of variation FST (p-value)

Paralicella sp. group 1A DZMB_2021_0085 Among populations –20.00 –0.20000 (1.00000)

Within populations 120.00

Paralicella sp. group 2B DZMB_2021_0088 Among populations –3.20 –0.03200 (1.00000)

Within populations 103.20

Hirondellea sp. nov. DZMB_2021_0092 Among populations –12.78195 –0.12782 (1.00000)

Within populations 112.78195

Paracallisoma aff. alberti Among populations –18.23 –0.18226 (0.43109)

Within populations 118.23

Paracallisoma sp. nov. Among populations –11.62791 –0.11628 (1.00000)

Within populations 111.62791

Abyssorchomene distinctus Among populations 4.61522 0.04615 (0.11926)

Within populations 95.38478

The populations were arranged in active and inactive groups. All p-values are non-significant.

TABLE 6 | Summary of known distribution of presently sampled species indicating the presence at hydrothermal vent areas.

Atlantic ocean Pacific ocean Hydrothermal
vents

References

Tectovalopsis aff.
diabolus

Not recorded East Pacific Rise: 13◦N vent site (type locality;
only record so far)

Barnard and Ingram, 1990; Desbruyères et al.,
2006

Tectovalopsis
fusilus

Not recorded Guerrero, off Punta San Telmo, North East
Pacific (type locality)

Barnard and Ingram, 1990

Cleonardo neuvillei Canary Islands (type
locality), only record so
far

Not recorded Not recorded Chevreux, 1910

Eurythenes
magellanicus

North and South
Atlantic

Cape Horn
(type locality),
Taiwan,
Okinawa Island

Not recorded Stoddart and Lowry, 2004; Havermans et al.,
2013; Havermans, 2016; Narahara-Nakano
et al., 2018; Horton et al., 2020a

Eurythenes sp.
DISCOLL PAP B

Porcupine Abyssal
Plain, Northeast and
Northwest Atlantic

Peru-Chile
Trench, South
East Pacific

Not recorded France and Kocher, 1996 (identified as
Eurythenes gryllus ICE-1); Ritchie et al., 2015
(identified as Eurythenes sp. 2 HR-2015);
Horton et al., 2020a

Hirondellea
brevicaudata

North Atlantic (type
locality)

North of Hawaii, central Pacific Chevreux, 1910; Barnard and Ingram, 1990;
France, 1993

Hirondellea guyoti Not recorded Hess Guyot in the North Pacific (type
locality), only record so far

Barnard and Ingram, 1990

Haptocallisoma
abyssi

Greenland Sea (type
locality), North Atlantic

Not recorded Not recorded Oldevig, 1959; Horton and Thurston, 2015;
Jażdżewska et al., 2018 (erroneously identified
as Scopelocheirus sp.)

Paracallisoma aff.
alberti

Azores (type locality),
North Atlantic

Not recorded Not recorded Horton and Thurston, 2015

Pseudonesimus aff.
abyssi

Bay of Biscay (type
locality), North Atlantic

Cedros Trench,
North East
Pacific

Not recorded Chevreux, 1926; Barnard, 1967

Abyssorchomene
distinctus

South of Palau (type locality), worldwide
distributed in the abyss, the only species
previously recorded in the Indian Ocean

Guaymas
Basin, East
Pacific Rise
13◦N

Vinogradov, 1993; Bellan-Santini, 1998;
Desbruyères et al., 2006; Jamieson et al.,
2011; Ritchie et al., 2015; Duffy et al., 2016;
Patel et al., 2020; Weston et al., 2021

Reinforcing the patterns observed in our study, we intend
to improve our results by increasing the sample size, placing
the traps at different distances from the field and setting a
standard for the distance between trap and vent field, and the
deployment time. Finally, our results show that the amphipod

fauna of the ecosystems of the Central and Southeast Indian
Ridges are still widely unexplored and that further studies,
particularly of environments such as the inactive and active
hydrothermal areas, have great potential for the discovery of
more scavenging amphipods.
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Solenogastres are vermiform marine molluscs characterised by an aculiferous mantle,
a longitudinal ventral pedal groove and a terminal or subterminal pallial cavity. Their
classification is based in part on the type of mantle sclerites, but identification to
even the family level generally requires the study of internal anatomical characters.
Taxonomically important internal characters include those related to radular structure,
the type of ventrolateral glandular organs of the pharynx and the reproductive system,
among others. In order to study their internal anatomical organisation, according to the
classical reconstruction method, serial histological sections of specimens are made,
from which the 2D internal anatomy of the specimen can be reconstructed manually.
However, this is a time-consuming technique that results in destruction of the specimen.
Computed microtomography or micro-CT is a non-destructive technique based on the
measurement of the attenuation of X-rays as they pass through a specimen. Micro-CT
is faster than histology for studying internal anatomy and it is non-destructive, meaning
that specimens may be used for e.g., DNA extraction or retained as intact vouchers.
In this paper, the utility of micro-CT for studying taxonomically important internal
anatomical structures was assessed. Results of the 3D anatomical study of the soft
parts of four specimens of three species using micro-CT are presented: Proneomenia
sluiteri Hubrecht, 1880, Dorymenia menchuescribanae García-Álvarez et al., 2000 and
Anamenia gorgonophila Kowalevsky, 1880. Micro-CT enabled detailed study of most
taxonomically important anatomical characters, precise measurements of structures,
and observation of the relative position of organs from a variety of angles. However, it
was not possible to observe the radula and some details of the ventral foregut organs
could not be discerned. Despite these limitations, results of this study highlight micro-
CT as a valuable tool to compliment histology in the study of solenogaster anatomy and
in non-destructively identifying animals to the family and even genus-level.

Keywords: Solenogastres, micro-CT, anatomy, Proneomenia sluiteri, Dorymenia menchuescribanae, Anamenia
gorgonophila
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INTRODUCTION

Solenogastres are vermiform marine molluscs with no distinct
head or other regionalisation. They are characterised by a mantle
bearing calcareous scales or spines called sclerites, a longitudinal
ventral pedal groove and a terminally or subterminally positioned
pallial (=mantle) cavity. Knowledge about their biology is scarce
and data on their diversity and geographic distribution are
limited and uneven due to the fact that their study has been
focused on restricted geographic areas, the difficulties of sampling
and that many of the species have only been described from very
few specimens. However, it cannot be said that they are rare
animals as their presence extends from the coast to the deep sea
(García-Álvarez et al., 2014).

To date, 293 species of Solenogastres have been described.
They are grouped into four orders, whose classification is based
primarily on the type of mantle sclerites. However, the order-level
taxonomy of the group has been called into question (Kocot et al.,
2019) and, for the classification of families, genera and species,
it is essential to study their internal organisation in order to get
to know the radular structure, the type of ventrolateral glandular
organs of the pharynx and the other internal organs, especially the
reproductive system (García-Álvarez and Salvini-Plawen, 2007).

In order to study the internal anatomical organisation,
according to the classical reconstruction method, serial
histological sections of specimens are made. From these,
the internal anatomy may be reconstructed in a sagittal
representation, obtaining a 2D anatomical view of the specimen.
In addition, 3D computerised anatomical reconstruction can
be performed by means of reconstruction software that stacks
and aligns photographs of all the serial histological sections
(Pedrouzo et al., 2019). Notably, this approach only works well
for specimens embedded in resin, as paraffin sections tend to
vary in their degree of compression, which makes image stacking
and alignment challenging to impossible. Such 3D visualisation
software offers the possibility of rotating, zooming in and out,
and isolating different parts to observe different characters. Also,
by not using fixed reference points, the distortion of the final
image is reduced. However, histological sectioning and both
manual and computerised anatomical reconstruction are highly
labor-intensive and destructive approaches.

Computed microtomography or micro-CT is a non-
destructive technique based on the measurement of the
attenuation of X-rays when they pass through a sample while
it rotates on itself (180◦ or 360◦), resulting in a large number
of radiographs (called X-ray projection images). From these
projections, virtual 2D sections are obtained in the three planes
(transverse, frontal and sagittal) comparable to histological
ones, as well as 3D models that allow the external and internal
structure of the scanned sample to be visualised. The advantage
of this technique is that, as the sample is not destroyed, it is
possible to carry out complementary studies at a later date. This
is of paramount importance in Solenogastres where many species
are rare and often only one specimen of a new species may be
available. Whereas histology destroys the specimen and precludes
other types of analysis, it is now possible to employ a workflow
that collects data using light microscopy, micro-CT, scanning

electron microscopy (SEM), and DNA barcoding all from the
same specimen (Faulwetter et al., 2013b; Gignac et al., 2016). In
addition, micro-CT eliminates possible image distortions, which
are common in classical reconstruction methods.

The main aim of this work is to test the potential of micro-
CT to describe the anatomy of the soft parts of Solenogastres.
A description of the soft parts of each of the specimens is given
based on the images obtained by micro-CT and some anatomical
details are given in relation to the descriptions already published
for each of the species and based on the data obtained by
means of classical histological studies. The iconography of the
anterior and posterior parts of Proneomenia sluiteri is completed
in 3D micro-CT. In addition, the possibilities offered by this
methodology for the study and identification of Solenogastres
species are discussed. Regarding the sclerites of the mantle of
Solenogastres, they are not discussed here, since their observation
and study does not require the destruction of the specimens
(García-Álvarez et al., 2014) and their calcareous nature is similar
to the calcareous spicules of other marine molluscs already
studied by this technique (Alba-Tercedor and Sánchez-Tocino,
2011; Paz-Sedano et al., 2021; Urgorri et al., 2021).

This paper presents the results of 3D anatomical study of the
soft parts of one specimen of Proneomenia sluiteri Hubrecht,
1880, one specimen of Dorymenia menchuescribanae García-
Álvarez et al., 2000 and two specimens of Anamenia gorgonophila
Kowalevsky, 1880 using computed microtomography or micro-
CT. Several studies have demonstrated the efficiency of this
technique in the study of small marine molluscs (Golding and
Jones, 2007; Alba-Tercedor and Sánchez-Tocino, 2011; Candás
et al., 2016, 2017). Regarding Aplacophora, some experiments
have been conducted with some species of Solenogastres
(Candás et al., 2018; Pedrouzo et al., 2019) and Caudofoveata
(Metscher, 2009).

MATERIALS AND METHODS

Four specimens representing three described species of a size
suitable for this first comparative study were studied: one
specimen of Proneomenia sluiteri Hubrecht, 1880 from East
Iceland, one specimen of Dorymenia menchuescribanae García-
Álvarez et al., 2000 from South Shetland Islands, Antarctica and
two specimens of Anamenia gorgonophila Kowalevsky, 1880 one
from Reykjanes Ridge, Iceland and one from Alborán Sea, South
Iberian Peninsula.

The four specimens, which were fixed and preserved in 70%
ethanol, were subjected to alcoholic dehydration by ethanol baths
(80, 90, and 96%) for 24 h each. The two A. gorgonophila
specimens were then stained with iodine in 96% ethanol for
3 days and dehydrated with Hexamethyldisilazane (HMDS)
and air dried overnight. The specimens of P. sluiteri and
D. menchuescribanae were stained with iodine in 96% ethanol for
1 week, dehydrated with HMDS and left to dry overnight. Prior
to dehydration with HDMS, specimens were rinsed with 96◦
ethanol to remove excess iodine. Hexamethyldisilizane (HDMS)
removes water from tissues effectively increasing the clarity of
boundaries between air and tissue which in turn enhances the
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contrast when scanning with X-rays (Paterson et al., 2014). The
use of HDMS improves image quality by avoiding artifacts caused
during scanning of samples in liquid (Faulwetter et al., 2013a;
Keklikoglou et al., 2019).

The four specimens studied were previously scanned without
any staining. The images obtained are not presented in this article
because they are not of sufficient quality to be able to study the
internal anatomy.

The specimens were scanned on a Skyscan 1172
microtomograph (Bruker, Belgium) applying the parameters:
55 kv, 165 µA and 360◦ sample rotation. Pixel sizes were
6.78 µm for the P. sluiteri specimen, 5.97 µm for the
D. menchuescribanae specimen and between 2.98 and 4.95 µm
for the A. gorgonophila specimens.

NRecon software (Bruker, Belgium) was used to reconstruct
the X-ray projection images obtained during scanning, resulting
in 2D sections. Subsequently, CTAn and DataViewer software
(Bruker, Belgium) were used to obtain cross-sectional, frontal and
sagittal sections, as well as to clean the images. Finally, three-
dimensional models of each of the scanned specimens were made
using CTVox software (Bruker, Belgium).

Datasets of transverse 2D images of studied specimens were
uploaded to Morphosource1.

RESULTS

(Classification following: García-Álvarez and Salvini-Plawen,
2007)

Order CAVIBELONIA Salvini-Plawen (1978)
Family PRONEOMENIIDAE Simroth and Bronn (1893)

Genus Proneomenia Hubrecht, 1880
Proneomenia sluiteri Hubrecht, 1880

Material examined: 1 specimen. East Iceland, Norwegian Sea.
ICEAGE (66◦17′43′′N, 12◦21′45′′W—66◦18′06′′N, 12◦22′37′′W),
Meteor M85/3, Area 30. 662–729 m deep (Figures 1–6).

Habitus: Body elongated, circular in section (36 mm long,
5 mm in average diameter), with a slight narrowing in its anterior
and posterior regions, being more pronounced in the latter
(Figure 1A). No keels or papillae on the mantle surface. The
openings of the atriobuccal cavity (Abc, Figure 1B) (1 mm long)
at the anterior end of the body and of the pallial cavity (Pc,
Figure 1D) (3 mm long) at the posterior end are well visible.
The pedal groove (Pg, Figures 1A,B,D, 3D,F, 6D,F) is well visible
externally (24 mm long), running ventrally from the pedal pit (Pp,
Figures 1B, 3B,C), located posterior to the atriobuccal opening,
up to the opening of the pallial cavity. No sclerites attached to the
pedal groove are visible.

Mantle: Cuticle 250 µm thick (Cu, Figures 2A, 3A,C,E).
No tegumentary excrescences or sclerite formations toward the
outside of the mantle.

Pallial cavity: The cavity (4 mm long, 2 mm high and 2 mm
wide) opens to the outside through a long and wide opening
(3 mm long and 700 µm wide) in the ventroposterior area of the

1https://www.morphosource.org/projects/000384772

body (Pc, Figures 4, 5, 6A). The pallial cavity bears two groups
of abdominal spicules (Ab, Figures 4B, 5C,E,F, 6B,C), located on
either side of the opening of the pallial cavity, extending 2 mm
in length and running laterally to the pallial cavity itself. The
rectum (Re, Figures 4B, 5A,E,F, 6B–D) opens into the anus
(1 mm in diameter) located on the dorsorrostral wall of the cavity.
Ventrally to the rectum, the unpaired opening of the spawning
ducts (1 mm in diameter) is located (Sd, Figures 4A, 5, 6C,D).
Diverticula (Di, Figures 5A,B,D, 6A), nor respiratory folds, are
observed in the dorsoposterior region of the pallial cavity.

Digestive system: The atriobuccal cavity (Abc, Figures 2A,C)
(3 mm long, 1.5 mm wide and 2 mm high), opens to the
outside through an opening in the ventroanterior region of
the body (1 mm long and 300 µm wide). The posterior wall
of the atriobuccal cavity contains the mouth, which is oval
(1.5 mm high and 2 mm wide). The pharynx (Ph, Figures 2,
3A) is short, wide and circular in section (4 mm long and
1 mm in diameter), covered internally by a thick cuticle
(150 µm thick) and bears glands on the dorsal wall. The
ventral glandular organs of the pharynx (Vfg, Figures 2, 3B–D,E)
lead to the ventroposterior pharyngeal area, anterior to the
radular sac (Rs, Figures 2, 3B,C). These glandular organs are
of type C (García-Álvarez and Salvini-Plawen, 2007), consisting
of two ducts (11 mm long and 0.6 mm in diameter) whose
lumen is not delimited by a muscular wall and run ventrally
to the intestine (Vfg, Figures 3D,E). The oesophagus (Oe,
Figures 2, 3B–D) is 3 mm long and of the same diameter as
the pharynx. The oesophagus leads dorsorostrally and slightly
ventrally into the intestine (Oe, Figures 2A, 3D). From the
dorsoanterior region of the intestine, a long, dorsoventrally
flattened dorsal caecum (Dc, Figures 2A,B, 3A–C) (6 mm long,
1 mm wide and 0.5 mm high) projects anteriorly, reaching
into the area of the atriobuccal cavity. The intestine (Mg,
Figures 2A,B, 3D,E) occupies most of the interior of the animal
(22 mm long and 2.5 mm in average diameter), its inner
walls show folds and remains of Alcyonacea (Al, Figures 2C,
3F). The folds formed by the dorsoventral musculature (Dvm,
Figures 2B,C, 3D,E, 4, 5A) along the length of the intestine
can be seen. The intestine continues into the rectum (Re,
Figures 4B, 5A,D–F, 6B–D), 1 mm in diameter, and opens into
an anus, circular (1 mm in diameter) located dorsorrostrally in
the pallial cavity.

Sense organs: The atrial region (At, Figures 2A,B) (1 mm long,
1.5 mm wide and 2 mm high) is located in the dorsoanterior
area of the atriobuccal cavity and bears narrow-necked sensory
papillary protrusions attached directly to the anterior, dorsal and
lateral walls of the atrium. The specimen bears a dorsoterminal
sense organ (Dso, Figures 1C, 4B, 5E, 6B), located in the midline
of the body, at the level of the pallial cavity.

Gonopericardial system: The pair of gonads (Go,
Figures 2, 3F, 4A) (18 mm long and 1 mm in diameter)
are filled with oocytes, situated on both sides of the thin central
septum separating the two gonads. The gonads are attached to
the pericardium (Pr, Figure 4) through two gonopericardioducts
(Gd, Figures 4, 6F) (1 mm long and 100 µm in diameter).
The pericardium (Pr, Figures 4, 5F, 6D,E) is wide and slightly
narrowed dorsoventrally (4 mm long, 2.5 mm at its maximum
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FIGURE 1 | Proneomenia sluiteri. (A) Habitus. (B) Anterior body. (C) Posterior body from dorsal view. (D) Posterior body from ventral view. Abc, Atriobuccal cavity;
Dso, Dorsoterminal sense organ; Pc, Pallial cavity; Pg, Pedal groove; Pp, Pedal pit.

width and 2 mm high); oocytes are visible inside (Figures 4,
6D,E). The heart (Ht, Figures 4, 6D,E), located in the dorsal wall
of the pericardium, is an elongated and narrow chamber (3 mm
long and 100 µm in diameter). The two pericardioducts (Pd,
Figures 4A, 5A,B, 6C–F) (5 mm long and 100 µm in diameter)
originate from the posterior region of the pericardium, which
first run briefly toward the posterior region of the body and then
turn and run anteriorly, until they lead to the anterior region of
the spawning ducts (Pd, Sd, Figures 5E, 6F). There is a pair of
elongated, undulating seminal receptacles (Sr, Figures 5A,B,D,F;
6E) (3 mm long, 200 µm in diameter), attached to the
pericardioducts through a short tube (150 µm long, 50 µm in
diameter) located at the junction of the pericardioducts with
the spawning ducts. The pair of spawning ducts (Sd, Figures 4,
5A,B,D–F, 6C–F) (4.5 mm long, 900 µm in diameter) merge
posteriorly into a short, wide duct (600 µm long, 1 mm in
diameter) that leads onto the rostral wall of the pallial cavity,
ventrally to the rectum (Sdo, Figure 6B).

Genus Dorymenia Heath, 1911
Dorymenia menchuescribanae García-Álvarez et al., 2000

Material examined: 1 specimen of the type material
(paratype 1. Collection of Estación de Bioloxía Mariña da Graña.
Ferrol. Spain). South of Livingston Island, South Shetland Islands,
Antarctica. BENTART-94 (62◦43′24′′S, 60◦26′34′′W), Station
71-R. 50 m deep (García-Álvarez et al., 2000) (Figures 7–11).

Habitus: Elongated body, circular in section (45 mm long and
4.5 mm in diameter), tapering at the anterior and posterior ends
(Figure 8). No keels or papillae protruding from the mantle
surface. The openings of the atriobuccal cavity (1 mm long)
(Abc, Figure 7B) and of the pallial cavity (1.5 mm long) are well
visible (Pc, Figure 7D). The pedal groove (Figure 7D) is visible
externally (40 mm long), and runs along the ventral region of the
animal from the pedal pit (Pp, Figure 8A), situated posterior to
the atriobuccal cavity, until it enters the pallial cavity.

Mantle: Cuticle 200–300 µm thick. No outward projections of
sclerites or other structure protruding from the mantle.

Pallial cavity: The cavity (2 mm long, 1.5 mm wide and 1 mm
high) (Figures 9, 10A, 11A,B,D) opens to the outside through
an elongated and wide opening (1.5 mm long and 100 µm wide)
located in the ventroposterior area of the body (Figure 7D).
The pallial cavity has abdominal sclerites located along almost
the entire length of the opening of the pallial cavity (1 mm in
extent). The pallial cavity has, in its dorsoanterior part, two sacs
or compartments (Figure 9B); the dorsal sac is wider (700 µm
long, 1.5 mm high and 1.5 mm wide) than the ventral one
(400 µm long, 800 µm and 800 µm high). In the dorsal sac,
the rectum (Re, Figures 9B, 10B) opens into the anus (1.5 mm
in diameter) located dorsorrostrally; and on the rostral wall of
the ventral sac is the unpaired opening of the spawning ducts
(700 µm in diameter) (Sd, Figures 9B, 10B). The pallial cavity
also bears a pair of 1 mm long copulatory stylets (Co, Figures 9A,
10A, 11A,E), with strong musculature surrounding them; the
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FIGURE 2 | Proneomenia sluiteri. Anterior body. (A) Sagittal view. (B) Frontal-sagittal view. (C) Ventral view. Abc, Atriobuccal cavity; Al, Alcyonacea; At, Atrium; Cu,
Cuticle; Dc, Dorsal caecum; Dvm, Dorsoventral musculature; Go, Gonad; Mg, Midgut; Oe, Oesophagus; Ph, Pharynx; Rs, Radular sac; Vfg, Ventral foregut glands.

stylets are situated ventrolaterally to the pallial cavity and run
slightly diagonally from the anterior region of the cavity to its
central region. The pallial cavity has diverticula in its dorsal
wall (Di, Figures 9, 10A, 11B,D). The pallial cavity bears no
respiratory folds.

Digestive system: The atriobuccal cavity (2 mm long, 1 mm
wide and 1 mm high) (Abc, Figure 8A) opens to the outside
through an opening 1 mm long, located in the ventroanterior
region of the body (Abc, Figure 7B). On the posterior wall of the
atriobuccal cavity is the circular mouth (1 mm in diameter). The
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FIGURE 3 | Proneomenia sluiteri. Anterior body. (A) Cross-section through the atriobuccal cavity. (B–D) Cross-section through the oesophagus. (E,F) Cross-section
through the midgut. Abc, Atriobuccal cavity; Al, Alcyonacea; Cu, Cuticle; Dc, Dorsal caecum; Dvm, Dorsoventral musculature; Go, Gonad; Mg, Midgut; Oe,
Oesophagus; Pg, Pedal groove; Ph, Pharynx; Pp, Pedal pit; Rs, Radular sac; Vfg, Ventral foregut glands; Vs, Ventral senus.

pharynx (Ph, Figure 8) is 4 mm long and 0.8 mm in diameter,
has a thick cuticle (100 µm thick) accompanied by glands. In
the ventroposterior region of the pharynx, the ventral glandular
organs of the pharynx (Vfg, Figure 8) end, slightly anterior
to the radular sac (Rs, Figure 8). These organs are of type C
(García-Álvarez and Salvini-Plawen, 2007), consisting of a pair
of ducts 30 mm long and 0.5 mm in diameter, whose lumen
is not delimited by a muscular wall, and run ventrally to the

intestine. The pharynx joins ventrally to the intestine, it lacks an
oesophagus. From the anterodorsal region of the intestine, the
dorsoanterior caecum (Dc, Figure 8A) projects, slightly flattened
dorsoventrally (2 mm long, 600 µm wide and 200 µm high) and
reaches the height of the atriobuccal cavity. The intestine (Mg,
Figures 8, 9, 11A,D) continues along the body (30 mm long and
2 mm in diameter); rest of Octocorallia (Oc Figures 9B, 10B,
11D) are observed up to the rectum (2 mm long and 1.5 mm in
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FIGURE 4 | Proneomenia sluiteri. Posterior body. (A) Sagittal view through the spawining duct. (B) Sagittal view through the rectum. Ab, Abdominal spicules; Al,
Alcyonacea; Dso, Dorsoterminal sense organ; Dvm, Dorsoventral musculature; Gd, Gonopericardioduct; Go, Gonad; Ht, Heart; Mg, Midgut; Ov, Oocyte; Pc, Pallial
cavity; Pd, Pericardioduct; Pr, Pericardium; Re, Rectum; Sd, Spawning duct.

diameter) which runs into the anus (1.5 mm in diameter), located
in the dorsorrostral wall of the pallial cavity.

Sense organs: Atrium (At, Figure 8) of small size (1 mm
long, 1 mm wide and 1 mm high), located in the anterior
part of the atriobuccal cavity, has a preatrial sense organ (Po,
Figure 8A) located on the anterior wall of the atrium and sensory
papillae on the anterior and lateral walls. The specimen bears a
dorsoterminal sense organ (Dso, Figures 7A,C, 11B) located in
the dorsal midline of the body, at the end of the pallial cavity,
visible externally.

Gonopericardial system: The pair of gonads (Go,
Figures 8B, 9B) (28 mm long and 1.5 mm in diameter)
have oocytes on the thin septum that separates them. The gonads

are attached to the pericardium by a pair of gonopericardioducts
(Gd, Figure 9B) (1.5 mm long and 200 µm in diameter). The
pericardium (Pr, Figures 9B, 10, 11E) is broad (2 mm long,
1 mm wide and 0.5 mm high); the elongated and narrow heart
(2 mm long and 100 µm in diameter) lies on its dorsal wall.
The pericardium extends posteriorly into two compartments,
from which the two pericardioducts originate (Pd, Figure 11C),
which first run toward the posterior region of the body and then
turn and run anteriorly along the lateral regions of the body
(3 mm long and 100 µm in diameter) until they lead to their
respective spawning ducts (Figures 9A, 11B,D,E). The specimen
has a pair of spherical seminal receptacles (Sr, Figures 9A, 10A,
11D) (400 µm in diameter) located anterior to each spawning
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FIGURE 5 | Proneomenia sluiteri. Posterior body. (A) Cross-section through the pallial cavity. (B) Cross-section through the spawining duct opening. (C–F)
Cross-section through the spawining duct. Ab, Abdominal spicules; Di, Diverticles; Dso, Dorsoterminal sense organ; Gd, Gonopericardioduct; Ht, Heart; Mg, Midgut;
Pc, Pallial cavity; Pd, Pericardioduct; Pg, Pedal groove; Pr, Pericardium; Re, Rectum; Sd, Spawning duct; Sdo, Spawning duct opening; Sr, Seminal receptacles; Vs,
Ventral sinus.

duct and attached to them through a narrow duct (300 µm long
and 50 µm in diameter) in the area where the spawning ducts
join the pericardioducts. The spawning ducts (Figures 9, 10,
11A,C,D,E), 2 mm long and 600 µm in diameter, continue
toward the posterior region until they merge into a single duct
300 µm long and 700 µm in diameter, which leads to the rostral
wall of the ventral sac of the pallial cavity (Figures 9B, 10B, 11).

Family STROPHOMENIIDAE Salvini-Plawen, 1978

Genus Anamenia Nierstrasz, 1908
Anamenia gorgonophila Kowalevsky, 1880

Material examined: 1 specimen. Reykjanes Ridge, Iceland.
ICEAGE (60◦16′55′′N, 29◦19′08′′W), MSM 75, DZMB-HH
61716, station 188. 646 m deep (Figure 12).

Habitus: Body elongate, slightly narrowed laterally (30 mm
long, 1.5 mm wide and 2 mm high), flattened ventrally and
with narrower anterior and posterior ends. Surface irregular,
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FIGURE 6 | Proneomenia sluiteri. Posterior body. (A) Dorsal view through the rectum. (B) Dorsal view through the spawning duct. (C) Dorsal view through the
abdominal spicules. (D–F) Frontal-sagittal view Ab, Abdominal spicules; Al, Alcyonacea; Di, Diverticles; Dso, Dorsoterminal sense organ; Dvm, Dorsoventral
musculature; Mg, Midgut; Pc, Pallial cavity; Pd, Pericardioduct; Pg, Pedal groove; Re, Rectum; Sd, Spawning duct; Sdo, Spawning duct opening; Sr, Seminal
receptacles.
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FIGURE 7 | Dorymenia menchuescribanae. (A) Habitus. (B) Anterior body from ventral view. (C) Posterior body from dorsal view. (D) Posterior body from ventral
view. Abc, Atriobuccal cavity; Dso, Dorsoterminal sensitive organ; Pc, Pallial cavity; Pg, Pedal groove.

with acicular sclerites protruding from the mantle surface
(Figure 12A), giving the animal a hirsute appearance. Pedal
groove (Pg, Figure 12A) visible (20 mm long), with spicules on
both sides, running along the ventral region of the animal from
the pedal pit, situated posterior to the atriobuccal cavity, up to the
pallial cavity without entering it.

Mantle: Cuticle 100–150 µm thick. With criss-crossed acicular
sclerites and some protruding from the mantle surface. No
integumentary structures such as keels or papillae. Long scales
on both sides of the peduncle furrow along its entire length.

Pallial cavity.- The cavity (1 mm long and 700 µm in diameter)
opens to the exterior through a 1 mm long opening in the
ventroposterior region of the body (Pc, Figure 12C). The pallial
cavity bears diverticula on the dorsal and lateral walls of the pallial
cavity. The anus (400 µm in diameter) opens dorsorostrally and
the spawning ducts (Sd, Figure 12C) (200 µm in diameter each)
open paired and ventrally to it. The pallial cavity has a small
ventrorrostral sac (200 µm long, 100 µm wide and 50 µm high)
ventrally to the openings of the spawning ducts.

Digestive system.- The atriobuccal cavity (500 µm long
and 250 µm in diameter) opens to the exterior through a
400 µm long opening and is located in the ventroanterior
region of the body. The mouth occupies the posterior wall of
the atriobuccal cavity and is circular (250 µm in diameter).
The pharynx (Ph, Figure 12B) is long, circular in section

(2.5 mm long and 200 µm in diameter) and covered by
a thin cuticle (25 µm thick). The ventral glandular organs
of the pharynx lead into the ventroposterior region of the
pharynx, anterior to the radular sac. These organs are of type
B (García-Álvarez and Salvini-Plawen, 2007) and are formed by
a pair of serpentine ducts 8 mm long and 100 µm in diameter,
whose lumen is delimited by a muscular wall, and run ventrally
to the intestine. The pharynx joins ventrally the intestine (Mg,
Figure 12B) and bears no oesophagus. From the anterodorsal
region of the intestine, the caecum (Dc, Figure 12B) projects
dorsoanteriorly (2 mm long, 200 µm wide and 100 µm high)
reaching the height of the atriobuccal cavity. The intestine
continues along the body (22 mm long and 1 mm in diameter),
with remains of gorgonians inside. The folds formed by the
dorsoventral musculature (Dvm, Figure 12B) along the intestine
are clearly visible. The intestine is followed by the rectum (1 mm
long and 400 µm in diameter), which leads to the anus (400 µm
in diameter), located in the dorsorrostral wall of the pallial cavity.

Sense organs.- Atrium 200 µm long, 250 µm wide and
250 µm high (At, Figure 12B), occupying the anterior region
of the atriobuccal cavity, with sensory papillary projections
on its anterior, dorsal and lateral walls. The specimen bears
a dorsoterminal sense organ (Dso, Figure 12C) in the dorsal
midline of the body, at the level of the end of the pallial cavity,
not visible externally.
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FIGURE 8 | Dorymenia menchuescribanae. (A,B) Sagittal views of the anterior body. Abc, Atriobuccal cavity; At, Atrium; Dc, Dorsal caecum; Go, Gonad; Mg,
Midgut; Pdg, Pedal gland, Ph, Pharynx; Po, Preatrial organ; Pp, Pedal pit; Rs, Radular sac; Vfg, Ventral foregut glands.

Gonopericardial system.- The pair of gonads (Go, Figure 12B)
(20 mm long and 400 µm in diameter) have oocytes on the
septum separating them. A pair of gonopericardioducts (200 µm
long and 100 µm in diameter) join the gonads to the pericardium.
The pericardium is broad (1.5 mm long and 1 mm in diameter)
with oocytes inside; on its dorsal wall, the heart is elongated
and narrow (1 mm long and 80 µm in diameter). The posterior
region of the pericardium extends into two compartments, from
which the two pericardioducts emerge from a terminal lateral
position, run toward the posterior region of the body, turn and
run anteriorly along the lateral regions of the body (1.5 mm long
and 60 µm in diameter), until they lead (Sd, Figure 12C) to
each spawning duct. The seminal receptacles (Sr, Figure 12C)
(together measuring 400 µm long and 300 µm in diameter) lead

in bundles into the anterior region of each spawning duct. The
two spawning ducts (Sd, Figure 12C) are slightly flattened (1 mm
long, 200 µm wide and 100 µm high) and extend posteriorly
until they each end individually (Sdo, Figure 12C) at the rostral
wall of the pallial cavity, ventral to the rectum and dorsal to the
ventrorrostral sac of the cavity.

Anamenia gorgonophila Kowalevsky,
1880
Material examined: 1 specimen. Alboran Sea (South Iberian
Peninsula). FAUNA IBÉRICA IV (35◦50′01′′N, 03◦15′13′′E–
35◦49′46′′N, 03◦14′27′′E), Station 316. 90–240 m depth
(Figures 13–15).
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FIGURE 9 | Dorymenia menchuescribanae. (A) Sagittal view of the posterior body through spawning duct. (B) Sagittal view of the posterior body through rectum.
Co, Copulatory stylets; Di, Diverticles; Gd, Gonopericardioduct; Go, Gonad; Mg, Midgut; Oc, Octocorallia; Pc, Pallial cavity; Pd, Pericardioduct; Pdg, Pedal gland;
Pr, Pericardium; Re, Rectum; Sd, Spawning duct; Sr, Seminal receptacles.

Habitus.- Elongated body (Figure 13A), circular in section
(30 mm long and 1 mm in diameter) with flattened ventral
surface. Surface irregular, with interwoven acicular sclerites;
some protruding from the mantle, giving the animal a hirsute
appearance. Pedal groove (Pg, Figures 13B,C, 14E, 15C,E) visible
from the outside (27 mm long), running ventrally from the pedal

pit (Pp, Figures 14A,D), located posteriorly to the atriobuccal
cavity, up to the pallial cavity without entering it. With scales on
both sides of the pedal groove (Figures 13B,C).

Mantle.- Cuticle 80 µm thick. Acicular, interwoven sclerites
(Figure 13A), some protruding from the mantle and projecting
outwards. Elongated scales accompanying the pedal groove

Frontiers in Marine Science | www.frontiersin.org 12 January 2022 | Volume 8 | Article 760194171

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-760194 January 6, 2022 Time: 16:51 # 13

Sanjuán et al. Micro-CT Anatomical Study of Solenogasters

FIGURE 10 | Dorymenia menchuescribanae. (A) Cross-sagittal view through spawning duct. (B) Cross-sagittal view through rectum. Co, Copulatory stylets; Di,
Diverticles; Mg, Midgut; Oc, Octocorallia; Pc, Pallial cavity; Pdg, Pedal gland; Pr, Pericardium; Re, Rectum; Sd, Spawning duct; Sr, Seminal receptacles.

along its entire length. No integumentary structures such
as keels.

Pallial cavity.- The cavity (700 µm long and 400 µm in
diameter) (Pc, Figures 15A,B) opens to the outside through a
small opening, slightly wider than the pedal groove (700 µm long

and 100 µm wide), in the ventroposterior region of the body.
The pallial cavity bears marked diverticula (Di, Figures 15B,C)
on the dorsal and lateral walls. The rostral region of the pallial
cavity narrows slightly. The anus (150 µm in diameter) is located
dorsorrostrally; the paired opening of the spawning ducts (Sdo,
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FIGURE 11 | Dorymenia menchuescribanae. (A,B) Dorsal view of the posterior body. (C) Cross-section of the posterior body through pallial cavity. (D) Cross-section
of the posterior body through spawning duct opening and rectum. (E) Cross-section of the posterior body through pericardium. Co, Copulatory stylets; Di,
Diverticles; Dso, Dorsoterminal sense organ; Mg, Midgut; Oc, Octocorallia; Pc, Pallial cavity; Pd, Pericardioduct; Pg, Pedal groove; Pr, Pericardium; Re, Rectum; Sd,
Spawning duct; Sr, Seminal receptacles.

Figures 15A–C) (100 µm in diameter each) are located ventrally
to the anus. The pallial cavity bears a ventrorrostral sac (Pvs,
Figure 15C) projecting anteriorly (80 µm long and 100 µm in
diameter) and abdominal spicules (Ab, Figure 15A).

Digestive system.- The atriobuccal cavity (500 µm long
and 200 µm in diameter) opens to the outside through an
opening 300 µm long, located in the ventroanterior region
of the body. The mouth (Mo, Figure 14B) is located on the
posterior wall of the atriobuccal cavity and is slightly flattened
dorsoventrally (200 µm wide and 100 µm high). The pharynx
(Ph, Figures 14A,B,D) is long and circular (1.3 mm long and
200 µm in diameter), has numerous glands on its dorsal wall,
and a cuticle 25 µm thick. The ventral glandular organs of the
pharynx (Vfg, Figures 14A,E) open onto the ventroposterior
region of the pharynx and a little anterior to the radular
sac (Rs, Figure 14A). These organs are of type B (García-
Álvarez and Salvini-Plawen, 2007) and are formed by a pair
of ducts 10 mm long and 80 µm in diameter, whose lumen is
delimited by a muscular wall, and run ventrally to the intestine,
intertwining on occasion. The pharynx (Figures 14A,B,D) enters
ventrally into the intestine, it lacks an oesophagus. From the
anterodorsal region of the intestine (Mg, Figures 14A,B,E),
the dorsoanterior caecum (Figures 14A,C,D) projects, slightly
flattened dorsoventrally (1.5 mm long, 150 µm wide and
100 µm high) reaching the height of the atriobuccal cavity.
The dorsoventral musculature is visible (Dvm, Figure 14E). The
intestine (Mg, Figures 15B,E) continues along the body (25 mm
long and 500 µm in diameter) and ends in the rectum (Re,
Figures 15B,C) (500 µm long and 150 µm in diameter), whose

anus (150 µm in diameter) opens in the dorsorrostral wall of
the pallial cavity.

Sense organs.- Small atrium (At, Figures 14A,B) (250 µm
long, 200 µm wide and 200 µm high) occupying the anterior
wall of the atriobuccal cavity (Abc, Figure 14C). The atrium
bears thin, narrow-necked sensory papillary projections on
the anterior, dorsal and lateral walls. The specimen has a
dorsoterminal sense organ (Dso, Figure 13C) in the dorsal
midline of the body, at the end of the pallial cavity, barely
visible externally.

Gonopericardial system.- The pair of gonads (Go, Figure 14B)
(24 mm long and 400 µm in diameter), have oocytes (Ov,
Figures 15D,E) in the thin septum separating them. The
gonopericardioducts (Gd, Figure 15B) (500 µm long and
300 µm in diameter) connect them to the rostral region of the
pericardium (Figure 15E). The pericardium (Pr, Figures 15D,E)
is wide (1 mm long and 600 µm in diameter) and has oocytes
inside. The elongated and narrow heart (Ht, Figure 15D) is
situated on its dorsal wall (1 mm long and 60 µm in diameter).
The pericardium extends into two compartments posteriorly,
from which both pericardioducts (Pd, Figure 15D) emerge
from a lateroterminal position; they run posteriorly, rotate, and
run anteriorly along the sides of the body (1 mm long and
70 µm in diameter) and end in the anterior region of the
spawning ducts (Sd, Figures 15A,B,D). The seminal receptacles
(Sr, Figures 15A,B,E) form bundles (300 µm long and 150 µm
in diameter as a whole), which end at the rostral wall of the
spawning ducts, near the union with the pericardioducts. The
two spawning ducts (1 mm long and 200 µm in diameter)
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FIGURE 12 | Anamenia gorgonophila (Iceland). (A) Habitus. (B) Sagittal sections of the anterior body. (C) Sagittal view of posterior body through spawning duct. Ab,
Abdominal spicules; At, Atrium; Dc, Dorsal caecum; Dvm, Dorsoventral musculature; Dso, Dorsoterminal sense organ; Go, Gonad; Mg, Midgut; Pc, Pallial cavity; Pg,
Pedal groove; Ph, Pharynx; Sd, Spawning duct; Sdo, Spawning duct opening; Sr, Seminal receptacles.
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FIGURE 13 | Anamenia gorgonophila (Alborán). (A) Habitus. (B) Ventral view of the anterior body. (C) Dorsal view of the posterior body. Dso, Dorsoterminal sense
organ; Mo, Mouth; Pc, Pallial cavity; Pg, Pedal groove.

run in a posterior direction, until they each lead individually
(Sdo, Figures 15A–C) (100 µm in diameter) into the rostral
wall of the pallial cavity, ventral to the anus and dorsal to the
ventrorrostral sac.

DISCUSSION

Here, we assessed the utility of micro-CT for the study of
solenogaster internal anatomy and present the 3D internal
anatomy the most taxonomically informative body regions of the
four specimens studied. There are very few precedents in the use
of this technique in the study of Solenogastres (Candás et al.,
2018; Pedrouzo et al., 2019). Descriptions based on micro-CT
images have not been performed in other Solenogastres species

and are a good complementary tool to anatomical studies based
on classical histological sections.

The specimen of Proneomenia sluiteri studied here comes
from eastern Iceland (IceAGE Expedition), from a collection
of 5 specimens presented at the 7th Congress of the European
Malacological Societies. In the book of abstracts of the Congress
they appear as Dorymenia sp., although in the posters that were
presented, they were already correctly listed as Proneomenia sp.
(Cobo et al., 2014; Pedrouzo et al., 2014a). These specimens were
collected at the same IceAGE Expedition station as those studied
and published by Todt and Kocot (2014). The description of the
soft parts matches previously published descriptions (Hubrecht,
1880, 1881; Heuscher, 1892; Thiele, 1913; Todt and Kocot,
2014). The specimen studied measures 36 mm in length, within
the range of 2–12 cm reported by Todt and Kocot (2014),
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FIGURE 14 | Anamenia gorgonophila (Alborán). (A) Sagittal view of the anterior body through pharynx. (B) Dorsal view of the anterior body through atrium. (C) Cross
section of the anterior body through atrium. (D) Cross section of the anterior body through pharynx. (E) Cross section of the anterior body through the midgut. Abc,
Atriobucal cavity; At, Atrium; Dc, Dorsal caecum; Dvm, Dorsoventral musculature; Go, Gonad; Mg, Midgut; Mo, Mouth; Pdg, Pedal glands; Pg, Pedal groove; Ph,
Pharynx; Phg, Pharynx glands; Pp, Pedal pit; Rs, Radular sack; Vfg, Ventral foregut glands.

or the 13 cm maximum length reported by Thiele (1913); it
has an average diameter of 5 mm, also within the proportions
stated by Thiele (1913), which indicates a diameter/length
ratio of approximately 1:11. The cuticle is 250 µm thick,
slightly thinner than other observations, which indicated 0.4 mm
thickness (Thiele, 1913). The ventral glandular organs of the

pharynx are 11 mm long and occupy 1/3 of the body length.
It has an oesophagus, in agreement with other descriptions
(Hubrecht, 1880, 1881). Intestinal contents have been observed,
corresponding to Alcyonacea on which it feeds (Salvini-Plawen,
1972a). The seminal receptacles are elongated and undulating,
and their attachment to the pericardioducts is observed very close
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FIGURE 15 | Anamenia gorgonophila (Alborán). (A) Sagittal view of the posterior body through spawning duct. (B) Dorsal view of the posterior body through
spawning ducts. (C) Cross section of the posterior body through spawning duct opening. (D) Cross section of the posterior body through spawning ducts. (E) Cross
section of the posterior body through seminal receptacles. Ab, Abdominal spicules; Di, Diverticles; Gd, Gonopericardioduct; Ht, Heart; Mg, Midgut; Ov, Oocyte; Pc,
Pallial cavity; Pd, Pericardioducts; Pg, Pedal groove; Pr, Pericardium; Pvs, Pallial cavity ventral sac; Re, Rectum; Sd, Spawning duct; Sdo, Spawning duct opening;
Sr, Seminal receptacles.

to their point of attachment to the spawning ducts, although in
other descriptions they have been observed just at the point of
attachment (Todt and Kocot, 2014). The spawning ducts end
oddly at the rostral wall of the pallial cavity. A dorso-terminal
sensory organ is present.

The specimen studied here of Dorymenia menchuescribanae,
paratype 1 of the type material and not cut in serial sections
(García-Álvarez et al., 2000), matches the original description.
The specimen measures 45 mm long, slightly less than in the
original description, which states a range of 50–58 mm, but
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within the range of 34–51 mm reported later for specimens
from the same geographical area (García-Álvarez et al., 2009).
The cuticle of 200–300 µm is within the range observed in
García-Álvarez et al. (2009) (see Figure 8) although less thick
than the original description where a thickness of 500 µm is
indicated. Only 1 dorsoterminal sense organ was observed here,
whereas previous descriptions indicated 2–4 organs (García-
Álvarez et al., 2000, 2009). It has a preatrial sense organ located
in the anterior wall of the atrium as noted by García-Álvarez
et al. (2009). The ventral glandular organs of the pharynx are
longer (30 mm in a 45 mm animal) than indicated, first third
of the body, in the original description and their mouth is
slightly anterior to the radular sac. The pericardium extends
posteriorly into two compartments, not described above, from
which each of the pericardioducts originates. The spawning duct
leads unpaired onto the rostral wall of the ventral sac of the
pallial cavity, as indicated in the original description, whereas
in García-Álvarez et al. (2009) (see Figure 11D) it did so in a
ventral position.

The description of the specimen of Anamenia gorgonophila
collected in Iceland matches the original description. The
specimen measures 30 mm long, 2 mm high and 1.5 mm wide
and is slightly narrowed laterally. These measurements are in
line with what has already been observed (Salvini-Plawen, 1972b;
García-Álvarez et al., 1998; Pedrouzo et al., 2014b; Zamarro
et al., 2015), although the lateral narrowing had not been noted.
The cuticle measures 100–150 µm, thinner than reported by
Pedrouzo et al. (2014b) and Zamarro et al. (2015) (200–220
µm), but slightly thicker than observed in García-Álvarez et al.
(1998) (85–125 µm). It has 1 dorsoterminal sense organ, which is
consistent with what had been previously described, 1–2 organs
(Salvini-Plawen, 1972b; García-Álvarez et al., 1998; Zamarro
et al., 2015). The seminal receptacles have been observed with
difficulty to form bundles of 8, within the range of 6–15 already
known (García-Álvarez et al., 1998; Zamarro et al., 2015). The two
spawning ducts individually lead to the rostral wall of the pallial
cavity, which is characteristic of this species (García-Álvarez et al.,
1998; Zamarro et al., 2015).

The description of the specimen of Anamenia gorgonophila
collected in Alboran Sea matches the original description.
The specimen measures 30 mm long and 1 mm in diameter,
with its ventral surface flattened; the measurements are
within the range of other descriptions (Salvini-Plawen, 1972b;
García-Álvarez et al., 1998; Pedrouzo et al., 2014b; Zamarro et al.,
2015). The cuticle of this specimen is 80 µm thick, thinner than
that indicated by García-Álvarez et al. (1998), 85–125 µm thick,
and by Pedrouzo et al. (2014b) and Zamarro et al. (2015), which
indicate a cuticle of 200–220 µm thick. Seminal receptacles are in
bundles, 7 have been observed here with difficulty, similar to most
descriptions indicating 6–15 per bundle (García-Álvarez et al.,
1998; Zamarro et al., 2015).

The specimens were fixed in 70% ethanol as the mantle
sclerites (which are calcium carbonate in composition) have to be
preserved in good condition, as it is necessary to study the type
of sclerites in the identification of Solenogastres. Furthermore,
ethanol does not interfere with DNA sequencing and allows

future molecular research on the same specimen that has been
previously scanned.

Because the aim of this work was to study internal anatomy
using three-dimensional models, these specimens were stained
with iodine, which substantially increases the sharpness of the
soft tissues in both 2D sections and 3D models. Iodine has
been previously tested on other Solenogastres species (Pedrouzo
et al., 2019). This compound stains virtually all tissue types,
although it seems to have a preference for calcified structures
and polysaccharides (Metscher, 2009; Faulwetter et al., 2013a).
In images obtained in animals without iodine staining, it is not
possible to visualise the internal anatomy. However, once stained,
soft tissues are clearly visible (Candás et al., 2018). On the other
hand, the sclerites are much clearer in the unstained specimens.
In the iodine-treated specimens, the sclerites are covered by
an excess of stain that was not removed by the ethanol rinse
prior to dehydration with HMDS, which makes them appear
too bright in the images and their arrangement is not clearly
visible. This is clearly related to the preference of iodine for
calcified structures.

The use of other stains such as phosphotungstic acid (PTA),
phosphomolybdic acid (PMA) or osmium tetroxide have shown
excellent results in other groups of Molluscs such as Bivalvia,
Gastropoda, Scaphopoda and even Caudofoveata (Golding and
Jones, 2007; Metscher, 2009; Faulwetter et al., 2013a; Candás
et al., 2016, 2017; Marcondes Machado et al., 2018; Ziegler et al.,
2018). Osmium tetroxide is a very toxic compound, so its use in
this study was discarded. As for PTA, we have performed different
tests with Solenogastres whose results show that it is not a good
stain in the study of these animals as it seems to destroy the
sclerites, possibly due to its acidic nature (Candás et al., 2018;
Kocot, unpublished data). Another advantage of iodine staining
is that it is possible to extract nucleic acids from specimens after
scanning (Green et al., 2017).

Computed microtomography or micro-CT made it possible
to study most of the anatomical structures of the specimens
under study, which have a relatively large size in relation to
the small average size of Solenogastres. With this technique it
was possible to obtain 2D images that adequately complement
those obtained by means of serial histological sections, and also
a very relevant 3D view of the internal anatomical structure,
which allowed both precise measurements and observation of
the relative position of the organs with different focus and
angles. However, it was not possible to observe the radula,
possibly due to its small size. The observation of ventral foregut
organs by micro-CT is not easy. In the specimens studied here,
which are relatively large, it was possible to observe them and
determine their type. However, in other small-sized specimens,
the observation of these organs is difficult, even impossible in
some cases, especially if the organs are small like clustered-
type, type A or Simrothiella-like (Pedrouzo et al., 2019). Neither
was it possible to visualise the nervous system, nor to clearly
define the glandular structures. In other larger marine molluscs
(Cephalopoda) it has been possible to see the nervous structures
using PTA as a contrast agent (Ziegler et al., 2018). Despite some
limitations, results of this study highlight micro-CT as a valuable
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tool for the non-destructive study of solenogaster morphology.
In particular, it is very useful for identifying animals to the family
and even genus level, which allows us to start identification or
classification work by means of classical histological techniques
without destroying the specimens.

Hence, Micro-CT is proved to be a very useful tool
for an initial, quick, non-destructive approximation for
most of the internal structures of Solenogastres, making
it possible to reach family or even genus taxonomic level.
Nonetheless, histology is still required for the description of
small or glandular parts, which are important for species-
level identification in many cases. Therefore, these techniques
remain complementary.
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Deep-sea ecosystems are reservoirs of biodiversity that are largely unexplored, but
their exploration and biodiscovery are becoming a reality thanks to biotechnological
advances (e.g., omics technologies) and their integration in an expanding network of
marine infrastructures for the exploration of the seas, such as cabled observatories.
While still in its infancy, the application of environmental DNA (eDNA) metabarcoding
approaches is revolutionizing marine biodiversity monitoring capability. Indeed, the
analysis of eDNA in conjunction with the collection of multidisciplinary optoacoustic
and environmental data, can provide a more comprehensive monitoring of deep-sea
biodiversity. Here, we describe the potential for acquiring eDNA as a core component for
the expanding ecological monitoring capabilities through cabled observatories and their
docked Internet Operated Vehicles (IOVs), such as crawlers. Furthermore, we provide
a critical overview of four areas of development: (i) Integrating eDNA with optoacoustic
imaging; (ii) Development of eDNA repositories and cross-linking with other biodiversity
databases; (iii) Artificial Intelligence for eDNA analyses and integration with imaging data;
and (iv) Benefits of eDNA augmented observatories for the conservation and sustainable
management of deep-sea biodiversity. Finally, we discuss the technical limitations and
recommendations for future eDNA monitoring of the deep-sea. It is hoped that this
review will frame the future direction of an exciting journey of biodiscovery in remote
and yet vulnerable areas of our planet, with the overall aim to understand deep-sea
biodiversity and hence manage and protect vital marine resources.

Keywords: omics sensors, eDNA metabarcoding, genetic markers, imaging, artificial intelligence, data
repositories, deep sea conservation
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INTRODUCTION

The deep sea (generally below the 200 m limit of the
euphotic zone) accounts for the majority of the world’s ocean
(>95%; Costello et al., 2010; Wedding et al., 2013). This
vast environment hosts a wealth of hydrocarbon and mineral
resources and provides a series of ecosystem services associated
with its functioning (e.g., nutrients regeneration and global
biogeochemical cycles), resulting in a vast repository of complex
organic molecules and unexplored biodiversity (Pikitch et al.,
2014; Thurber et al., 2014; Kroodsma et al., 2018).

The biodiversity of deep-sea ecosystems is increasingly
threatened by anthropogenic impacts resulting from pollutants
and other activities such as the extraction of geochemical
resources and minerals (Levin and Le Bris, 2015). Marine
biodiversity conservation is in growing conflict with resource
exploitation, especially when it comes to key deep-sea habitats
such as abyssal plains (associated to manganese nodule mining),
hydrothermal vents fields (associated to sulfide deposits) or
submarine canyons (associated to oil and gas drilling) (Danovaro
et al., 2017a). In the context of increasing climatic and human
disturbances, deep-sea ecosystems, and biodiversity found in
areas beyond national jurisdiction are prime conservation targets
(as identified by the United Nations Convention on the Law of
the Sea (UNCLOS) and the International Union for Conservation
of Nature (IUCN), where the preservation of marine ecosystem
functions should be balanced with sustainable use of resources
(Danovaro et al., 2008, 2020; McIntyre, 2010; Morato et al., 2010;
Pusceddu et al., 2014; Ramírez et al., 2017).

Scientific research must thoroughly investigate all ecosystems’
life components prior to onset of mass industrial activities,
among which impending deep-sea mining raises particular
concerns (e.g., Koschinsky et al., 2018; Washburn et al., 2019).
This demand has resulted in the development of management
guidelines for sustainable use of the sea, as reflected in the
Aichi Target 11 (Convention on Biological Diversity, CBD) and
by the Sustainable Development Goal 14 “Life below water”
and the post-2020 Zero draft CBD proposal (UN 2030 Agenda
for Sustainable Development; UNEP, 2020; UNESCO, 2020).
A more comprehensive and multidimensional understanding of
marine biodiversity in all its facets, including how it is shaped
by the environment, human impacts, and climate, represents a
critical knowledge framework that is needed to inform resource
management operators (Howell et al., 2020). To gain this
comprehensive knowledge, deep-sea research is merging the
information on the number of species (or taxonomic units) with
data on their ecological relationships and information on their
spatiotemporal distribution (Berry et al., 2019; Costa et al., 2020).

Need for Filling Knowledge Gaps of the
Deep-Sea
Biodiversity knowledge relies on access to adequate taxonomic
information with emphasis on in situ sample collection,
observation, and monitoring strategies (Glover et al., 2018).
Nonetheless, the deep sea is still virtually unknown to science
as <0.0001% of its surface area has been explored in detail

(Ramirez-Llodra et al., 2011). Although it has been argued that
richness of marine pelagic species decreases sharply with depth
(Colloca et al., 2003; Costello and Chaudhary, 2017), major
knowledge gaps still exist with current data likely to be biased
by uneven and scattered sampling (Higgs and Attrill, 2015).
In particular, less than 1% of the deep pelagic realm has been
sampled to date due to its vastness and remoteness (Higgs and
Attrill, 2015 and references therein). Overall, it is estimated that
about 1.5 million deep-sea species have yet to be discovered
(Costello and Chaudhary, 2017; Danovaro et al., 2017b).

Despite growing efforts to collect, store and publicly
share biological and ecological data on the deep-sea through
international programs such as the Census of Marine Life
(CoML), the Ocean Biodiversity Information System (OBIS)
and the Deep Ocean Observation System (DOOS), the baseline
knowledge in biodiversity is still inadequate, and data on
the distribution of deep-sea species over extended spatial and
temporal scales are almost entirely lacking (Glover et al., 2010;
Wedding et al., 2013). Reports of species occurrence in a given
area depend on direct sampling for final taxonomic assignment
(Glover et al., 2018; Danovaro et al., 2020). This is typically
carried out by vessel-assisted methods and technologies [e.g.,
remotely operated vehicles (ROVs) and autonomous underwater
vehicles (AUVs)], with considerable practical and logistic
limitations still affecting sample collection and spatiotemporal
replication (Aguzzi et al., 2019). Indeed, the capability of vessel-
based research expeditions has advanced significantly in the
past decades, however the data gathered provide a snapshot
of the local biological complexity but are restricted to the
relatively narrow timeframe of the cruise period (Ruth, 2006).
This limitation is further emphasized in the deep-sea, where
tidal and inertial currents can result in massive benthic and
pelagic populations displacements (Gage and Tyler, 1992; Aguzzi
and Company, 2010; Aguzzi et al., 2011a, 2015). In addition to
the many technical constraints of deep-sea surveys, sampling is
often targeting specific taxonomic groups, habitats, ecological
traits, sizes or behaviors, limiting the taxonomic resolution of
species inventories (Hatch et al., 2020; McCowin et al., 2020;
Weston et al., 2020). The most notorious example of such
limitations is found in deep-sea fishery surveys, where data is
collected either by trawl nets of a certain mesh size or using
ROVs for habitat characterization, both of which target only
benthic megafauna and also have known biases due to selective
captures/sampling (e.g., Common Fishery Policy Data Collection
Multiannual Program; Aymà et al., 2016; Jac et al., 2021).

Emerging Technological Advances in
Deep-Sea Monitoring
Cabled observatories (seabed oceanographic research platforms
connected to network systems to provide a continuous
monitoring, observing, and recording of various seafloor
activities) are constantly transforming ocean research, by
establishing networks of interactive, globally distributed sensors
for real-time data collection (Danovaro et al., 2017a; Aguzzi
et al., 2019; Jahanbakht et al., 2021). These platforms enable
the combination of data collection by optoacoustic (HD
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video and multi-beam rotary or dual-frequency sonar imaging
devices), oceanographic and geochemical sensor technologies,
in a continuous, high-frequency and long-lasting fashion (e.g.,
Thomsen et al., 2012, 2017; Howe et al., 2019; Table 1).
Coupling the presence of species to the environmental conditions
surrounding them makes these platforms the core of emerging
in situ marine ecosystem-level laboratories (Rountree et al.,
2020). These platforms can provide long-term imagery data sets
(e.g., decades), hence enabling the compilation of comprehensive
multiannual species richness lists (Juniper et al., 2013; Doya
et al., 2017; Chauvet et al., 2018; del Rio et al., 2020). Taxonomic
characterization of monitored communities by visual means
is also complemented by Passive Acoustic Monitoring (PAM)
systems with the use of specific acoustic markers for species
identification (e.g., Juanes, 2018).

To overcome the spatial constraints imposed by limited fixed-
point observation nodes, mobile platforms are being developed
to monitor both the seafloor and the water column (Aguzzi et al.,
2019). Internet Operated Vehicles (IOVs), such as crawlers and
rovers, are benthic mobile platforms that are either tethered
to cabled observatories (Purser et al., 2013) or completely
free of direct physical connection (Brandt et al., 2016), and
can operate with preloaded navigation plans to autonomously
return to their docking station (i.e., the cabled observatory) to
recharge and offload data (Thomsen et al., 2012, 2017; Aguzzi
et al., 2020a). A recent addition to cabled observatories allows
the study of subatomic particles such as neutrinos (Agostini
et al., 2020). Using a suite of photomultipliers and other light-
sensitive sensors, these neutrino telescopes are also capable of
continuously monitoring bioluminescence from migrating deep-
scattering layers and bacterioplankton (Martini et al., 2013,
2014; Tamburini et al., 2013; Bailly et al., 2021). These cross-
disciplinary infrastructures will provide key complementary data
for long-term monitoring of bentho-pelagic coupling in a rapidly
changing ocean (Chatzievangelou et al., 2021).

Most observatories rely on information acquired by imaging
to provide both qualitative and quantitative data on local
biodiversity (Bicknell et al., 2016). Thus, the quality of
biodiversity information relies upon the ability to classify
organisms to the species level, that in turn can be used to
compile local inventories (i.e., richness) and relative abundance
estimates (Aguzzi et al., 2020a). Unfortunately, imaging does
not always allow sufficiently high taxonomical precision, and
generally requires the physical collection of samples to validate
species identification. Furthermore, organisms’ attraction to
or avoidance of submerged infrastructures is likely to cause
some degree of bias toward the local communities (Widder
et al., 2005; Aguzzi et al., 2019; Rountree et al., 2020;
Garcia-Vazquez et al., 2021).

Significant advances in molecular methodology and
bioinformatics, accompanied by a steady increase in
computational power, have made “omics” technologies and
data increasingly accessible, with great potential to fill gaps
in biodiversity monitoring capabilities of deep-sea cabled
observatories (Heidelberg et al., 2010; Garcia-Vazquez et al.,
2021). One of the more recent contributions of “omics” to
biodiversity monitoring is linked to the collection and analysis of

genetic material extracted directly from environmental samples
(sediment, water, ice, and air, etc.; Taberlet et al., 2012; Barnes and
Tuner, 2016; Cristescu and Hebert, 2018), which can include a
mixture of whole organisms and/or environmental DNA (eDNA)
(sensu Rodriguez-Ezpeleta et al., 2021). Sequencing of eDNA
by means of High Throughput Sequencing (HTS) technology
has enabled the development of eDNA metabarcoding. Here,
amplicon sequencing with universal primers is used to generate
a extremely large (hundreds of thousands to millions) of DNA
(mini)barcode reads (Meusnier et al., 2008; Hajibabaei and
McKenna, 2012). These are preprocessed and curated using
dedicated bioinformatic pipelines. This includes trimming
the reads so that only marker sequences remain and quality
filtering (e.g., DADA2 – Callahan et al., 2016; Cutadapt – Martin,
2011; Vsearch – Rognes et al., 2016). The quality filtered reads
are then clustered into OTUs based on similarity (e.g., 99%,
97%) or taxonomically assigned directly using DNA reference
databases (e.g., BOLD – Ratnasingham and Hebert, 2007;
GenBank – Benson et al., 2013; PR2 – Guillou et al., 2013;
SILVA – Quast et al., 2013; PLANiTS – Banchi et al., 2020;
MZG-db – Bucklin et al., 2021). Reads that cannot be assigned
to the desired taxonomic level (e.g., species, genus, and family)
can still be used to assess alpha and beta diversity evaluation
(e.g., Stefanni et al., 2018). eDNA metabarcoding approaches are
revolutionizing marine biodiversity assessment and monitoring
because they can be used to simultaneously determine entire
species communities, even when the exact composition of these
assemblages is unknown (e.g., Deiner et al., 2017; Djurhuus
et al., 2017; Stefanni et al., 2018; Eble et al., 2020; Kolda et al.,
2020; McClenaghan et al., 2020; Seymour et al., 2020; Kawato
et al., 2021). eDNA metabarcoding is becoming a particularly
valuable tool for deep-sea biodiversity research and monitoring
given high species diversity, low animal numbers, difficulties in
taxonomic identification due to limited taxonomic expertise,
large and remote location, and associated logistical constraints
for sample/specimen acquisition (Thomsen et al., 2016; Kersten
et al., 2019; Atienza et al., 2020; Canals et al., 2021; Kawato et al.,
2021; Merten et al., 2021).

Much of the eDNA work on deep-sea communities has
focused on sediment samples to study benthic communities (e.g.,
Guardiola et al., 2016a; Atienza et al., 2020; Lins et al., 2021)
as opposed to fish and pelagic communities. While fish taxa
detected by eDNA metabarcoding are generally comparable to
those identified by conventional fish survey methods, eDNA
captures greater fish diversity than conventional methods when
considering a single conventional approach. For example, eDNA
metabarcoding in the deep sea generally outperforms trawling
because of the presence of species that are typically elusive, small,
rare or located on rocky surfaces or steep slopes (Thomsen et al.,
2016; Closek et al., 2019; Afzali et al., 2020; Fraija-Fernández
et al., 2020; McClenaghan et al., 2020). The advantage of deep
ocean water eDNA metabarcoding has also been demonstrated
for the study of other communities, including cephalopods
(Merten et al., 2021; Visser et al., 2021) and zooplankton (Kersten
et al., 2019; Laroche et al., 2020b; Govindarajan et al., 2021).
In addition, eDNA extracted from water has also been used to
study deep-sea benthic communities (Everett and Park, 2018;
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TABLE 1 | List of some of the best known coastal and deep marine cabled observatories that are presently engaged in the recompilation of large image data sets with the implementation of eDNA prospection.

Site Web Geographic area Depth (m) Oceanographic
regime/Environmental
control

Key species Reference publications

OBSEA www.obsea.es NW Mediterranean 20 Day-night variations Abundant fauna (e.g., sparids, cephalopods) imaged
since more than a decade

Marini et al. (2018); del Rio
et al. (2020)

SmartBay www.smartBay.ie Western Atlantic 20 Day-night variations plus
strong tides

Abundant fauna (e.g., Norway lobster, Cod, Trisopterus,
cetacean) imaged and cross-checked via eDNA

Aguzzi et al. (2020e,c); Mirimin
et al. (2021)

Acqua Alta www.ismar.cnr.it/infrastrutture
/piattaforma-acqua-alta

Northern Adriatic (Eastern
Mediterranean)

15 Day-night variations plus
weak tides

Abundant fauna (sparids, cephalopods and potentially
invasive species)

Alberotanza et al. (2004)

*Shibenik https://www.sibenik-meteo.
com/podvodna-kamera

Central Adriatic (Eastern
Mediterranean)

5 Day-night variations plus
weak tides

Abundant fauna (sparids, cephalopods, tuna and
marine turtles and potentially invasive species)

Aguzzi et al. (2020d)

*NEREA – Tyrrhenian Sea 650 Aphotic plus inertial
currents

Abundant deep-sea fauna studied with different
sampling methods in the past three decades

Fanelli et al. (2020)

*ANTARES https://twitter.com/hashtag/
BathyBot?src=hash

NW Mediterranean 3200 Aphotic plus inertial
currents

Elusive deep-sea fauna in oligotrophic areas plus
taxonomic composition of deep scattering layers

Chatzievangelou et al. (2021)

*NEMO https://www.km3net.org/
research/research-
infrastructure/km3net-it-site/

Central Mediterranean 2300 Aphotic plus inertial
currents

Elusive deep-sea fauna (e.g., sharks) in oligotrophic
areas plus taxonomic composition of deep scattering
layers

Aguzzi et al. (2017, 2019)

*Lovoten Vesterålen
(LoVe) Ocean
Observatory

https://love.statoil.com/ North Atlantic 100–2500 Disphotic and aphotic
plus strong tides

Deep-sea abundant fauna (e.g., rockfish, crabs,
shrimps, cold water corals, and cetaceans) imaged and
since more than a decade

Osterloff et al. (2016);
Nattkemper et al. (2019);
Aguzzi et al. (2020a);
Lopez-Vasquez et al. (2020);
Zuazo et al. (2020)

*Mohn’s Ridge,
Fåvne vent field
(EMSO-Mohn)

https://www.uib.no/en/
noremso/140162/infrastructure
#emso-mohn

North Atlantic, Greenland
and Norwegian Seas

3050 Aphotic plus inertial
currents

Deep-sea macro and mega fauna, small invertebrates
and bacterial mat associated to hydrothermal vent field

DELOS https://www.delos-project.org/ Eastern Atlantic (off Angola) 1400 Oil field Deep-sea macro and mega fauna Bagley et al. (2007); Milligan
et al. (2020)

VENUS (Strait of
Georgia); Ocean
Network Canada
(ONC)

www.oceannetworks.ca Northeast Pacific, Salish
Sea

100–300 Inlet area with strong
seasonal cycles in anoxia

Deep-water fauna (e.g., galatheids squat lobsters and
flat fishes), other sessile species (e.g., anemone),
zooplankton scattering layers and bacterial mat

Dewey et al. (2007); Ross and
Lawson (2009); Aguzzi et al.
(2011b); Matabos et al. (2011,
2015); Doya et al. (2015)

NEPTUNE (Barkley
Canyon); Ocean
Network Canada
(ONC)

www.oceannetworks.ca Northeast Pacific 420–990 Aphotic plus strong tides Deep-sea abundant fauna (e.g., sablefish, rockfish,
hagfish, tanner crab and cetaceans) imaged and since
more than a decade

Best et al. (2007); Aguzzi et al.
(2012; 2019; 2021a); Juniper
et al. (2013); Doya et al. (2014,
2017); Matabos et al. (2014);
Chatzievangelou et al. (2016,
2020); Seabrook et al. (2018,
2019)

MARS https://www.mbari.org/at-sea/
cabled-observatory/

North Pacific 891 Aphotic plus inertial
currents

Deep-sea abundant fauna (e.g., fishes as sablefish and
cephalopods), images and sounds

Yeh and Drazen (2011); Dunlop
et al. (2018)

ALOHA https:
//aco-ssds.soest.hawaii.edu/

North Pacific (Hawaii) 4800 Aphotic plus inertial
currents

Deep-sea abundant fauna, images and sounds Howe et al. (2011); Favali et al.
(2015)

*Indicates those observatories that should be deployed and engaged in the near future.
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Laroche et al., 2020a). However, some studies have shown that
samples from the water column are not a viable alternative
to sediment samples for benthic diversity inventories (Brandt
et al., 2021). Due to the patchiness of benthic fauna (Rosli et al.,
2017), eDNA analysis of deep-sea sediment requires sampling of
multiple biological replicates and larger samples sizes (Guardiola
et al., 2016a,b; Atienza et al., 2020; Brandt et al., 2020). eDNA
analysis of sediments may describe past rather than present
communities, as sediments contain ancient DNA (aDNA) in
addition to contemporary DNA, thus sediment eDNA analysis
often targets the very top layer of sediment (Atienza et al.,
2020; Brandt et al., 2020) and/or longer amplicons (e.g., COI –
Leray et al., 2013).

In the present manuscript, we identify and discuss potential
developments in the use of eDNA metabarcoding for deep-sea
biodiversity assessment at cabled observatories and associated
mobile platforms. Methodological developments are discussed in
relation to: (i) Integrating eDNA with optoacoustic imaging; (ii)
Development of eDNA repositories and cross-linking with other
biodiversity databases; (iii) Artificial Intelligence (AI) for eDNA
analyses and integration with imaging data; and (iv) Benefits
of eDNA augmented observatories for the conservation and
sustainable management of deep-sea biodiversity. We conclude
by discussing the technical limitations and recommendations for
future eDNA monitoring of the deep-sea.

Integrating Environmental DNA With
Optoacoustic Imaging
Among the main benefits of using eDNA as a monitoring tool
are the fact that it is an indirect non-invasive technique (i.e.,
no need to capture the target organism) and it does not require
specialist taxonomic expertise to detect taxa across the tree of
life (Goricki et al., 2017; Stefanni et al., 2018), though the latter
strongly depends on availability of comprehensive reference DNA
databases (as further discussed below). Once an environmental
sample such as water, biofilm or sediment is acquired (Brandt
et al., 2021), the collected eDNA can be queried either by using
“universal” markers targeting whole communities by means of
HTS (Jerde et al., 2019), or by targeted species-specific assays
usually performed by real-time quantitative PCR (qPCR) or
digital PCR (dPCR) (Goldberg et al., 2016). The effectiveness
of both approaches depends on the availability of reference
data, for taxonomy identification of sequenced reads with eDNA
metabarcoding and for the development of species-specific assays
with the targeted approach. These DNA-based tools offer several
advantages over traditional techniques. They improve the ability
to unravel the “hidden” biodiversity (e.g., detect rare, cryptic,
elusive, and non-native species in the early stage of invasion),
which is particularly relevant in the case of remote environments
such as the deep-sea, and enable near real-time global census of
species (Stat et al., 2017; LeBlanc et al., 2020).

Such features may enable the full integration of eDNA analysis
into ecological monitoring procedures when its measurement is
coupled with other non-molecular data as optoacoustic imaging
(e.g., Stat et al., 2019; Easson et al., 2020; Mirimin et al., 2021).
For this purpose, eDNA water sampling should also be provided

in real-time by autonomous and independent samplers (e.g.,
Yamahara et al., 2019; Hansen et al., 2020; Jacobsen, 2021;
Moore et al., 2021), with prototypes presently under construction
(e.g., the Adjustable Volume eDNA Sampler1, and the Robotic
Cartridge Sampling Instrument-RoCSI2) or that can be adjusted
for this purpose, as the SALSA system (Kersten et al., 2019; Brandt
et al., 2021)3. An alternative to water samplers, would be an
opportunistic use of filter feeding organisms such as sponges or
bivalves, that act as natural “DNA traps,” concentrating eDNA
from water that can be retrieved at different time points (Mariani
et al., 2019; Turon et al., 2020; Weber et al., 2021). The advantage
of adding eDNA to ecological monitoring protocols is its ability
to cross-validate data from other methodologies (e.g., imaging)
(e.g., Aguzzi et al., 2019). On the other hand, it is reported
that samples from the water column do not provide a good
characterization of the underlying benthic taxa suggesting that
benthic biodiversity surveys should be also performed (Antich
et al., 2021b; Brandt et al., 2021). Seabed sediment acquisition
technologies are continuously improved and optimized, so as to
obtain more authentic and reliable samples to meet the ever-
increasing demands on sampling capabilities (He et al., 2020) and
adaptation to cabled observatory infrastructures.

Recent eDNA advancements allow us to study a wide range
of taxa (including vertebrates) that are otherwise inaccessible by
direct capture or optoacoustic technologies (e.g., Lacoursière-
Roussel et al., 2018; Cowart et al., 2020; Laroche et al., 2020b;
Canals et al., 2021). Though still limited to the near surface
waters, the combined use of video-monitoring and eDNA
metabarcoding has also been successfully applied using Baited
Remote Underwater Video Systems (BRUVs) to monitor Marine
Protected Areas (MPAs) (Stat et al., 2019) or integrated in cabled
observatories (Mirimin et al., 2021). In these cases, taxa analyses
were represented by visually conspicuous biota (mainly fish)
and all post-sample collection steps were carried out off site
in dedicated molecular laboratories. The way forward involves
the integration and development of sampling methodology and
sensing protocols adapted to operate on ROVs, AUVs and even
biomimetic platforms (e.g., Aguzzi et al., 2021a), hence further
expanding the sampling capability to most remote habitats while
minimizing sampling disturbance (e.g., Trenkel et al., 2019).

Development of Environmental DNA
Repositories and Cross-Linking With
Other Biodiversity Databases
When identifying organisms, scientists can narrow down
taxonomic possibilities thanks to the use of a single approach or,
preferably, by combining and integrating multiple approaches,
although a degree of uncertainty in taxa identification will
always remain (Danovaro et al., 2020). In recent years,
molecular tools have been integrated into classical morphology-
based taxonomic approaches (e.g., Stefanni et al., 2021),

1https://twilightzone.whoi.edu/work-impact/technology/high-volume-edna-
sampler/
2https://www.iatlantic.eu/imirabilis2-expedition/science/edna_sampling/
3https://wwz.ifremer.fr/gm_eng/Cruises-and-data/Years/Cruises-sheets/
Welcome-to-the-blog-of-the-HERMINE-Cruise/Exploration-tools/SALSA
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which has proven extremely useful in resolving the taxonomic
status of cryptic species (e.g., Carreiro-Silva et al., 2017).
However, in an ideal integrative taxonomy framework, different
lines of evidence obtained at the genetic, physiological,
morphological, behavioral, and habitat level should be considered
and all combined within Hutchinson’s (1957) multimodal niche
(Schlick-Steiner et al., 2010).

Nowadays, most biodiversity data are recompiled into open-
access online databases (Gemeinholzer et al., 2020). In the case
of marine life, the most comprehensive database – the World
Register of Marine Species (WoRMS) – is regularly updated
by active communities of marine taxonomists (Costello et al.,
2013). Building on this foundation, the World Register of
Deep-Sea Species (WoRDSS; Glover et al., 2021), a taxonomic
database of deep-sea species, was launched in 2012 by the
International Network for Scientific Investigation of Deep-sea
Ecosystems (INDEEP). This database also includes the global-
scale trait database for the fauna of deep-sea hydrothermal-
vents, the sDiv-funded trait database for the Functional Diversity
of vents (sFDvent; Chapman et al., 2019). These inventories
are exclusively based on records of collected organisms. In
parallel, genetic and genomic databases have been implemented,
that are either inclusive as in the case of GenBank (Clark
et al., 2016) or BOLD (Ratnasingham and Hebert, 2013), or
restricted to selected groups of organisms, such as MZGdb
(Bucklin et al., 2021), PR2 (Guillou et al., 2013) and PLANiTS
(Banchi et al., 2020).

As in conventional DNA barcoding, eDNA sequences
are usually compared with a reference database of the
expected species community to translate the obtained molecular
operational taxonomic units into biological species for the
final data interpretation. These matching processes are reliable
when based on a comprehensive reference library supported
by morphological description of the reference taxon. However,
such reference databases are still far from complete, especially
for deep-sea communities (Weigand et al., 2019). Additionally,
misidentifications of reference sequences have been frequently
reported, highlighting the need of refinement and curation
of these databases to reduce false negatives, and conflicts in
taxonomic assignment (Stefanni et al., 2018; Schroeder et al.,
2020; Bucklin et al., 2021).

The performance of eDNA in providing accurate estimates of
species’ diversity by matching different genetic repositories, has
also been tested. For example, fishes are both a frequent target
in eDNA studies and widely represented in genetic repositories
by multi-marker sequences. Recently, the performance of eDNA
from surface water samples in determining fish diversity,
was evaluated by a comparing it to bottom trawl catches
(Stoeckle et al., 2021). Fish diversity estimation obtained by
eDNA was equal to, or greater than, that obtained from a
single 66 million liters trawl. Most (70–87%) species detected
by trawl in a given month were also detected by eDNA,
and vice versa, including nearly all (92–100%) abundant
species (Stoeckle et al., 2021). For a more comprehensive
assessment of the local biodiversity including benthic taxa (from
metazoans to protist and prokaryotic communities), eDNA
from sediment should also be analyzed as only a fraction

of total molecular clusters is shared between the eDNA of
these two environmental matrices (Atienza et al., 2020; Zhao
et al., 2020; Brandt et al., 2021). Furthermore, meiofauna,
micro-eukaryotes, and bacteria constitute a large portion of
deep-sea abundance and biomass and should not be neglected
(Rex et al., 2006; Ingels et al., 2021). Even if these small-
size organisms cannot be taxonomically identified due to
lack of appropriate reference databases, their contribution to
biodiversity can still be evaluated with taxonomy-free approaches
(Cordier et al., 2019b).

The improvement of existing marine genetic databases and the
development of portals exclusively dedicated to eDNA sequences
are considered priorities for global biodiversity assessment and
for filling taxonomic and spatial gaps in bio-surveys (Berry
et al., 2021). Early initiatives have already been undertaken
worldwide to integrate eDNA into biodiversity databases
that provide accurate spatial information on aquatic species
occurrence based solely on eDNA records collected according
to standardized protocols (e.g., United States, New Zealand,
and Sweden) (Young et al., 2018; DFO, 2020; Sundberg
et al., 2020; Abbott et al., 2021). Integrating dedicated eDNA
sequence repositories with high-resolution imaging or other
attributes collected in situ (e.g., sound generated by animals;
Mooney et al., 2020) can maximize the identification of
species together with spatial and temporal resolution (e.g.,
Bicknell et al., 2016; Howell et al., 2019; Horton et al., 2021;
Mirimin et al., 2021). Such integrated open-access online
biodiversity databases can further enable a putative taxonomic
identification of species detected (as particular OTUs), but
not identified by eDNA. If the closest taxonomic match
for eDNA sequences is below the percentage that would
allow species-level identification, a putative identification of
the sequence in question could be made using image or
sound identifications taken along, at least until a specimen
is collected and properly examined and a reference sequence
record deposited for future use. This would provide information
on what to expect in future biodiversity inventories in a
given remote area.

A further step toward integration of marine biodiversity
data repositories has been provided by BOLD, which contains
open access records of organisms (including imaging) tagged
with one or more standardized short DNA genetic markers
(Ratnasingham and Hebert, 2007, 2013). A further step toward
integrating marine biodiversity data repositories could be the
creation of a single open access platform where data of
different origins and typologies (including eDNA markers) are
freely searchable (as in the case of the Global Biodiversity
Information Facility, GBIF) (Andersson et al., 2020; Heberling
et al., 2021). These database platforms have begun to include
eDNA records as a new type of biological observation that
can be accessed alongside millions of conventional biodiversity
records (Berry et al., 2021). The development of AI algorithms
(as indicated in the previous section) can facilitate better
operational cross-linking between in situ eDNA data and other
complementary data (e.g., temperature, pH, current, and etc.).
These “Big Data” analyses could be fully embedded into cabled
observatories protocols for autonomous data processing to
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provide reliable spatiotemporal assessment of biodiversity in
almost near real time.

Artificial Intelligence for Environmental
DNA Analyses and Integration With
Imaging Data
The step forward to efficiently augment the in situ deep-sea
ecological monitoring capability of cabled observatories and
their docked platforms envisions the ability to collect genetic
and imaging data in situ and process the information in real
time using automated pipelines (e.g., Osterloff et al., 2016,
2019; Lopez-Vasquez et al., 2020; Zuazo et al., 2020). These
developments rely on the establishment of AI algorithms for
taxonomic assignment as well as dedicated reference DNA
sequence databases.

The fully automated integration of eDNA and imaging data
represents one of the core development aspects to augment
the monitoring capability of deep-sea biodiversity at cabled
observatories, enabling the detection of organisms over a wide
range of taxa and different body sizes when it comes to fishes.
Currently, there are several initiatives to automate in situ
eDNA analyses in near real time (Scholin et al., 2017; Ribeiro
et al., 2019; Yamahara et al., 2019). Integration of eDNA
and imaging data involves the development of appropriate
pipelines for: (i) automatic taxonomic identification of eDNA
sequences to the highest level (e.g., species); and (ii) cross-
check of eDNA taxonomic identification with large image
repositories, accounting for a multi-annual status of local
richness and biodiversity (i.e., based on species tracking and
classification, resulting in time series of data on community
structure as well as relative abundance). Both steps can
be implemented by applying AI algorithms using Machine
Learning (ML) methods.

Analysis of eDNA metabarcoding data using ML methods
is a new and developing field. There are two main approaches
in the use of ML methods for biodiversity monitoring,
and while one operates on taxonomically assigned OTUs,
the other is taxonomy-free, where there is no longer the
need of a reference database, thus overcoming the limits
of taxonomy-based eDNA bioassessment (Cordier et al.,
2018). Such taxonomy-free approach still requires “training”
data sets in order to feed into predictive models that can
be used to make inference on previously unexplored taxa
(Cordier et al., 2018).

Cordier et al. (2017) focused on the problem of lacking
inventories for eDNA data from benthic foraminifera and
showed that supervised ML approaches (i.e., random-forests
and self-organizing-maps) can classify unknown sequences and
infer biotic indices of macro-invertebrates reasonably well.
They argued that ML makes good predictions and outperforms
analyses based only on known sequences (Cordier et al., 2018).

Machine learning tools are currently part of many pipelines for
eDNA data analysis. Dully et al. (2021a; 2021b) showed that ML-
based pipelines are sufficiently robust even for rarefied samples.
Other authors reached similar conclusions (Cordier et al.,
2019a; Apothéloz-Perret-Gentil et al., 2021; Frühe et al., 2021;

He et al., 2021) and Mathon et al. (2021) reviewed literature
on “eDNA and Machine Learning.” In ML analysis, data is
first pre-processed with common bioinformatic pipelines as
for general metabarcoding analysis (Mathon et al., 2021) and
subsequently processed through an automated DNA-Barcode
Classifier (taxonomy assignment). ML supports this classification
task with a consolidated pipeline. Sequences contained in DNA-
barcode repositories (e.g., GenBank, GB; Barcoding of Life
Database, BOLD) are first used to train a ML-based classifier
(e.g., Cordier et al., 2017, 2019a; Frühe et al., 2021). The
trained classifier is then ready to identify the taxa contained
in the sample. We prospect, that in the framework of cabled
observatories further assessment of the identification results
could be obtained by cross-checking the eDNA taxonomy
classification with organism identified through video/image
data analysis. In this case, images have to be acquired
contextually to eDNA sampling and a content-based image
classification have to be performed in order to classify the framed
organisms (e.g., fishes).

Applied underwater image classification based on ML
demonstrated to provide high quality results (Langenkämper
et al., 2020; Lopez-Vasquez et al., 2020; Malde et al., 2020;
Mathur et al., 2020). The ML-based image classifier needs to be
trained from an image ground-truth dataset. Then, the taxa of
the classified specimens can be compared with those returned by
the eDNA classifier. The diagram in Figure 1 shows a conceptual
pipeline for handling the eDNA data and image cross-check.

Benefits of Using Environmental
DNA-Augmented Observatories for the
Conservation and Sustainable
Management of Deep-Sea Biodiversity
Achieving conservation and sustainability goals through
ecosystem-based management is challenging, particularly
for deep-sea ecosystems, as lack of knowledge hinders
science-based prioritization of appropriate management
and conservation strategies (Glover et al., 2018; Howell
et al., 2020; Manea et al., 2020). Cabled observatories have
already been recognized as key tools capable of filling
knowledge gaps through systematic monitoring (Danovaro
et al., 2017a; Aguzzi et al., 2020a,b, 2021b). Integration eDNA
surveillance within the monitoring capabilities offered by cabled
observatories makes them even more promising (Mirimin
et al., 2021). Indeed, eDNA has been highlighted as a key
approach that will enable conservation managers and marine
spatial planners to detect target species for conservation,
provide biotic indexes for impact assessment, increase the
spatio-temporal capability of biodiversity surveys, and map
vulnerable deep-sea species or ecosystems (Aylagas et al., 2014;
Pawlowski et al., 2018; Bani et al., 2020; Kutti et al., 2020).
Another value of eDNA augmented cable observatories
is their potential contribution to two synergistic global
initiatives addressing monitoring of the marine environment:
The Essential Ocean Variables (EOVs), supported by the
Global Ocean Observing System (GOOS); the Essential
Biodiversity Variables (EBVs), developed by the Group on Earth
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FIGURE 1 | This diagram is summarizing the main steps of the pipeline for eDNA and imaging data integration. The eDNA is collected from the water or sediment
and processed through metabarcoding protocols. This step includes several bioinformatics pre-processing actions before going through an automated DNA-barcode
classifier pipeline. The images acquired on cameras contextually to eDNA sampling are post-processed through an image classifier routine. Both protocols need
independent reference repositories to train the ML classifiers before the cross-checking of the taxonomic assignments derived from eDNA and images.

Observations Biodiversity Observation Network (GEOBON)
(Pereira et al., 2013; Bax et al., 2018). These two frameworks
are being developed to inform global policies and sustainability
strategies, and produce comparable and integrated data
through harmonization of monitoring (Canonico et al., 2019;
Jetz et al., 2019).

Addressing conservation priorities in the deep sea, and
monitoring the level of effectiveness of conservation measures
are critical steps. The use of eDNA analyses has been recently
extended to biodiversity assessment in the context of deep-
seabed mining of polymetallic nodules to guide management
of this deep-sea resource exploitation that is foreseen to
have one of the highest environmental impacts in the near
future (Wedding et al., 2015; Laroche et al., 2020a; Leray and
Machida, 2020), being also suggested as a cost-effective method
(Le et al., 2021). The performance of this high throughput
approach has also been tested in impact assessment of offshore
oil and gas drilling and extraction (Laroche et al., 2018),
and in fish stock assessment to inform fishery management
(Salter et al., 2019).

DNA-based tools coupled with cabled observatories
and supported by visual and acoustic census can enhance
monitoring capability within MPAs, as it has been tested in
recent biodiversity assessments (Stat et al., 2019; Gold et al.,
2021). Such an approach would be greatly beneficial to the
monitoring of Large Scale Marine Protected Areas (LSMPAs).
LSMPAs are greater than 150,000 km2 and may encompass

critical habitats for migratory species (Lewis et al., 2017),
but monitoring such areas is challenging if not impractical
(O’Leary et al., 2018).

Furthermore, boosting knowledge of deep-sea biodiversity
would help in the prioritization of deep-sea areas of
conservation. The Ecologically and Biologically Significant
Marine Areas (EBSAs) have been previously proposed to
focus attention on where and what type of conservation
measures could be established in offshore and deep-sea
areas, including the designation of new MPAs (Ardron et al.,
2009; Portman et al., 2013; Johnson et al., 2018). However,
many potential EBSAs have been removed from the original
list due to insufficient knowledge needed to inform the
selection criteria, and a call has been made to strengthen
scientific research in these areas (Johnson et al., 2019). Both
LSMPAs and EBSAs initiatives are hindered by the absence
of concrete knowledge of connectivity within and between
regions (Cannizzo et al., 2021), as well as by the challenge of
describing the links between ocean depths and the fundamental
bentho-pelagic coupling (Johnson et al., 2018; O’Leary and
Roberts, 2018) – these issues might be resolved by eDNA
augmented observatories applying metaphylogeography tools
for the analysis within OTUs connectives (Turon et al., 2019;
Antich et al., 2021a).

Finally, in response to the urgency to increase knowledge
of deep-sea ecosystems and manage deep-sea resources in a
scientifically sound manner, the Deep Ocean Observing Strategy
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(DOOS) has been established to coordinate monitoring and
observing efforts. As part of this strategy, genetic studies have
been identified as key knowledge sources for biodiversity and
connectivity assessment (Baco et al., 2016; Levin et al., 2019),
as well as prioritizing the need of defining deep-sea
ecological variables to feed global monitoring frameworks
(Danovaro et al., 2020).

Technical Limitations and Steps Forward
for Environmental DNA Monitoring in the
Deep-Sea
While underwater imaging in deep-sea cabled observatories
is usually used to detect and identify big to medium
sized animals, advantages in image processing and pattern
recognition have also made it possible to automatically
or semi-automatically identify zooplankton (Gorsky et al.,
2010). Zooplankton imaging instruments have gone beyond
just laboratory bench-top application (e.g., ZooScan) and
now allow in-flow onboard counting and classification (e.g.,
ZooCAM; Colas et al., 2018) or are mounted on AUVs
(Ohman et al., 2018) or even integrated into shallow water
cabled observatories (the COSYNA-AWIPEV observatory in
the Kongsfjorden Arctic fjord system and the COSYNA-
Helgoland observstory; Fischer et al., 2020). It is prospected
that similar imaging systems could be integrated into deep-
sea cabled observatories for imaging of mero-planktonik larvae.
Future modification of such systems could be used to analyse
meiobenthos (e.g., FlowCAM; Kitahashia et al., 2018) or benthos
could also be studied with the assistance of Sediment Profiling
Imaging (SPI) systems.

Despite the rapid and widespread adoption of eDNA
metabarcoding analysis for species identification, limitations still
exist, and are the subject of much active research. Sequence
length constrains imposed by HTS technology may contribute
to the detection of false positives, when the target species is
absent but its DNA, or rather the DNA of a close match,
is recovered. Moreover, primer biases may generate false
negatives, i.e., species that are not detected even though they
are present. These limitations have been carefully evaluated
but only partially overcome (Taberlet et al., 2012; Cristescu
and Hebert, 2018 and references therein). Strategies to address
such limitations can be intrinsic to the eDNA approach, e.g.,
the use of multiple markers, (Stefanni et al., 2018; Liu and
Zhang, 2021), capture by hybridization approach (Günther
et al., 2021), or long reads sequencing (Davidov et al.,
2020) but it is also expected that this will improve with
the integration of multidisciplinary survey approaches (e.g.,
combining imaging with eDNA).

Although ML methods (see previous section) could provide
valuable tools to reduce errors, their application presents some
difficulties. ML methods require ad hoc training sets of sequences
and images, that are used as benchmark data repositories to
reduce problems with taxonomy assignments of sequences, such
as in the cases of: (i) false positives, when incorrect species
are assigned to certain sequences based on sequence similarity
with a close match; and (ii) rarity or endemism, when eDNA

sequences match species that are not detected by video or
in the historical records of the area. The above-mentioned
data gaps and erroneous entries in genetic repositories are
another source of uncertainty for classifier algorithms. ML
methods are capable to solve these issues by using existing
datasets and generating multiple species trees based on a
percentage of similarities. Moreover, by applying the Lowest
Common Ancestor (LCA) algorithm, ML can still identify
unassigned sequences whose taxonomy is deficient due to the
lack of reference sequences deposited in publicly accessible
repositories. A different ML based methodology involves the
taxonomy-free approach, where bio-monitoring information is
obtained through the treatment of data obtained from DNA
sequencing without taxonomic assignment (Apothéloz-Perret-
Gentil et al., 2017; Feio et al., 2020). The main limits of
this approach are the possibility to the under-sampling the
input data and the need to calibrate the used bio-index
(Apothéloz-Perret-Gentil et al., 2017).

The discovery and implementation of new barcoding
markers will be necessary to address low resolution power of
existing markers in taxa characterized by exceptionally low
rates of mitochondrial evolution (e.g., anthozoans; Hebert
et al., 2003) or recently diverged species (e.g., cypraeid marine
gastropods; Meyer and Paulay, 2005). A solution may be
found in complementing short read amplicon sequencing
with sequencing technologies (ONT, PacBio) capable of
longer read lengths (e.g., full genes or even mitogenomes).
The development of such approaches could indeed be
facilitated by integration with video/image data analysis
and reference sequence repositories to further enhance species
level identification capabilities.

Further technological limitations for eDNA methodology
derive from knowledge gaps regarding the persistence and
transport of eDNA (Collins et al., 2018; Murakami et al., 2019),
which are largely unexplored in deep-sea environments.
Persistence of eDNA in the marine environment can
be assessed according to specific seascape properties of
the sampled water mass, which can be easily measured
by cabled observatories multiparametric habitat sensors
assets (Aguzzi et al., 2010). eDNA decay involves multiple
processes, including cellular, microbial degradation, and also
spontaneous degradation of DNA caused and/or accelerated
by UV, temperature, and pH (Collins et al., 2018; Harrison
et al., 2019; Hunter et al., 2019). Furthermore, the spatial
coverage of species detection by eDNA depends on local
hydrodynamics (i.e., strength and direction of currents),
which affects the dispersal and transport of molecules from
neighboring areas (Harrison et al., 2019). The combined action
of oceanographic and biogeochemical variables should be
carefully considered when inferring the temporal and spatial
coverage of the information provided by eDNA markers
(Harrison et al., 2019), and taken into account in sampling
design and collection.

Spatiotemporal coverage of environmental data collected by
networks of observatories provides a unique opportunity to
define optimized eDNA sampling strategies, in terms of the
best timing for seawater collection based on eDNA persistence
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and passive dispersion in the local marine environment (i.e.,
as a “molecular connectivity”). This may be even further
aided by continuous multiparametric data collection and
increasing knowledge of environmental conditions favoring
eDNA detection. Data integration, performed for example with
Lagrangian models of eDNA dispersal (Andruszkiewicz et al.,
2019), can form the basis for innovative sampling scenarios (e.g.,
timing and repetition of sampling depending un current status).
In this way, the spatial and temporal distribution of a species
across a given area could be predicted even before planning
the eDNA sampling, based on the status of a combined set
of local environmental factors (e.g., currents, temperature, and
nutrients), complemented by video-counts of target species (see
previous section).

Some examples of time-strategies for eDNA sampling that
would benefit from this approach include: (i) pre-programming
continuous or time-lapse sampling based on modeled, forecasted
environmental conditions; (ii) pre-programming surveillance
approaches based on real-time remote sampling that is activated
only when a predefined set of conditions is met (e.g., within a
range of current intensity, pH, temperature, or while the camera
is activated); and (iii) synchronous sampling over large areas (by
multiple samplers) thanks to the network of IOVs operating away
from the cabled observatories.

Final Remarks
There is an impending need for the laying out of a roadmap
for the effective collection and synthesis of high-quality deep-
sea biodiversity data to fill knowledge gaps required for policy
decisions and environmental management (Levin et al., 2020).
This requires the identification of (i) consensus biodiversity
variables to be monitored, and (ii) adequate and harmonized
methods for their monitoring and assessment.

While optoacoustics can help generate baseline data on some
taxa and their size and relative abundance, integration of DNA-
based approaches (Scholin, 2010) can provide precise taxonomic
information on species richness, including their response to
shifts in local environmental conditions. In particular, eDNA
metabarcoding allows augmented monitoring of biodiversity
because it has the potential to detect organisms across the
tree of life. It can be used for a variety of studies, from
detecting invasive species to measuring the impact of human
activities on ecosystems.

Integration of datasets obtained from eDNA, images, and
other sources such as sound, can now be almost completely
automated thanks to ML algorithms. Several existing coastal
and deep-sea cabled observatories can host pilot studies.
For those that have been in operation for many years,
long-term time series of biological, and environmental data
in different ecological contexts are already available hence
providing solid baseline datasets (Table 1). Some of these
observatories have already started to experiment with inclusion
of long-term images acquisition and eDNA analyses, while
others are planning to include eDNA surveys in the future.
Cabled observatories and the network of IOVs operating
from these platforms augmented by eDNA sensors could not
only provide a framework to evaluate the effectiveness of

eDNA protocols in situ, but could more importantly improve
our knowledge on deep-sea biodiversity at an unprecedented
spatial and temporal dimension. Under this vision, eDNA
augmented observatories provide unprecedented opportunities
to fill knowledge gaps on deep-sea biodiversity and ecosystem
functioning, thus supporting monitoring and conservation
strategies and contributing to the decade of deep-sea exploration
that is now upon us.
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Correct identification of species is required to assess and understand the biodiversity
of an ecosystem. In the deep sea, however, this is only possible to a limited
extent, as a large part of the fauna is undescribed and the identification keys
for most taxa are inadequate or missing. With the progressive impact of climate
change and anthropogenic activities on deep-sea ecosystems, it is imperative to
define reliable methods for robust species identification. In this study, different
techniques for the identification of deep-sea species are tested, including a
combination of morphological, molecular (DNA barcoding, and proteomic fingerprinting),
biogeographical and ecological modeling approaches. These are applied to a family
of isopods, the Haploniscidae, from deep waters around Iceland. The construction of
interactive identification keys based on the DELTA format (DEscription Language for
TAxonomy) were a major pillar of this study, the evaluation of which was underpinned
by the application of the supplementary methods. Overall, interactive keys have been
very reliable in identifying species within the Haploniscidae. Especially in a deep-sea
context, these types of keys could become established because they are easy to
adapt and flexible enough to accommodate newly described species. Remarkably,
in this study, the interactive key enabled identification of a supposedly new species
within the Haploniscidae that was later verified using both molecular genetic – and
proteomic methods. However, these keys are limited given that they are based on
purely morphological characteristics, including where species with strong ontogenetic
or sexual dimorphism occur as both genders are not always described. In this case,
integrative taxonomy is the method of choice and the combination presented here has
been shown to be very promising for correct identification of deep-sea isopods.

Keywords: Peracarida, deep-sea, taxonomy, interactive keys, COI barcoding, MALDI-TOF MS, depth distribution,
geographical distribution
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INTRODUCTION

Species determination is the first step in conducting almost
any kind of biological research. Without identifying known
and scientifically describing newly discovered species, drawing
conclusions about species diversity, their distribution and their
ecology is impossible. Species delimitation describes the process
by which species boundaries are identified and defined involving
the identification of (known) species as well as of species new to
science (e.g., Wiens et al., 2007). The question of how one species
can be differentiated from another is irrevocably linked to the
question of “what is called a species?”

Just like in other habitats in the deep sea, defined as depth
>200 m (Gage and Tyler, 1991), species are often identified based
on their morphological appearance. However, deep-sea sampling
is known to be challenging; long hauls over several hours
and subsequent sampling and sorting processes can damage
specimens and thus conceal important morphological characters.
In addition, morphological identifications are limited by the high
rate of new species discoveries (Brandt et al., 2007), combined
with a high diversity and typically low densities of deep-sea
communities. The latter in turn imposes restrictions on the
evaluation of intra- and interspecific variations (e.g., Brandt et al.,
2007; Lim et al., 2012). Since the deep-sea environment also
has a high proportion of morphologically similar but genetically
different species, so-called cryptic species (Raupach and Wägele,
2006; Vrijenhoek, 2009; Brasier et al., 2016), the morpho-
species approach tends to underestimate true biodiversity
and, conversely, to overestimate the range of species and
their population size. In addition, intraspecific morphological
variability, including ontogenetic variation, polymorphism, or
sexual dimorphism, poses a challenge to species assignment based
on morphological characters alone (Raupach and Wägele, 2006;
Riehl et al., 2012; Zaharias et al., 2020; Paulus et al., 2021).

In the last two decades, major leaps have been made in
the development of taxonomic approaches and methodologies,
including DNA-based taxonomy and (meta-) barcoding, “-omic”
techniques, imaging tools, and integrative approaches linking
different types of taxonomic information (Dayrat, 2005; Boistel
et al., 2011; Raupach et al., 2016; Paulus et al., 2021). Many of
these methods, despite their apparent advantage in facilitating
and accelerating species delimitation, have been slow to find
their way into deep-sea taxonomy. However, with increasing
human impacts on deep-sea ecosystems, new methods and
ideas for identifying and delimiting species are urgently needed
(Brix et al., 2020).

In this study, we use a relatively well known deep-sea benthic
group, isopod crustaceans (Brix and Svavarsson, 2010; Brix
et al., 2018), from a relatively well known region, waters around
Iceland (Brökeland and Svavarsson, 2017), to apply a range of
(morphological and molecular) methods and procedures for the
identification of deep-sea species. Situated right at the border
between the Northern North Atlantic and the Nordic seas and
separated by the Greenland-Iceland-Faroe (GIF) ridge, Icelandic
waters provide a very heterogeneous marine environment linked
to complex water masses and diverse submarine topography
that strongly influence faunal distributions. Additionally, the

fauna is threatened by climate change, including warming,
acidification, freshening and productivity changes (Hanna et al.,
2006; Arnason, 2007; D’alba et al., 2010; Pecl et al., 2017) which
in turn could lead to changes in species diversity and geographic
ranges (e.g., D’alba et al., 2010; Pecl et al., 2017). To properly
assess these future impacts, understanding where species occur
and how they are distributed is imperative, and thus they must be
properly identified.

Isopod crustaceans are commonly found in deep-sea benthic
communities, and they are also widespread in Icelandic waters
(Svavarsson et al., 1993; Brix and Svavarsson, 2010; Brökeland
and Svavarsson, 2017; Schnurr et al., 2018). The isopod family
Haploniscidae Hansen, 1916 is considered a typical deep-
sea family, although members are also found at shelf depth
(Brökeland and Svavarsson, 2017; Johannsen et al., 2020). Due
to their ubiquity and widespread occurrence in Icelandic waters,
Haploniscidae, and the genus Haploniscus Richardson, 1908
in particular, are well suited as proxies for assessing species
distributions around Iceland.

The basis for the current study is provided by sampling
carried out in the course of the BIOICE (Benthic Invertebrates
of Icelandic Waters) and the IceAGE (Icelandic marine Animals:

Genetics and Ecology) projects leading to a very
comprehensive data set that is also suitable for genetic and
“omic” studies (Brix et al., 2014; Riehl et al., 2014; Meißner
et al., 2018). Morphology-based approaches (interactive
identification keys) were used to separate haploniscid genera
occurring around Iceland (Antennuloniscus Menzies, 1962,
Chauliodoniscus Lincoln, 1985b and Haploniscus) and to
identify species within the genus Haploniscus. In addition,
bathymetric and geographic information for species in the
family Haploniscidae around Iceland are compiled as part of an
integrative taxonomic framework. These data are complemented
by genetic [using Cytrocrome oxidase I (COI) as barcoding
marker] and proteomic fingerprinting tools to foster species
identification. The assumption was that many of the Icelandic
haploniscid species are described and can therefore be reliably
recognized as such with the interactive key as not many cryptic
species are to be expected. That is, we sought to test whether
the species identified by the key are “valid,” and what were the
limiting factors for correct species identification? This combined
approach has the power to overcome problems of taxonomic
standardization with data being made publicly available (e.g., via
BOLD, OBIS) and enhancing species identification, for instance
by fellow taxonomists, para-taxonomists and students, through
online-identification keys (Balke et al., 2013).

MATERIALS AND METHODS

Study Area, Sampling and Data
Collection
Specimens of the isopod family Haploniscidae were collected
around Iceland during BIOICE (Benthic Invertebrates of
Icelandic waters) with yearly expeditions between 1992 and 2004
and IceAGE with four expeditions: IceAGE (2011), IceAGE2
(2013), IceAGE_RR (2018) and IceAGE3 in 2020 (Figure 1).
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FIGURE 1 | Stations sampled during the BIOICE and IceAGE projects with the latter including the following four expeditions: IceAGE (M85/3), IceAGE 2 (POS456),
IceAGE RR (MSM75), IceAGE 3 (SO276).

For the molecular analyses, only specimens were taken that
were collected during the IceAGE, IceAGE2 and IceAGE_RR
cruises respectively using an epibenthic sledge (EBS) or a
van Veen grab (Brix and Devey, 2019). These samples were
fixed in cooled high-grade ethanol to ensure genetic analysis.
The material was first examined morphologically and given
a unique database number at the DZMB (German Centre
for Marine Biodiversity Research, Hamburg). For the species
distribution models as well as bathymetry and geological
distribution analyses, specimens from BIOICE and IceAGE
(IceAGE, IceAGE2, IceAGE_RR, IceAGE3) were utilized.

During the BIOICE project, specimens were collected using a
detritus sledge (Sneli sled; Sneli, 1998), a RP sledge (Rothlisberg
and Pearcy sledge; Rothlisberg and Pearcy, 1976), a triangle
dredge and an Agassiz trawl. The RP samples were elutriated
through a 0.5 mm sieve, and the remaining sediment and animals
were processed through a series of sieves (4, 2, 1, and 0.5 mm).
The detritus sledge samples were then processed through two
vertically stacked (1 and 0.5 mm) sieves. The Agassiz and triangle
dredge samples were hand-picked on board. After the sorting
process the BIOICE samples were stored in 5% buffered formalin
(Brökeland and Svavarsson, 2017). Samples that were collected
during the four different IceAGE expeditions and included
in the analyses come from the EBS (EBS, Brenke, 2005) and
triangle dredge.

Interactive Identification Keys
Interactive keys were developed for identifying genera of the
family Haploniscidae as well as for identifying species of the
genus Haploniscus distributed around Iceland by examining the

relevant literature of species and genera descriptions to derive
distinguishing morphological characters (Lincoln, 1985a,b; Sars,
1896-1899; Richardson, 1908; Hansen, 1916; Menzies, 1962;
Hessler, 1970; Chardy, 1974; Brökeland and Wägele, 2004;
Brökeland, 2005; Brökeland and Svavarsson, 2017). The genus
Haploniscus was present with nine species: H. aduncus Lincoln,
1985a, H. ampliatus Lincoln, 1985a, H. angustus Lincoln, 1985a,
H. astraphes Brökeland and Svavarsson, 2017, H. bicuspis (Sars,
1877), H. borealis Lincoln, 1985a, H. foresti Chardy, 1974,
H. hamatus Lincoln, 1985a and H. spinifer Hansen, 1916.
The genera Antennuloniscus and Chauliodoniscus were only
represented by one species each with Antennuloniscus simplex
Lincoln, 1985a and Chauliodoniscus armadilloides (Hansen,
1916).

Length-width ratios of body segments and appendages were
measured according to Hessler (1970); total width refers to the
widest part of the habitus, while total length was measured from
the anterior beginning of the head (excluding the rostrum if
present) to the exterior medial end of the pleotelson. Length and
width measurements for the appendage ratios always describe the
greatest length of the articles. Arabic numerals were used to refer
to body segments (Wolff, 1962; Hessler, 1970).

For distinguishing characters as well as digital habitus
drawings were created. To illustrate these, literature drawings
were modified, first by scanning the image and then tracing them
manually using a Wacom Intuos M Drawing Pad, while using the
vector-based software Adobe Illustrator CC (Lincoln, 1985a,b;
Sars, 1896-1899; Hessler, 1970; Coleman, 2003; Brökeland and
Wägele, 2004; Brökeland, 2005; Coleman, 2009; Brökeland and
Svavarsson, 2017; Adobe Inc, 2019).
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To create the interactive keys, the software package DELTA
(DEscription Language for TAxonomy) (Dallwitz, 1980; Dallwitz
et al., 2006; Coleman et al., 2010) was utilized, running in a virtual
machine (Oracle, 2021) with Microsoft Windows XP as operating
system. Characters, character states, species-specific links to
worms.org and obis.org as well as taxa were added and put into
the DELTA editor together with previously created character
and taxon illustrations. Afterward this was exported into natural
language descriptions and a multi-access key (INTKEY) using the
actions set‘s directive files tonatr and toint. Finally, the interactive
keys were published online.1

Molecular Analysis
Cytrocrome Oxidase I Barcoding
The focus of the molecular analysis was on the genus Haploniscus.
Five individuals of each species were studied, where available.
Haploniscus bicuspis has been previously shown to represent a
species complex (see Paulus et al., 2021) and thus representative
sequences of all three cryptic species identified by Paulus et al.
(2021) were included.

DNA extraction was performed using the Marine
Animal Tissue Genomic DNA Extraction Kit (Neo Biotech)
or the Genomic DNA from tissue kit with NucleoSpin
technology (Macherey-Nagel) following the manufacturer’s
recommendations. The gut was removed prior to DNA
extraction and only the midsection of the specimens was
utilized. A 70 µL elution buffer was added to elute the DNA.
For PCR amplification of COI, 1 µL of the DNA extract was
utilized together with PuReTaq Ready-To-Go PCR Beads (GE
Healthcare) and 1 µL of either dgLCO (GGT CAA CAA
ATC ATA AAG AYA TYG G; Meyer, 2003)/dgHCO (TAA
ACT TCA GGG TGA CCA AAR AAY CA; Meyer, 2003) or
LCOJJ(CHACWAAYCATAAAGATATYGG; Astrin and Stüben,
2008)/HCOJJ (AWACTTCVGGRTGVCCAAARAATCA; Astrin
and Stüben, 2008) primers as well as 22 µL nuclease-free water.
The PCR program comprised of an initial denaturation step at
95◦C for 5 min, followed by 38 cycles of 95◦C for 45 s, 45◦C
for 50 s and 72◦C for 1 min as well as a final elongation at
72◦C for 5 min. Successful amplification was assessed via gel
electrophoresis (1% TAE gels). Excess primers were removed
with ExoSAP and the final PCR products were bidirectionally
sequenced by Macrogen using the PCR primers. Forward
and reverse sequences were assembled and quality checked in
GENEIOUS Prime version 2019.2.3. Sequences were aligned with
MUSCLE (v 3.8.425, Edgar, 2004) including Chauliodoniscus sp.
(GenBank accession: JF283447) as an outgroup.

To identify genetic lineages that may correspond to species,
two different computational approaches were employed: general
mixed Yule coalescent (GMYC; Pons et al., 2006) and assembling
species by automatic partitioning (ASAP; Puillandre et al., 2021).
ASAP partitions species by ranked genetic distances. Pairwise
uncorrected p-distances were pre-computed with MEGA-X
10.0.5 (Kumar et al., 2018). The online version of ASAP was
run using standard settings, except for increasing the maximum

1https://www.researchgate.net/project/Use-of-computers-for-taxonomy/update/
5d78f8333843b0b98263acf3

FIGURE 2 | Summary of morphological characters and character states used
to create the interactive identification key for genera within Haploniscidae.

considered distance to 15%. GMYC delimits species based on
branching patterns in an ultrametric tree. The ultrametric tree
was computed with BEAST2 2.63 (Bouckaert et al., 2019),
employing a Yule prior and enforcing the monophyly of the
ingroup. Each haplotype was included only once. BEAST2 was
run for 106 generations, sampling every 1000th tree. Convergence
was assessed with Tracer and the final tree annotated with
TreeAnnotator (BEAST2 package), removing the first 25% of
retained trees as burn-in. GMYC was run in R (R Core
Team, 2020) using the once the single and once the multiple
threshold method.

Phylogenetic analysis was performed with MrBayes (v 3.2.7a,
Ronquist et al., 2012) using the best-fitting model (GTR+G+ I)
with four runs and six chains for 107 generations. Every 5000th
tree was retained and the first 25% were removed as burn-in.
The best-fitting model was determined with MEGA-X following
the AIC, and the analysis was performed on the CIPRES Science
Gateway (Miller et al., 2010). The resulting tree was visualized
with FigTree (Version 1.4.4).

Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry
From the same specimens used for COI barcoding, a single
pereopod with the attached muscles was used for matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) measurements. The tissue was incubated in
5 µl of a matrix solution containing α-Cyano-4-hydroxycinnamic
acid (HCCA) as a saturated solution in 50% acetonitrile, 47.5%
molecular grade water and 2.5% trifluoroacetic acid. After 5 min
of incubation, 1.5 µl of the extract solution was applied to one
spot for crystallization on a target plate. Measurements were
carried out on a Microflex LT/SH System (Bruker Daltonics),
employing the flexControl 3.4 (Bruker Daltonics) software.
Masses were measured in a range from 2,000 to 20,000 Dalton
(Da). During measurements, peaks were evaluated using a
centroid peak detection algorithm, a signal-to-noise threshold
of 2, and a minimum intensity threshold of 600, with a peak
resolution higher than 400 in a range from 2,000 to 10,000 Da.
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FIGURE 3 | Habitus drawing of Antennuloniscus (A), Chauliodoniscus (B), and Haploniscus (C) (Modified after Lincoln, 1985a,b; Brökeland and Wägele, 2004).

For fuzzy control the Proteins/Oligonucleotide method was
employed with a maximal resolution ten times above the
threshold. Analyses included mass spectra from H. bicuspis (I-
III = 6, IV = 5, V = 5), H. foresti A (n = 3), H. foresti B (n = 1),
H. angustus (n = 3), H. hamatus (n = 4) and H. n. sp. A (n = 4).

Data were processed in R (R Core Team, 2020) using R
packages MALDIquant and MALDIquantForeign (Gibb and
Strimmer, 2012; Gibb, 2015), trimming mass spectra to an
identical range from 2,000 to 20,000 Da. Data were smoothed
with the Savitzky-Golay method (Savitzky and Golay, 1964)
and the baseline was removed using the SNIP baseline
estimation method (Ryan et al., 1988) using 15 iterations. After
normalization was done using the TIC method, a noise reduction
using a signal to noise ratio (SNR) of 3 was applied. For
peak picking, a half window size of 14 was used, applying
the MAD method implemented in MALDIquant. Repeated
peak binning was carried out with a tolerance of 0.002 in
a strict approach. Missing values were interpolated from the
corresponding mass spectra and all signals below a SNR of
1.75 were assumed to be below the detection limit and set
to zero. The resulting data matrix was Hellinger transformed
(Legendre and Gallagher, 2001).

To test group differentiation for classification approaches,
a Random Forest (RF) (Breiman, 2001) analysis was carried
out using R package Random Forest (Liaw and Wiener, 2002)
(ntree = 2000, mtry = 35). Only species with at least three
specimens were used for RF models. Significant deviation from
random of the observed model errors was calculated with the
function MVSF.test from package RFtools2 (Rossel and Martínez
Arbizu, 2018). Classification success was tested by creating RF
models whereby one sample was omitted in each case and this
was then classified using the model. Classification was tested
using the post hoc test described by Rossel and Martínez Arbizu
(2018) from the R package Rftools using a 1% alpha value for

2https://github.com/pmartinezarbizu/RFtools

false positive recognition. Data were visualized in R using a
Barnes-Hut implementation of t-Distributed Stochastic Neighbor
Embedding (Krijthe and Van der Maaten, 2015) (perplexity = 5,
max.iter = 4,000).

Biogeography
Geographical and Depth Distribution of
Haploniscidae Species Distributed Around Iceland
To analyze the geographical species distribution, one map
for each haploniscid species distributed around Iceland
was created as well as one projection encompassing all
species together. Data were visualized using QGIS 3.4.7-
Madeira (QGIS Development Team, 2020) with the WGS
84 (ESPG: 32631) coordinate reference system. Individuals
of Halploniscus bicuspis were assigned to the three species
found within the species complex in Paulus et al. (2021)
based on their distribution. To analyze the species’ depth
distribution, a box and whisker plots was created with Excel
16.53 (Microsoft Corporation, 2021). The whiskers boxplot
is based on the same data as utilized in the geographical
distribution maps although each station finding was only
included once per species.

Species Distribution Models
Species distribution models (SDM) were calculated using
the random forest approach (Breiman, 2001). Random
Forest is a non-parametric and non-linear modeling
approach based on decision trees (Hastie et al., 2009), which
has been successfully applied to the modeling of species
distributions around Iceland in both classification (Meißner
et al., 2014; Paulus et al., 2021) and regression problems
(Ostmann and Arbizu, 2018).

Predictive variables include particulate organic carbon
(POC) flux, bottom water temperature, salinity, oxygen,
and depth. The georeferenced predictive layers with a pixel
resolution of 5-arc minute were retrieved from Global
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FIGURE 4 | Summary of characters and character states used to create the interactive identification key for species within Haploniscus occurring around Iceland
(Modified after Lincoln, 1985a; Brökeland and Wägele, 2004; Brökeland and Svavarsson, 2017).

Marine Environment Dataset (Basher et al., 2014). The
training dataset consists of 1,511 sampling events with
information on presence or absence of the isopod species
under consideration. A separate model was calculated for each
of the 14 taxa. Haploniscidae was found in 189 samples, while

1,322 samples had no Haploniscidae. Because of the great
unbalanced distribution of classes presence and absences,
for training the models, the sample size argument was
adjusted, so that the number of absence samples in each
of the 5,000 random trees was set to half of the number of
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FIGURE 5 | Habitus drawings of Haploniscus aduncus (A) H. ampliatus (B) H. angustus (C) H. astraphes (D) H. bicuspis (E) H. borealis (F) H. foresti
(G) H. hamatus (H) H. spinifer (I) (Modified after Brökeland and Wägele, 2004; Brökeland and Svavarsson, 2017).

presences. The probability of occurrence of the haploniscid
species was predicted on 88,785 locations around Iceland.
Computations were carried out in the statistical environment

of R using the package randomForest (Liaw and Wiener,
2002). The spatial distribution was visualized in QGIS
(QGIS Development Team, 2020).
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RESULTS

Interactive Determination Keys
Generic Level – Haploniscidae
To distinguish between the three haploniscid genera that are
distributed around Iceland, two determination characters were
utilized in the Interactive key (Figure 2) the articles five and six
of the second antenna show a visible suture only in the genus
Antennuloniscus. The remaining two genera are distinguishable
from each other as at least one of the anterior angles of the
pereonites two to four, which are prolonged in Chauliodoniscus
but not in Haploniscus. For the interactive key, each character
as well as habitus are illustrated (Figures 2, 3). The key was
published online: https://doi.org/10.5281/zenodo.5682763.

Species Level – Haploniscus
To distinguish between the nine described Haploniscus species
that are distributed around Iceland, six identification characters
were utilized. Each distinguishing character as well as habitus are
illustrated in the interactive key (Figures 4, 5). The species can be
categorized into four different body shapes: (1) a slightly convex
body shape (H. aduncus, H. bicuspis, H. borealis, H. hamatus and
H. spinifer); (2) a rather straight body shape (H. angustus and
H. astraphes B); (3) a plate-shaped body (H. ampliatus); and lastly
(4) a fish-like body shape (H. foresti).

Furthermore, four head shapes are found in the species:
(1) half circular (H. aduncus, H. ampliatus, H. bicuspis and
H. borealis) (2) trapezoid (H. hamatus) (3) slightly concave
(H. foresti) and (4) rectangular (H. astraphes). Furthermore, the
absence (H. angustus, H. foresti, H. spinifer and H. astraphes)
or presence (H. ampliatus, H. aduncus, H. bicuspis, H. borealis,
H. hamatus) of the rostrum was used as another distinguishing
character. In addition, of the species with a rostrum, its
length- and width ratio differs between species. In some species
(H. aduncus and H. hamatus), the rostrum is longer than wide,
while in others (H. ampliatus, H. bicuspis, H. borealis), the
rostrum is at least as wide as long or even wider than long.
The species can also be categorized into two different types
of pleotelson fusion: (1) the pleotelson is fused with sixth and
seventh pereonite (H. aduncus, H. foresti); or (2) the pleotelson
is only fused with the seventh pereonite (H. ampliatus, H.
angustus, H. astraphes, H. aduncus, H. borealis, H. bicuspis, H.
hamatus, H. spinifer). Finally, comparing the ratio of the head
length (without rostrum if present) relative to the first segment
length can be used to differentiate between the nine different
Haploniscus species. The length of the first segment either fits over
1.5 times (H. aduncus H. angustus, H. astraphes, H. bicuspis) or
under 1.5 times into the head length (H. ampliatus H. borealis, H.
foresti, H. hamatus and H. spinifer). The key was published online:
https://doi.org/10.5281/zenodo.5701346.

During the testing of the interactive key for Haploniscus, a new
species has been discovered, which was not identifiable with the
produced key. In addition, we consulted species descriptions of
all other described species in the genus, which confirmed that
it is new to science. This species is most similar to Haploniscus
aduncus, Haploniscus astraphes and Haploniscus hamatus. It
differs from the other Haploniscus species around Iceland in

possessing the unique character combination of: The pleotelson is
only fused with pereonite 7, no rostrum is present, and the species
has a different head shape. In the following, we provisionally
name this undescribed species “Haploniscus sp. A” and include it
into all molecular, proteomic and biogeographical analyses, while
it does not occur in the interactive key.

Molecular Analyses
Cytochrome Oxidase I
The COI alignment included sequences of 37 Haploniscus
specimens with a length of 652 bp. No indels or stop codons
were present. ASAP (Threshold 11%, p-value 1.22e−02) and the
single threshold analysis of GMYC suggested the presence of
seven putative species: H. angustus, H. hamatus, H. bicuspis (all
three cryptic species identified by Paulus et al. (2021) grouped
together), H. sp. A and three putative species identified as
H. foresti (H. foresti A–C) (Figure 6). These putative species
are all separated by > 17% interspecific p-distances (Table 1).
Two of the putative H. foresti species are potential sister species
(H. foresti A and B, ∼17% genetic distance), while H. foresti C is
more divergent from the other two with ∼24% genetic distance.
The GMYC multiple threshold resulted in ten putative species
by additionally delimiting the three cryptic species of H. bicuspis
(following Paulus et al., 2021) and by further splitting H. sp.
A into two putative species (Figure 6). While the three cryptic
species of H. bicuspis are separated by ∼ 4–6% genetic distance
from each other (Table 1), the two putative species are separated
by only 2.4%. The 2nd and 3rd highest scoring ASAP partitions
resulted in either six (grouping H. foresti A and B together;
threshold 18.2%, p-value 2.97e−01) or 12 (splitting H. angustus
and H. sp. A into two and H. bicuspis into four putative species;
threshold 1.7%, p-value 3.67e−01) putative species.

Haploniscus foresti A and C occurred sympatrically at station
983 (South of Iceland), H. foresti B was recorded from station
106 (Reykjanes Ridge). The relatively large intraspecific distances
of up to 2.3% within H. angustus were observed among
specimens collected at the same station (Station 1148). The
two most divergent putative species within H. sp. A did not
occur sympatrically, but one occurred along the Reykjanes Ridge
(Stations 106 and 137) and the other from the Irminger Sea
(Station 1054; Close to the Reykjanes Ridge) to eastern Iceland
(Station 1219).

Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry
In total, mass spectra from 31 specimens of eight species were
assessed (Figure 7A). The PCA of the raw data (Figure 7B)
depicts clear differences between the different species, except for
the highly similar H. bicuspis complex. Significant differences
were found between all groups using a pairwise Wilcoxon test.
Constraining the data toward the respective species in a RF model
(OOB error = 0.03), results in a clear distinction of the different
species, even for the specimens belonging to the H. bicuspis
complex of which only a single specimen was misclassified within
the RF model (Figure 7C). Creating RF models, leaving out one
specimen for each species respectively and subsequently using
this model to classify the left-out specimen resulted in 100%
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FIGURE 6 | Bayesian phylogenetic tree of COI. Posterior probabilities are shown on branches. The colored circles show delimited putative species. The inner circle
corresponds to ASAP and single threshold GMYC, the outer to multiple threshold GMYC.

TABLE 1 | Uncorrected COI p-distances among putative Haploniscus species.

H. foresti
A (EP72)

H. foresti
B (EP199)

H. foresti
C (EP74)

H. angustus H. hamatus H. sp. A H. bicuspis I-III H. bicuspis IV H. bicuspis V

H. foresti A (EP72) 0.0–0.3

H. foresti B (EP199) 17.3–17.6 –

H. foresti C (EP74) 24.4–24.7 23.8 –

H. angustus 23.2–23.5 21.9–22.4 20.1–20.4 0.0–2.3

H. hamatus 23.2–23.5 23.3–23.5 23.6 21.8–22.4 0.0–0.2

H. sp. A 25.2–26.2 23.3–23.9 20.4–21.3 19.9–20.4 24.1–25.8 0.0–2.4

H. bicuspis I-III 25.6–26.4 23.9–25.9 23.6–23.9 20.6–21.0 20.4–20.9 22.4–23.7 0.0–3.5

H. bicuspis IV 22.9–24.8 22.2–23.8 23.1–23.5 20.2–21.0 20.2–20.7 20.9–22.7 4.1–5.2 0.0–1.5

H. bicuspis V 25.5–25.8 24.4–24.7 23.5–23.8 19.2–20.6 20.4 22.0–22.9 5.5–6.4 4.8–5.4 0.0–0.5

Intraspecific distances are along the diagonal, interspecific distances below the diagonal.

identification success supported by the post hoc test in all cases.
None of the specimens were misclassified and no classification
was recognized as a false positive by the post hoc test.

Biogeography
Geographical Distribution
Distribution maps for thirteen haploniscid species identified
from the BIOICE and IceAGE samples were created in QGIS
(Figure 8). Except for Haploniscus borealis Lincoln, 1985a, our

data included all species previously recorded from Icelandic
waters as well as Haploniscus sp. A. Where possible records
of Haploniscus bicuspis were assigned to the respective cryptic
species (Paulus et al., 2021), whose distribution was shown
separately (Figure 9). The distribution of the three potentially
cryptic species suggested for H. foresti by the genetic data was not
analyzed separately as we cannot assign the various distribution
records accordingly.

Only one species each of the genera Antennuloniscus and
Chauliodoniscus were present, both species occurring only to
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FIGURE 7 | Results of the MALDI-TOF MS measurements. (A) Mass spectra of different species colored according to the species colors in the TSNE plots. Because
of the high similarity between the three H. bicuspis lineages, only a single spectrum is shown for this morphotype. (B) PCA of the hellinger transformed raw data.
(C) Rf model.

the south of the GIF ridge. Within the genus Haploniscus, the
distribution of seven species was restricted to either the north
or south of the GIF ridge. H. aduncus, H. ampliatus, H. bicuspis
IV (compare Paulus et al., 2021), H. bicuspis V (compare Paulus
et al., 2021), H. foresti and H. hamatus occurred solely south of
the ridge, while H. bicuspis I–III (compare Paulus et al., 2021) was
restricted to the north of the ridge.

Four species showed a near-circum-Iceland distribution.
Haploniscus angustus Lincoln, 1985a was present at four stations
in the south as well as at five stations north of the GIF ridge and
Haploniscus spinifer occurred at two stations south as well as at
three stations north of the ridge. Haploniscus astraphes and H. sp.
A were both found at three stations south and only at one station
north of the ridge.

Bathymetric Distribution
Haploniscid species are primarily distributed at bathyal depths
(Figure 10), with only one species, Haploniscus bicuspis I–III
(compare Paulus et al., 2021), recorded at shelf depth (minimum
depth: 64 m). Most species occur across a relatively large depth
range (>1000 m), with Haploniscus bicuspis I-III exhibiting the
widest depth range (64–2613 m [median: 1108 m]). In contrast,
H. hamatus was bathymetrically the most restricted species,
having been found between 2568 and 2670 m (median: 2619 m).
Notably, species within the H. bicuspis species complex (compare
Paulus et al., 2021) all show fairly broad, overlapping depth
distributions (Figure 10).

Species found only in the south of the GIF ridge and
those found north of the ridge showed some differences in
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FIGURE 8 | Distribution of all Haploniscidae species found around Iceland collected during the BIOICE and IceAGE projects (Source for bathymetry: GEBCO
Bathymetric Compilation Group, 2020).

bathymetric distribution; most southern species (A. simplex,
C. armadilloides, H. aduncus, H. ampliatus, H. bicuspis V,
H. foresti and H. hamatus) were only found in a depth deeper than
800 m, except H. bicuspis IV which is present between 778 and
2850 m (median: 1412 m). In contrast, H. angustus, H. astraphes,
H. bicuspis V, H. spinifer and H. sp. A, whose distribution is either
limited to the north or that occur on both sides of the ridge, can
also be found above 800 m.

Species Distribution Models
The prediction of the probability of occurrence of the species
in geographic space is shown in Figure 11. Probabilities below
0.5 are considered “absence” and are not shown. The models
show that four of the species, viz. A. simplex, H. aduncus,
H. foresti (here the three potential cryptic species were not treated
separately) and H. bicuspis IV, are sympatric having their main
distribution in deep waters in the Icelandic basin, but they slightly
differ in the probability of occurrence in the Irminger Sea. Only
H. bicuspis I-III shows a clear preference for areas influenced by
the colder deep-waters in the Iceland and Norwegian Seas.

Model accuracy is shown in Table 2. The prediction error is
larger for the class “n” (absent) and is relatively low for class
“y” (presence). This results in a relatively high combined error
for the model, which is however, not compromising accuracy for
presence. In other words, the models are failing to predict where
the species is truly absent.

DISCUSSION

Progressive destruction and/or transformation of deep-sea
ecosystems and associated loss of biological diversity has
raised concerns about the consequences for overall ecosystem
functioning (Danovaro et al., 2008). Concomitantly a call for
sustainable use of the services provided by the deep sea
(Armstrong et al., 2012; Thurber et al., 2014; Glover et al.,
2018). Deep-sea ecosystems and fauna found around Iceland
could be significantly impaired primarily by climate-related
changes (Arnason, 2007; Astthorsson et al., 2007). Mitigating
and managing the impacts of such changes on the marine
environment, however, requires broadening of taxonomic
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FIGURE 9 | Distribution maps of individual Haploniscidae species found around Iceland (Source for bathymetry: GEBCO Bathymetric Compilation Group, 2020).

knowledge in order to identify patterns and drivers of diversity,
forecast potential alterations of the deep-sea environment, and
ultimately inform marine spatial planning (Howell et al., 2020).
Correct identification of the species is central to achieving this,
but often poses a challenge when dealing with deep-sea samples.

Interactive keys have proven to be a valuable tool to aid
species identification of Icelandic haploniscids. Originating in the
1970s, interactive keys using Descriptive Language for Taxonomy
(DELTA) methodologies as an instrument for identifying species
are not new (Dallwitz, 1974), but their use in deep-sea taxonomy
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FIGURE 10 | Depth distribution of Haploniscidae species around Iceland. The colored lines mark the deepest saddle depths: 1) in the Faroe Channel at 840 m
(green line), 2) between Greenland and Iceland at 620 m (blue line), and 3) between the Faroe Islands and Iceland (red line). Depth lines are implemented following
the information Hansen and Østerhus (2000) and Brix and Svavarsson (2010).

has thus far been rudimentary (Saucède et al., 2021). Overall,
there is a paucity of any type (paper or digital) of identification
key and guide in general3 and for deep-sea taxa in particular
(Miljutin et al., 2010; Gollner et al., 2014; Bergmeier et al., 2017);
instead, identifications are mostly based on descriptive works
that are distributed throughout the literature (cf. Glover et al.,
2021). This makes the identification process on the one hand
arduous and lengthy, and on the other hand exclusive, since
non-experts are not familiar with or have no access to often
historical monographs. In addition, these historical monographs
are often inadequately illustrated, further hindering easy species
identification. Yet, given the increasing human pressures on the
deep sea, the need to generate important biodiversity information
is currently enormous. At the same time, the number of
professional taxonomists performing this vital task is declining.
As an antidote, non-experts could increasingly be called upon
to identify species (Langenkämper et al., 2019; Saucède et al.,
2021). To this end, it is also critical that increased efforts are

3https://www.cbd.int/gti/problem.shtml

made to develop keys, particularly those that are easy to use and
access, such as interactive keys deposited in open repositories.
Accompanying this, taxonomic efforts to describe species from
the deep sea should be intensified by trained taxonomists, since
only what we know can be preserved (Glover et al., 2018).

Both traditional and interactive keys, including those created
in this paper, are based on formal species descriptions (e.g.,
Drinkwater, 2009). The applicability of these keys therefore
strongly depends on the level of known and described
biodiversity in the area for which they were created. Around
Iceland, the deep-sea isopod fauna is considered to be relatively
well known (Brix et al., 2018) and the assumption was that most
species should therefore be easily identifiable with the generated
key. When creating keys for taxa in other deep-sea areas, the
situation is different. In these areas, typically a high percentage
of undescribed crustacean species is expected (e.g., Poore, 2008;
Poore et al., 2015). Here, created keys would be less applicable, as
these undescribed species would not be contained in the key and
thus naturally not be identifiable. However, this would also be the
case with conventional dichotomous keys. In fact, where a major
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FIGURE 11 | Statistically significant species distribution models of Haploniscidae species around Iceland.

advantage of interactive keys over conventional keys comes into
effect as these keys have been proven to be highly customizable.
This is particularly important for deep-sea crustaceans, where
much of the fauna is unknown (Appeltans et al., 2012). Indeed,
interactive keys can keep pace with the dynamics of continuous
new species discoveries (and descriptions) as well as a changing
taxonomy (through revisions), as these can be expanded and
added to rather swiftly (Coleman et al., 2010). However, this
presupposes that the keys are publicly accessible (e.g., on a
website provided for this purpose), easy to find (e.g., advertised
on commonly used taxonomic websites) and that the necessary
capacities are available to maintain them over the long term
(Coleman and Radulovici, 2020).

Lately there have been numerous initiatives to bring taxonomy
to the web and thus make it accessible to a wider public.
Among these efforts, EDIT (European Distributed Institute of
Taxonomy4), CATE (Creating a taxonomic e-science, Godfray
et al., 2007) and Scratchpad5 deserve special mention. The
advantage of these services is that they are backed by institutes
that guarantee that the infrastructure remains in place for the
long term and can be brought up to date. Web-based services
that are provided by individuals often lack the manpower

4https://cybertaxonomy.eu/
5http://scratchpads.org/about/concept

to consistently renew their content and make it sustainable
(Coleman and Radulovici, 2020). An example of this is crustacea-
net6 of the Australian Museum, Sydney, which has provided
interactive keys for numerous crustacean taxa, yet its owner is
now retired and the project is currently not being continued
(Coleman and Radulovici, 2020). For deep-sea taxa, the World
Register of Deep-Sea Species (WoRDSS) collects (traditional
and interactive) keys and relevant literature that help in species
identification, which now contains records from more than
600 publications – yet with a notably very low representation
of sources for isopods (Glover et al., 2021). There are also
individual researchers behind WoRDSS, but it is linked to the
World Register of Marine Species (WoRMS, WoRMS Editorial
Board, 2021), providing a catalog of all marine species names.
As it is supported by the mass of deep-sea taxonomists, it
is likely to be carried forward. Through this type of web-
based taxonomic projects, a variety of other meta information
could be added to complement species identification, including
biogeographical, ecological, and collection data, as well as
images and sketches (Farr, 2006). The latter would facilitate
the exchange of data between researchers on undescribed
species, as this is the case in many deep-sea regions, and

6https://australian.museum/learn/collections/natural-science/marine-
invertebrates/crustacea/
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TABLE 2 | Model accuracy.

Species n y n error n y y error Model error

1 Antennuloniscus simplex 1,296 214 0.142 0 14 0 14.042

2 Haploniscus aduncus 1,265 248 0.164 1 10 0.091 16.339

3 Haploniscus bicuspis I-III 1,081 326 0.232 9 108 0.077 21.982

4 Haploniscus bicuspis IV 1,209 289 0.193 0 26 0 18.963

5 Haploniscus foresti 1,267 232 0.155 2 23 0.080 15.354

thus facilitating taxonomic intercalibration (International Seabed
Authority [ISA], 2020; Lins et al., 2021). In practice, one could
imagine integrating undescribed species based on preliminary
identifications into interactive keys (cf. Yamasaki et al., 2020),
whereby the identifications are certainly not robust, but would
help immensely in solving problems of species identification in
highly diverse deep-sea areas. Since many interactive keys not
only offer a web-based user interface, but also an offline version
for download (such as Intkey), they are flexible enough to be used
in the field or on a research vessel, regardless of internet access.

Interactive keys have a number of further assets compared to
conventional dichotomous keys, which can also be advantageous
in a deep-sea context. For example, the identification process does
not require a strict order of the identification features. Instead,
the user can freely choose the sequence of the determination
characters and avoid those which are either unclear to the
identifier or that are simply not present because specimens are
damaged (Dallwitz, 2018). This is especially important when
recruiting non-experts for species identification as they tend to
have difficulties in recognizing described identification features.
In addition, the use of interactive keys can be more efficient
compared to dichotomous keys, as programs, such as DELTA,
can autonomously specify the most suitable identification
features (Dallwitz, 2018), and thus the user is able to choose
the identification character that will identify individuals most
quickly. In some cases, this can be tied to just one diagnostic
character, for example in Haploniscus hamatus the unique,
trapezoid head shape.

In general, a sensible selection of the identification features
influences the applicability of interactive and binary keys equally.
It is desirable to utilize conspicuous determination features that
are retained even after rough sampling of the animals; fragile
crustacean specimens in particular can lose appendages when
retrieving samples from greater depth and subsequent sample
processing. Therefore, determination features that can break
off easily, such as antennae or legs, are often unsuitable, since
damaged or missing determination features can lead to the
identification in traditional keys being aborted. On the other
hand, some flashy characters harbor the risk that crucial but
less conspicuous features for species identification could be
overlooked. Within Desmosomatidae, Eugerdella serrata Brix,
2006, for example, a pronounced jagged rostrum is present, with
this feature enabling identification from several oceans (Brix,
2006; Lörz et al., 2013; Kaiser et al., 2021). But it is now clear that
it represents a complex of species, containing at least two (Brix
et al., 2018), but probably even more species. The Haploniscidae
family is morphologically very conservative, and often only subtle

differences are decisive in distinguishing between species and
genera (Park, 2000; Brökeland, 2005). Here, in particular, the
overall body form and the shape of the rostrum were emphasized
as valuable diagnostic features for intraspecific delimitation
and identification (Brökeland and Raupach, 2008). Further
characters, such as setation patterns of pereopods or uropods
have been also studied to deduce intraspecific differences,
but these are often not useful as segregating characters in
identification keys, as they are not visible at first glance and setae
are often broken off (Brökeland, 2005). We have therefore tried
to strike a balance between the practicality of the keys in the
sense of easily recognizable features and those that are robust
and constant within a species. Therefore, for haploniscid taxa
in this study, preferably habitus characteristics and the shape
of the rostrum were used to distinguish genera and species
within Haploniscidae.

Interactive keys reach their limits in similar places as
conventional keys but can partially counteract them. For
example, many traditional keys only focus on female characters,
which is largely due to the fact that female isopods are more
prevalent in the deep sea, and male descriptions are often
lacking (Riehl et al., 2012; Kaiser, 2015). In addition, there is a
strong sexual dimorphism encountered in many isopod families
(incl. Haploniscidae), with males and females differing greatly in
certain features (Riehl et al., 2012); in Haploniscidae this is, for
example, expressed in the form that in males the second antenna
is more robust and setose, and pleotelson processes are more
distinct (Park, 2000; Brökeland, 2010; Paulus et al., 2021). As a
result, many of the original species’ descriptions only describe the
female, since the male, if any, was difficult to assign and, therefore
many identification keys are ultimately better suited to identify
female individuals.

The identification keys produced here were based on gender-
neutral characters, where a description for both sexes was
available. With the help of this, however, it was not possible
to identify males and females in the same way if they exhibit
strong sexual dimorphism or even different male stages (such
as within Haploniscus bicuspis, cf. Paulus et al., 2021). So, it
becomes clear that using interactive keys, despite its flexible
nature, would not solve the problem of identifying highly sexually
dimorphic species. The same applies to ontogenetic dimorphism
and the identification and differentiation of potentially cryptic
species or severely damaged specimens. Many interactive keys
for Crustacea, including the ones presented in this paper, are
only able to identify adult individuals (e.g., Dallwitz, 2021). This
is because of differing determination features depending on the
developmental stage of the animals (e.g., Hessler, 1970; Wilson
et al., 2011). The result could be misidentification or termination
of the identification process. While there have been few studies
on selected species on how the various ontogenetic stages differ
(e.g., Hessler, 1970; Brökeland, 2010; Riehl and Kühn, 2020),
and these characteristics could easily be fitted into an interactive
key, ultimately there is often not enough material from deep-sea
samples to investigate this in greater detail.

Molecular approaches, such as DNA barcoding, are a great
tool to identify individuals which cannot be easily determined
with morphological characters, for example in juveniles, species
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FIGURE 12 | Ideal workflow for interactive keys and integrated taxonomy.

with strong sexual dimorphism or damaged individuals. The
identification of known species requires that DNA sequences
of the respective species are available. DNA barcoding can
further assist in the delimitation of hitherto unknown species
by revealing genetically highly divergent lineages, which might
correspond to (cryptic) species new to science.

Our molecular-genetic analysis of the haploniscids
consistently separated all of the morphologically identified
species from each other, and further uncovered a number of
cryptic species, notably within H. foresti and H. bicuspis (see also
Paulus et al., 2021), as well as to delimit the newly discovered
species within Haploniscus (sp. A).

Similar to COI barcoding, MALDI-TOF MS can help in the
identification of those animals which are difficult to determine
with interactive keys alone. In our data proteomic fingerprinting
further supported the distinctiveness of H. bicuspis (see also

Paulus et al., 2021). Nearly all of the genetically suggested species,
including the cryptic species of H. foresti, differed distinctly
in their proteomic spectrum as well. However, differences
between the putative species of H. bicuspis were very small
and referred to a recent speciation process of this complex
(Paulus et al., 2021). In a classification test, all specimens were
classified correctly, showing the use of mass spectra for specimen
identification. These results are in concordance with previous
studies showing the high success of proteome fingerprinting in
metazoan specimen identification on taxa such as fish (Mazzeo
and Siciliano, 2016; Rossel et al., 2021), insects (Dieme et al.,
2014; Raharimalala et al., 2017) or other crustaceans (Bode
et al., 2017; Rossel et al., 2019; Renz et al., 2021). Overall,
MALDI-TOF MS seems to be a promising fast and low-cost tool
for the identification of deep-sea isopods. However, reference
spectra need to be available to facilitate good identification
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success especially for highly similar groups such as the different
H. bicuspis lineages. It can be worthwhile to create internal
databases with mass spectra for species from a defined area,
especially for ongoing projects such as IceAGE.

In addition to the morphological and molecular approaches,
analyzing geographical and depth distribution may provide
further indications for correct species identification. This is
because the distribution of benthic species around Iceland
is strongly influenced by water mass properties, depth and
topography, and here in particular by the GIF ridge. The latter
is a major obstacle for marine invertebrates due to topographic
constraints and confluence of different water masses (e.g.,
Svavarsson et al., 1993; Weisshappel and Svavarsson, 1998; Jöst
et al., 2017; Lörz et al., 2021). This probably applies in particular
to brooding taxa such as isopods, which do not have a swimming
larval stage and are therefore likely to have limited dispersal
capacity (Pearse et al., 2009; Brix et al., 2020). Although we
recognize that this could be a circular argument, since the true
geographic distribution of many deep-sea species is unknown, we
have derived the assumption from the foregoing that the isopod
species would be confined to a certain depth or geographic area.
Hence, we could, for example, deduce a possible identification
error from an unusually large geographic or depth distribution,
which will need to be further assessed using an integrative
taxonomy. Overall, distribution patterns helped to predict species
entities to some extent, including the example of H. bicuspis
I–III occurring north of the GIF ridge from the remaining
putative species occurring only south of the ridge. However,
there were many overlapping distributions both geographically
and bathymetrically (Figures 8–10), which therefore did not aid
species identification. Furthermore, distribution patterns of some
species raise the question of whether they are not actually two
species; for example, Haploniscus angustus and H. spinifer both
have records north and south of the GIF ridge. Unfortunately, no
species records of any of these two species from the north and
south of the ridge are included in our molecular data to refute
or confirm this hypothesis. In view of their depth distribution,
there would be at least the possibility for both species to cross the
GIF ridge at its deepest point (i.e., the Faroe channel at 840 m,
Figure 10).

Finally, it was investigated whether species can be better
differentiated from one another and thus identified using species
distribution models. The underlying assumption here was that
each species occupies its own niche space, which is defined by
a certain set of environmental variables. The models presented
here suffer from the fact that the number of sampling events
with presence of the species is remarkably low compared to the
number of sampling events where the species were not found.
Yet, not finding a species in a sample does not mean that the
species is not living in this location, it just means that the species
was eventually not found at this sampling event. Because of
the “pseudoabsence” nature of our class “n”, it is not dramatic
that the prediction accuracy in the training dataset for class
“n” is relatively high (14–23% error). In contrast the prediction
accuracy for presence (class “y”) was low 0–9%, indicating that
the models provide a good estimate of the potential distribution
of the species. Using the distribution of Haploniscus bicuspis

species as an example where an adequate number of data points
were available, it was, however, possible to demonstrate the
potential of this method; it could be shown that the predicted
occurrences diverge in at least two species or groups of species
(H. bicuspis sp. I–III restricted to the north of the GIF and
H. bicuspis IV to the south). The addition of more environmental
layers and biogeographic data will likely contribute to a better
prediction of species distributions.

In summary, biogeographic and ecological species
demarcation and identification is only helpful in areas in which
biodiversity and distribution have been well studied and sampled.
But even in one of the better-known areas like Iceland, our results
have shown that knowledge gaps still exist, as demonstrated
by a number of cryptic and supposedly new species. This can
only be remedied through ongoing morphological examination,
together with molecular methods and additional sampling.
Certainly, the creation of interactive keys when combined with
molecular, bathymetric and environmental datasets can increase
their effectiveness as a tool for robust species identification
(Figure 12).

CONCLUSION

In our analysis of Haploniscidae around Iceland, the use
of interactive keys was proven to be a powerful tool to
identify described, but also to recognize potentially new species.
In particular, the easier involvement of non-experts in the
identification process is highlighted, especially when additional
information, such as images or biogeographical data, is included.
Since interactive keys are based solely on morphology, they are
subject to some restrictions due to “phenomena” such as cryptic
species, sexual and ontogenetic dimorphism, or when species are
severely damaged. Therefore, genetic or -omic techniques such as
COI barcoding, metabarcoding, and proteomics amongst others,
are essential to complement the morphological assessment.

We deliberately examined specimens from a comparatively
well-known group from a comparatively well-known area, but
nonetheless discovered some supposedly new isopod species.
Our intention was not to evaluate various morphological and
genetic methods for species identification, but to test how
robustly species can be identified. Nevertheless, we found
molecular tools very helpful to support the morphological
identification of species, in particular proteomics as a novel tool
for identifying isopod species. Despite some limitations (e.g.,
issues of intercalibration of mass spectra between different data
sets), the latter could become a valuable alternative to the more
expensive and time-consuming DNA barcoding approach.

In the longer term, all newly discovered species in this study –
be it part of a species complex (H. bicuspis) or entirely new (H. sp.
A) – should be included in the key. Ultimately, interactive keys
for other Icelandic crustacean taxa are to be developed and made
publicly available in order to build a framework of taxonomic
information that will help professionals and non-experts to
identify the marine fauna of Iceland and thus to gain a more
complete picture of the local biodiversity. The interactive key
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presented in this paper is the first for isopods, and the first
step toward completing an atlas of the Icelandic marine isopod
fauna. At present, even dichotomous keys on paper do not exist
although the BIOICE inventory of the Icelandic fauna is used
as baseline knowledge for species distributions. As mentioned
in the beginning, we rely on original species descriptions and
their comparison for most taxa. These missing keys highlight
the need for taxonomic expertise in times of the “taxonomic
impediment” (Coleman, 2015). While part of this is due to the
lack of skilled taxonomists, there is an argument that taxonomists
could improve accessibility of species descriptions through online
databases and syntheses of taxonomic information to create
identification keys. Through summarizing published species
description and allowing easy adaptation, interactive online keys
can help achieve this goal.

This study shows that interactive keys are an important,
but hitherto underutilized tool, for obtaining an understanding
of species within a given ecosystem. Within the context of
the UN’s Ocean Decade (2021 to 2030), interactive keys may
provide the solution toward the objective of re-establishing
taxonomic knowledge in the young generation of scientists,
which is imperative for assessing ecosystem function and future
change within the Anthropocene.
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Łódź, Poland, 2 Center for Development Cooperation in Fisheries, Institute of Marine Research, Bergen, Norway

The benthic ecology of the Gulf of Guinea is critically understudied, and knowledge
about the composition and biodiversity of the tanaidacean communities remains lacking.
Our analysis of tanaidacean collection from 270 quantitative samples collected using
0.1 m2 van Veen grab along the Ghanaian coast (nine transects, six stations at
each transect, 25–1,000 m depth range) reveals a high species richness and very
low abundance. The mean density of Tanaidacea across all the samples equals
only 0.03 ± 0.55 ind./0.1 m2. A total of 87 tanaidacean species were recorded, of
which only three were known for science (3.4%), emphasizing the need for intensified
taxonomic effort in this region. Circa 40% of the species were singletons, 98% of the
species had a total abundance lower than 10 individuals, and approximately half of the
species were found only in one sample. The highest species richness was recorded
in the slope (500–1,000 m), despite the elevated levels of barium and hydrocarbons
at those depths. This area was also characterized by the most unique species
composition. Species accumulation curves did not reach an asymptote, suggesting an
undersampling of the area and a great rarity of the species. Results of the canonical
correspondence analysis (CCA) and cluster analysis demonstrated a positive influence
of oxygen concentration and fluorescence, particularly in the shallow shelf sites (25–50
m), which were characterized by a higher abundance of Tanaidacea. Depth zonation
of tanaidacean communities with a division between shallow-water taxa (Leptocheliidae
Lang, 1973 and Kalliapseudidae Lang, 1956) through families with wide bathymetric
range (Pseudotanaidae Sieg, 1976, Apseudidae Leach, 1814) to the true deep-sea
forms (Paranarthrurellidae Błażewicz, Jóźwiak and Frutos, 2019) is also evident. We
further discuss the problems associated with multivariate analysis of highly speciose but
less abundant taxa.

Keywords: Gulf of Guinea, West Africa, continental margin, depth gradient, singletons, rare species, Tanaidacea

INTRODUCTION

The importance of the rare species in the functioning of marine benthic ecosystems and their
ecological significance is the topic of renewed debate (Lyons et al., 2005; Ellingsen et al., 2007;
Włodarska-Kowalczuk et al., 2012; Mouillot et al., 2013; Leroy et al., 2017; Chapman et al., 2018;
Säterberg et al., 2019). The role of species with restricted ranges and/or a very small population
size has often been neglected in the terrestrial and marine studies alike, while greater attention is
directed to dominant species or the so-called foundation taxa (Grime, 1998; Ellison et al., 2005;
Angelini et al., 2011). However, recent analysis has demonstrated that even a small size and a less
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abundant species may be very important for the stability of
the whole ecosystem. Such species that may increase functional
redundancy are an important element of trophic webs and might
be crucial for ecosystem services (Ellingsen et al., 2007; Dee
et al., 2019; Säterberg et al., 2019). Moreover, dominant species
may only provide a short-term resistance to ecosystem changes,
whereas the loss of rare species may lead to the erosion of
an ecosystem functioning over longer time periods (Smith and
Knapp, 2003). Leitão et al. (2016) showed that rare species
disproportionately contribute to the functional structure of
species assemblages. The majority of these hypotheses have as yet
only been tested for specific ecosystems and for a small number of
taxonomic groups. Therefore, it remains difficult to draw broader
conclusions that can be applied to various terrestrial, freshwater,
and marine ecosystems across spatial and temporal scales.

Studies of potentially rare and ecologically important taxa are
crucial for future conservation planning and studies of ecosystem
response to changes (Costello and Chaudary, 2017). Rare taxa
are often difficult to study due to undersampling and the lack
of taxonomic experts (Guisan et al., 2006; Jóźwiak et al., 2020).
Results of the analysis on the role of rare species are often
difficult to interpret and could be biased due to their extremely
low abundance. Therefore, the application of modern modeling
techniques and attempts to link the data on species distribution
and abundance with environmental variables often does not allow
for straightforward conclusions (Reiss et al., 2015).

Rare species are also considered more vulnerable to both
natural and anthropogenic changes associated with climate
warming, pollution events, or dynamics in natural geochemical
processes (Leitão et al., 2016; Obst et al., 2018). The loss
of rare species might cause a significant decline in the
abundance of other trophic levels (Bracken and Low, 2012).
This disparity between their potential importance and difficulties
in data analysis may preclude meaningful assessments of their
functional ecology.

Tanaidacean diversity is significantly understudied, with the
estimated number of species an order of magnitude higher
than the currently described forms (Appeltans et al., 2012).
Our knowledge of this group of crustaceans is centered in
taxonomy (Błażewicz-Paszkowycz et al., 2012). Few deep-sea
biodiversity assessments of tanaidacean communities exist, but
all demonstrate a large number of singletons and a high
percentage of species new to science (Pabis et al., 2014, 2015;
Błażewicz-Paszkowycz et al., 2015; Stępień et al., 2018, 2019;
Błażewicz et al., 2019a; Jóźwiak et al., 2020). Even fewer studies
were based on quantitative samples (Błażewicz-Paszkowycz et al.,
2015; Błażewicz et al., 2019a; Jóźwiak et al., 2020), though general
information like the total number of species or the total number
of individuals can be also found in less targeted studies of deep-
sea macrofauna (e.g., Grassle and Maciolek, 1992; Cosson et al.,
1997; McCallum et al., 2015; Wilson, 2017). It is therefore possible
that many rare tanaidaceans may become extinct even before
they are described (Costello et al., 2013) and their functional
ecology deduced.

The collective knowledge of the biology of particular
tanaidacean species remains in its infancy. A majority of the
species are suggested to be free-living epibenthic crustaceans

feeding on detritus, though some taxa construct sediment
tubes for protection (Hassack and Holdich, 1987; Błażewicz-
Paszkowycz and Ligowski, 2002; Larsen, 2005). However, a
variety of life strategies have been recorded within Tanaidacea.
For example, representatives of Metapseudidae Lang, 1970
and Tanzanapseudidae Băcescu, 1975 inhabit coral reefs or
hydroid colonies (Błażewicz-Paszkowycz et al., 2012; Jóźwiak and
Błażewicz, 2021), whereas some Kalliapseudidae are associated
with seagrasses (Leite, 1995). Some tanaidaceans are also
trophically specialized, for example, Kalliapseudinae species
are suspension-feeders, filtering food particles from the water
column (Drumm and Heard, 2011), where Exspina typica
is considered a parasite that digs cavities in the bodies of
holothurians (Alvaro et al., 2011). Locally, tanaidacean densities
as high as 53,000 ind./m2 were recorded (Dayton and Oliver,
1977), and their abundance might be a significant element of
the whole community (Sokolova, 1972; McCallum et al., 2015;
Golovan et al., 2019). Combined with their role as the prey of
various benthic invertebrates such as polychaetes (Oliver and
Slattery, 1985), decapods (Balasubramanian et al., 1979), isopods
(Kneib, 1985), amphipods (Guţu and Sieg, 1999), as well as
numerous species of fishes (Larsen, 2005) and even wading birds
(Băcescu and Guţu, 1975), tanaidaceans may represent a group of
high ecological importance.

Studies of benthic diversity of the Gulf of Guinea and the
whole West African coast are still scarce and mostly focus on
shallow water sites (e.g., Buchanan, 1957; Longhurst, 1958, 1959;
Bassindale, 1961; Le Loeuff and Intès, 1999; Pabis et al., 2020).
Recent analysis has revealed exceptionally high species richness
of some benthic invertebrates, like cumaceans (Stȩpień et al.,
2021) and polychaetes (Sobczyk et al., 2021). Just 10 species of
Tanaidacea have previously been described in the Gulf of Guinea,
whereas the number of species known from the whole west coast
of Africa totals 80 (Jóźwiak et al., 2017). The Gulf of Guinea is
a large marine ecosystem influenced by multiple natural factors,
such as ocean currents (including Guinea Current, Benguela
Current, and South Equatorial Counter Current), upwelling
events, and nutrient input from land drainage. This basin is also
characterized by a high diversity of habitats (Scheren et al., 2002;
Ukwe et al., 2003; Ayamdoo, 2016).

The Gulf of Guinea is host to a very high diversity of benthic
fauna. Yet, this ecosystem is threatened by human activities
including oil excavation and the dyeing industry (Scheren et al.,
2002; Ayamdoo, 2016; Sobczyk et al., 2021). In this study,
we provide the first biodiversity assessment of tanaidacean
communities from the West African coast based on a large set
of 270 quantitative samples collected in the Gulf of Guinea. We
identified the most important natural and anthropogenic factors
that may shape tanaidacean communities along a depth gradient
from 25 to 1,000 m along the coast of Ghana.

MATERIALS AND METHODS

Study Area
The Gulf of Guinea is a large open bay on the Atlantic coast
of West Africa between latitudes 58◦N and 58◦S and longitudes
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88◦W and 128◦E (Ukwe et al., 2003). The main currents of this
basin are the Guinea Current, by the Benguela Current, and the
South Equatorial Counter Current (Schneider, 1990; Ukwe et al.,
2006). The Gulf of Guinea is characterized by the occurrence
of oxygen minimum zones (Levin, 2003; Levin et al., 2009) and
by dynamic sedimentation phenomena associated with coastal
erosion (Ukwe et al., 2003). The coastal areas of Ghana, stretched
across a distance of 565 km, are located in the atypical tropical
climate region (Le Loeuff and Cosel, 1998), and are characterized
by high dynamics of water masses and upwellings (Djagoua et al.,
2011). This part of the coastline contains no large river systems,
except for the Volta River estuary, which is located in the eastern
part of the coast.

Sampling
Samples were collected in October and November of 2012
in the Gulf of Guinea off Ghana from onboard the RV Dr.
Fridtjof Nansen at nine transects (Figure 1 and Supplementary
Appendix 1). A total of 270 samples were gathered using 0.1 m2

van Veen grab supported with the video-assisted monitoring
system (VAMS) allowing for appropriate sediment penetration
and avoiding any underestimations associated with sampling. For
each transect, seven stations were designated from the littoral to
bathyal depths (0, 25, 50, 100, 250, 500, 1,000 m). Five samples
were collected at each station. The material was sieved through

0.3-mm sieves, preserved primarily in 4% formaldehyde solution,
sorted, and finally transferred to 70% ethanol.

The material will be deposited at the University Museum of
Bergen (Norway).

Physical and chemical properties, including temperature,
conductivity, and oxygen level (Seabird 911 CTD Plus and SBE
21 Seacat thermosalinographs were used) were measured at
each station. Additionally, sediment samples were collected for
further laboratory analysis of sediment structure, total organic
matter (TOM) content, fluorescence, level of hydrocarbons, and
toxic metals. Sediment grain size was determined by mixing the
sediment with water and sieving it through a 0.063-mm sieve.
Larger particles were then sieved through Endecott sieves. For
calculations, we used the equations of Folk and Ward (1957) and
Buchanan (1984). TOM was determined as the weight loss in a
2–3 g dried sample (1,058◦C for 20 h) after 2 h of combustion at
4,808◦C. Petroleum hydrocarbon content was determined using
a gas chromatograph with a flame ionization detector (GC/FID)
according to the Intergovernmental Oceanographic Commission,
Manuals and Guides No. 11, UNESCO Intergovernmental
Oceanographic Commission (1982). Metals (Ba, Cd, Cr, Cu,
Pb, Zn) were analyzed via inductively coupled plasma-atomic
emission spectrometry (ICP-AES), whereas mercury (Hg) was
determined via cold vapor atomic emission spectrometry
(CVAAS) after drying, sieving, and digestion (Jarvis and Jarvis,
1992; Elezz et al., 2018).

FIGURE 1 | Distribution of sampling stations along the Ghanaian coast.
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Data Analysis
Specimens were identified to the morphospecies level (Wägele,
2005). Mean values of abundance (± 1 SD) and mean values of
species richness per sample were calculated for each station (25,
50, 100, 250, 500, and 1,000 m) to investigate trends in abundance
and species richness along a depth gradient of the Ghanaian
shelf and slope. The Kruskal–Wallis test was used to assess
statistically significant differences in tanaidacean abundance and
species richness between depths. Post hoc testing was performed
using Dunn’s test with the software package Statistica 13. Species
Chao 1 accumulation curve averaging over 999 permutations
was created using the vegan package (vegan:specaccum; Oksanen
et al., 2020) in R software (R Core Team, 2019).

The number of rare species recorded in the material was
assessed. Singletons were defined as species represented by only
one individual in the whole material. We have also calculated
the number of unique species (species found in one sample
only). Additionally, we have calculated the number of species
common to a given depth zone and common to different
transects. In addition, bathymetric distribution of each species
and family was described.

Hierarchical agglomerative clustering based on Bray–
Curtis formula was used to analyze the similarity between
the samples via the group average method on transformed
data (presence–absence). Similarity profile routine tests
(SIMPROF) with a 1% significance were also applied
(clustig:simprof, clustig:simprof.plot; Clarke et al., 2008;
Whitaker and Christman, 2014).

The association between tanaidacean communities and all
the collected environmental factors was done in R software
(R Core Team, 2019). To transform environmental data
for reducing biases associated with unequal ranges of some
variables (for example barium and gravel), we used Yeo-Johnson
power transformation from “caret” package (caret:preProcess()
function; Kuhn, 2020). Further, canonical correspondence
analysis (CCA) was performed using the cca function from
the vegan package (Oksanen et al., 2020) with initial 21
variables (for the full list of variables see Supplementary
Appendix 2). The anova.cca function from the vegan package
(Oksanen et al., 2020) was used to determine the statistically
significant factors in shaping diversity on each station. By
using vif function from the car package (Fox and Weisberg,
2019), we assessed the degree of multicollinearity between
analyzed variables. We compared the results with Pearson
correlation matrix (corrplot:corrplot; Wei and Simko, 2017;
Figure 2) to exclude strongly correlated variables (r > 0.68).
Variables with the highest correlation and vif value, as well as
those statistically insignificant, were excluded before another
ordination analysis. Four variables were included in the final
version of CCA.

RESULTS

Eighty-seven species (646 individuals) representing 19 families
were found in the analyzed material (Table 1). Four families
(Akanthophoreidae Sieg, 1986; Anarthruridae Lang, 1971;

FIGURE 2 | Pearson’s correlation matrix of environmental variables (A). Only
four of the least correlated (r < 0.70) variables were used in the CCA
analysis (B).

Pseudotanaidae and Typhlotanaidae Sieg, 1984) were the most
speciose with 10 or more species recorded. Apseudidae (209
individuals), Leptocheliidae (95 individuals), and Parapseudidae
Guţu, 1981 (90 individuals) accounted for more than 60% of
tanaidacean material.

The mean abundance of tanaidaceans from all collected
samples was 0.03 ± 0.55 ind./0.1 m2. The frequency of occurrence
in samples was also very low. Tanaidaceans were recorded in 113
out of 270 samples (42% of samples). Mean abundance decreased
along the depth gradient up to 250 m stations (Figure 3). Then,
abundance increased at 500 and 1,000 m (Figure 3), although
there were no statistically significant differences between each
depth zone (Kruskal–Wallis test, Dunn’s test). The material
revealed large numbers of singletons and uniques, with 35
singletons (40% of all species) and 53 uniques found. Eighty-
five species (98% of all species) had a total abundance lower
than 10 individuals.

Mean species richness per sample (S) was greatest in the
shallows (25–50 m) and on the slope (500–1,000 m). However,
significant differences were only found between 50 and 250 m
depth zones (Figure 4). The highest numbers of species were
recorded at 500 and 1,000 m (33 and 34 species, respectively),
and this area was also characterized by the highest number
of species unique to those depth zones (Figure 5). Species
accumulation curves did not reach the asymptotic level, which
may suggest undersampling of the studied area (Figure 6). Low
numbers of species were recorded despite a collection of five
replicate samples at each station (Supplementary Appendix 3).
The rarity and restricted distribution of taxa was also visible
in the low number of species common to different depth
zones (Table 2). Commonality of species between transects was
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TABLE 1 | Total abundance and maximum abundance recorded in a single
sample of each species, together with depth range in the studied material.

Max Total Depth range [m]

Akanthophoreidae

Chauliopleona sp. 1 1 1 500

Chauliopleona sp. 2 1 2 1000

Chauliopleona sp. 3 1 1 1000

Parakanthophoreus sp. 1 1 1 250

Parakanthophoreus sp. 2 3 5 100–500

Parakanthophoreus sp. 3 1 2 250–500

Parakanthophoreus guineus 1 3 500–1000

Parakanthophoreus sp. 4 3 6 1000

Parakanthophoreus sp. 5 2 2 500

Parakanthophoreus sp. 6 1 1 1000

Anarthruridae

Anarthruridae sp.1 1 2 250–500

Anarthruridae sp. 2 1 2 1000

Anarthruridae sp. 4 1 1 1000

Anarthruridae sp.5 1 1 1000

Anarthruridae sp. 6 2 3 500

Anarthruridae sp. 7 1 1 500

Anarthruridae sp. 8 1 1 1000

Anarthruridae sp. 9 1 1 500

Anarthruridae sp. 10 1 2 500–1000

Olokun puellamaritima 2 4 500–1000

Pseudotanaidae

Pseudotanais sp. 1 2 6 250–500

Pseudotanais sp. 2 3 7 50–100

Pseudotanais sp. 3 2 3 500

Pseudotanais sp. 4 2 3 500

Pseudotanais sp. 5 8 11 500

Pseudotanais sp. 6 2 7 1000

Pseudotanais sp. 7 1 3 500

Pseudotanais sp. 8 3 5 25

Pseudotanais sp. 9 1 1 50

Pseudotanais sp. 10 1 1 500

Agathotanaidae

Agathotanais sp. 1 1 1 500

Paragathotanais sp. 1 2 6 500–1000

Paranarthrura sp. 1 4 18 500–1000

Paranarthrura sp. 2 1 1 1000

Paranarthrura sp. 3 2 2 1000

Typhlotanaidae

Meromonakantha sp. 1 1 2 500

Meromonakantha sp. 2 1 1 1000

Paratyphlotanais sp.1 1 2 250–500

Torquella sp. 1 1 1 1000

Typhlotanais sp. 1 1 1 500

Typhlotanais sp. 2 2 6 500–1000

Typhlotanais sp. 3 1 1 1000

Typhlotanais sp. 4 5 8 250–500

Typhlotanais sp. 5 2 2 100

Typhlotanais sp. 6 1 1 500

Typhlotanais sp. 7 2 2 500

Typhlotanais sp. 8 4 7 1000

(Continued)

TABLE 1 | (Continued)

Max Total Depth range [m]

Nototanaidae

Nototanaidae sp.1 4 4 50

Nototanaidae sp. 2 4 5 50

Nototanaidae sp. 3 1 1 50

Paranathurellidae

Paranarthrurella sp. 1 1 2 1000

Leptocheliidae

Leptocheliidae sp. 1 7 11 50

Leptocheliidae sp. 2 17 60 25–50

Leptocheliidae sp. 3 5 10 25

Leptocheliidae sp. 4 9 11 25–50

Mesotanais sp. 1 1 3 100–250

Colletteidae

Cetiopyge/Collettea sp. 1 1 1 1000

Collettea sp. 1 1 3 500

Collettea sp. 2 3 7 1000

Collettea agnesi 2 5 1000

Leptognathiella sp. 1 3 5 500–1000

Nematotanais sp. 1 1 2 1000

Leptognathiidae

Leptognathia sp. 1 1 1 1000

Leptognathia sp. 2 1 1 250

Leptognathia sp. 3 1 3 500

Tanaellidae

Araphura sp. 1 1 1 250

Arhaphuroides sp. 1 1 1 1000

Tanaopsidae

Tanaopsis sp. 1 1 1 250

Tanaissuidae

Tanaissuidae sp. 1 4 7 100

Tanaissuidae sp. 2 1 4 50–100

Paratanaidae

Paratanaidae sp. 1 1 1 50

Incertae sedis

Insociabilitanais sp. 1 3 6 1000

Parafilitanais sp. 1 1 1 500

Apseudidae

Apseudes sp. 1 1 1 500

Apseudes sp. 2 8 10 500–1000

Apseudes sp. 3 18 83 25–100

Apseudes sp. 4 44 111 25

Apseudes sp. 5 1 1 1000

Carpoapseudes sp. 1 1 3 500–1000

Kalliapseudidae

Paraleiopus sp. 1 2 5 25

Paraleiopus sp. 2 7 23 50

Kalliapseudes sp. 1 2 2 25

Kalliapseudes sp. 2 2 10 25–50

Metapseudidae

Calozodion sp. 1 4 11 100

Hoplopolemius sp. 1 24 71 25–50

Parapseudidae

Parapseudidae sp.1 3 6 25–50

Parapseudidae sp. 2 1 2 25–50
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FIGURE 3 | Mean abundance at each sampled depth.

FIGURE 4 | Mean species richness per sample (S) at each sampled depth.

also low, demonstrating a restricted spatial distribution of the
majority of the species (Table 3).

Only one family of tanaidaceans (Pseudotanaidae) was
distributed along a whole depth gradient. We have recorded two
main groups of families, one associated with shallow shelf areas
(Kalliapseudidae, Parapseudidae, Metapseudidae, Leptocheliidae,
Nototanaidae Sieg, 1976, and Paratanaidae Lang, 1949) and the
second associated with slope depths (Agathotanaidae Lang, 1971,
Colletteidae Larsen and Wilson, 2002, and Paranarthurellidae)
(Table 1 and Figure 7).

Clustering analysis revealed five distinct groups supported by
1% SIMPROF (Figure 8) with a low similarity between each
group (3–22%). The first group contained three stations from
250 m in which seven species were grouped within six families.
This cluster was characterized by low oxygen concentration
(1.4 ± 0.2). Group 2 comprised 6 stations, mostly from 500 m,
and grouped 28 species within 9 families. High concentration
of heavy metals such as barium (152.3 ± 115.6), chromium
(60.2 ± 7.6), total hydrocarbons (13.3 ± 6.6), and organic
matter (11.2 ± 3.7), as well as the domination of silty sediment
were characteristic of these stations. Nine stations from the
deepest sections (500–1,000 m) were grouped in cluster 3 which,
in general, was characterized by a similar set of variables as
cluster 2 with 31 species within 12 families. Stations from the
shallowest sites were grouped as cluster 4. Twelve stations were
characterized by the highest oxygen concentration (4.2 ± 0.2),
temperature (24.7 ± 1.7), and the highest gravel content in
the sediments (4.3 ± 6.4). Heavy metals reached the lowest
concentration (e.g., barium 16.6 ± 8.3, nickel 13.3 ± 7.4), but
elevated arsenic concentration (39.7 ± 55.0) at stations located
at transect 4 (25 m: 106.84) and 8 (50 m: 186.78) were recorded.
Despite this fact, tanaidaceans reached the highest abundance at
stations located at 25 and 50 m depth. The last cluster grouped
nine stations, mostly from 100 m. The group is characterized
by the highest salinity (35.7 ± 0.1) and the lowest abundance
of tanaidaceans.

Canonical correspondence analysis with four environmental
variables: barium, oxygen concentration, salinity, and
temperature revealed that species composition of tanaidaceans
along the Ghanaian coast is depth-related rather than transect-
specific or sediment particle size-specific (Figure 9 and
Supplementary Appendix 4). All the four factors were
statistically significant (Table 4). The ordination analysis clearly
showed separation of each depth zone, except of 25–50 m
stations which were grouped together. CCA axis 1 distinguishes
the stations into two groups: the first is characterized by higher
oxygen concentration at shallowest (25–50 m; mean: 4.21 ± 0.31)
and the deepest stations (1,000 m; mean: 3.55 ± 0.29); and the
second by a decreased oxygen level at stations at 250 m (mean:
1.53 ± 0.17) and 500 m (mean: 1.81 ± 0.30). CCA axis 2 divided
stations based on a salinity, temperature, and barium gradient.
Sites located at bathyal zone (500 m; mean: 87.92 ± 48.92 and
1,000 m; mean: 216.83 ± 78.56) were characterized by a higher
barium concentration than those from the continental shelf (25–
50 m; mean: 15.58 ± 9.44). Salinity was highest at 100 m stations
and lowest at 1,000 m. Temperature decreased with depth
reaching 27.49 ± 1.48 at 25 m and 14.19 ± 11.90 at 1,000 m.

DISCUSSION

Diversity Patterns Along a Depth
Gradient
Our study of tanaidacean diversity in the Gulf of Guinea revealed
very high species richness. With a total of 87 species of which
84 appeared to be new for science, the number of species
across the whole west coast of Africa now reached totals 164
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FIGURE 5 | Total number of species recorded at each depth, together with the number of species unique to a given depth.

FIGURE 6 | Species accumulation curve with Chao 1.

TABLE 2 | Number of species common to particular depths.

25 m

25 m 12 50 m

50 m 7 16 100 m

100 m 1 3 8 250 m

250 m 0 0 1 10 500 m

500 m 0 0 1 4 33 1000 m

1000 m 0 0 0 0 8 34

Bolded values showed total number of species at each analyzed depth.

(Jóźwiak et al., 2017). Our results may be attributed to the high
sampling efforts across both the continental shelf and slope
depths, as each was characterized by a distinct set of species.

Despite our quantitative sampling methodology collecting the
fauna at localized scales, our results are similar to the results
of earlier studies based on less precise epibenthic sledge (EBS)

TABLE 3 | Number of species common to transects.

G1

G1 13 G2

G2 3 17 G3

G3 2 2 10 G4

G4 5 6 4 22 G5

G5 4 11 3 8 24 G6

G6 3 7 2 7 10 24 G7

G7 2 5 1 5 5 6 28 G8

G8 4 6 1 3 5 4 6 23 G9

G9 1 0 1 1 0 1 1 0 4

Bolded values showed total numer of species on each analyzed transect.

and other trawling devices that are indiscriminately designed
to collect large number of taxa from large bottom areas.
Cumulatively, we have sampled 27 m2 of seabed. Comparison
of this sampling area with studies based on qualitative samplers,
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FIGURE 7 | Depth range of tanaidacean families recorded in the Gulf of Guinea.

such as the KuramBio cruise where total area sampled using EBS
equaled 53,709 m2 (Jóźwiak et al., 2020) or benthic sampling
in the Ross Sea, where the area of only single EBS sample
varied between 247 and 1,493 m2 (Pabis et al., 2015), shows the
unique character of our results. Earlier studies, based mostly on
a relatively small set of several EBS samples, also demonstrated
high species richness of tanaidacea, for example, Ross Sea (72
species) (Pabis et al., 2015), Amundsen Sea (37 species), Scotia
Sea (51 species) (Pabis et al., 2014), and region of the Kuril-
Kamchatka Trench (48 species; Błażewicz-Paszkowycz et al.,
2015), at significantly lesser spatial resolutions. The scale of
the sampled area is crucial for all species richness assessments
because it allows for the penetration of a larger number of habitats
(Błażewicz et al., 2019a). Nevertheless, a large number of species
new to science and a large number of singletons were visible in
all earlier tanaidacean studies (Pabis et al., 2014, 2015; Błażewicz-
Paszkowycz et al., 2015; Stępień et al., 2018, 2019; Błażewicz et al.,
2019a; Jóźwiak et al., 2020), although not at the scale recorded in
the Gulf of Guinea.

We have recorded a striking rarity of tanaidacean species
along the coast of Ghana. Despite the high sampling effort and
the replicated sampling scheme, which allows for penetration
of larger areas of the bottom and minimizes undersampling of
species (Somerfield and Clarke, 1997; Eleftheriou and McIntyre,
2005), 40% of the species were singletons, 98% of the species had
total abundance lower than 10 individuals, and approximately
half of the species were unique to specific samples. Similar results
were observed in deep-sea tanaidacean assemblages from other

basins, for example, from the Amundsen and Scotia Seas 85
species were recorded, with about 90% species new for science,
and most of the species were found only in a single sample
(uniques) (Pabis et al., 2015). Similarly, studies in CCFZ area
revealed 98 tanaidacean species, out of which 47 of them were
singletons while 57 were uniques (Błażewicz et al., 2019a).
Recorded in our studies, values of singletons and rare species
are much higher than the average values recorded for various
macrofaunal taxa that are most often characterized by 30–35%
share of singletons (Ellingsen et al., 2007). Moreover, an earlier
analysis of sampling replicability at the same station in the studies
of tanaidacean fauna did not show such a strong level of rarity on
a small scale (Jóźwiak et al., 2020). Some species may, however,
display locally higher abundances. Such patchy distribution was
recorded for Apseudes sp. 4, where 44 of the 111 individuals of
this species were found in one sample (Table 1).

Very steep species accumulation curves were also present
for tanaidaceans in the classic deep-sea study of Grassle
and Maciolek (1992). This study was based on 233 boxcorer
samples (1,500–2,500-m depth range), collected off of the North
American coast. Really high abundances of tanaidaceans were
rarely recorded, with the majority found in the very shallow
areas, and mostly comprised a single species (Bailey-Brock, 1984;
Sheridan, 1997). In the deep-sea, relatively high abundances
of these crustaceans have only been recorded in some more
productive sites in the northeast Atlantic (Cosson et al., 1997).

A high number of singletons is not atypical for the deep-
sea, although it is often difficult to assess if the large number of

Frontiers in Marine Science | www.frontiersin.org 8 February 2022 | Volume 9 | Article 779134226

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-779134 February 14, 2022 Time: 16:7 # 9
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FIGURE 8 | Dendrogram of samples for Bray Curtis similarity, square root
transformed data, and group average grouping method with 1,000 iterations.
(Spotted lines indicate the samples that cannot be significantly differentiated
by SIMPROF).

singletons is due to sampling effort and methodology, or if it
reflects environmentally driven patterns (Rex and Etter, 2010).
The deep-sea studies generally suffer from undersampling and
are subject to huge bias in biodiversity inventories, assessments
of rarity, and description of distribution patterns (Jóźwiak
et al., 2020; Rex and Etter, 2010). A very high number of
singletons accompanied by a high share of species new to science
was also recorded for other groups of peracarid crustacean,
namely cumaceans and isopods (e.g., Brandt et al., 2007; Stȩpień
et al., 2021). Peracarid diversity from the Southern Ocean
demonstrated another interesting pattern. The majority of species
were recorded in a low number of samples, but the authors
suggested that they are not rare, but instead, their distribution
is highly patchy (Kaiser et al., 2007). The study, however, was
based on only 19 EBS samples, and this problem requires
further investigation. The patterns we observed in Ghana appear
different due to the large number of samples collected and
high degree of replication, yet they still yielded a very high

number of singletons accompanied by a large number of samples
without tanaidaceans.

Unfortunately, we cannot analyze functional diversity of
tanaiadaceans due to the lack of comprehensive data about
their biology. It has been suggested that the majority of taxa
are likely detritus feeders and that their ecological diversity
seems to be low (Błażewicz-Paszkowycz et al., 2012). Conversely,
a taxonomic group characterized by such exceptionally high
species richness must be an important element of ecosystem
functioning, suggesting a complicated set of mutual interactions
between various species and their habitats (Buhl-Mortensen et al.,
2010). This is poignant in a marine ecosystem like the Ghanaian
coast, where even core benthic taxa like polychaetes have a
relatively low abundance (Sobczyk et al., 2021). A total of 87
species of tanaiadacea is a very high number, even compared
to the 251 species of polychaetes recorded in the same material
(Sobczyk et al., 2021), especially given that polychaetes belong
to the most dominant benthic taxa, both in terms of abundance
and diversity (Rouse and Pleijel, 2001). We might speculate that
even if tanaidaceans are not the most important consumers,
they may comprise a major component of trophic webs as prey
for predatory polychaetes, decapods, or fishes (Balasubramanian
et al., 1979; Nagelkerken and van der Velde, 2004; Larsen, 2005;
Jumars et al., 2015). At the same time, predatory polychaetes
like Goniadidae Kinberg, 1866; Glyceridae Grube, 1850 and
Polynoidae Kinberg, 1856 are among the most important groups
of benthic fauna on the coast of Ghana, especially in the shallower
shelf sites (Sobczyk et al., 2021) along with a high diversity of
decapods (Podwysocki et al., unpublished results).

Despite their small size, tanaidaceans may be important
for bioturbation of the bottom sediments, especially in the
surface layers, like in the case of shallow water Apseudomorpha
(Larsen, 2005), which was the dominant element of fauna in
our material. Rare and small organisms are typically a minor
element of the sediment reworking processes. However, in the
coast of Ghana, burrowing polychaetes, the most important
biotubators, were highly diverse (71 species), yet their abundance
and size were low (Sobczyk et al., 2021), potentially elevating the
functional importance of other taxa. The mean total abundance
of macrofauna in the same set of samples was relatively low,
particularly on the lower shelf and slope (Pabis et al., 2020),
making tanaidaceans a proportionally important element of those
communities. Polychaete functional diversity also decreased
from shelf to slope (Sobczyk et al., 2021), suggesting that the
role of tanaidaceans in the benthic ecosystem may increase
proportionally with depth. Our results are verified by studies
from the Australian continental slope, where tanaidaceans were
the second most abundant group of benthic macrofauna, after
polychaetes, although their abundance remained relatively low
with 561 individuals collected in c. 1000.1 m2 Smith–McIntyre
grab samples (McCallum et al., 2015).

Our earlier results suggested that the Gulf of Guinea may
have a high ecosystem resilience due to exceptionally high
diversity (Sobczyk et al., 2021; Stȩpień et al., 2021). High diversity
may allow for functional redundancy within the ecosystem
where multiple species play the same role (Biggs et al., 2020).
This observation might be crucial in the context of strong
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FIGURE 9 | Canonical correspondence analysis (CCA) showing species composition differences on each sampling site with selected environmental factors as red
arrows (barium, temperature, salinity, and oxygen). Sediment size is differentiated by the color of the points. In addition, to describe species composition along the
depth gradient, depth zones were distinguished as ellipses with 0.95 confidence intervals. Only statistically significant variables were included into ordination
analysis. See Supplementary Appendix 1 for a full list of factors.

TABLE 4 | Value of variance influence factor and statistical significance of selected
variables used in final version of canonical correspondence analysis.

VIF Sig

Ba 2.56 0.002

Temperature 1.78 0.012

Salinity 1.51 0.045

Oxygen 1.30 0.001

anthropopressure recorded in the Gulf of Guinea (Scheren
et al., 2002), especially with ongoing industrialization and oil
excavation (Scheren et al., 2002; Ukwe et al., 2003; Ayamdoo,
2016; Sobczyk et al., 2021). Our results revealed links between
tanaidacean communities and changes in environmental factors,
although multivariate analysis bias on a count of low abundances
cannot be discounted (Reiss et al., 2015). The similarity level
recorded in the cluster analysis was very low, and results of the
CCA did not demonstrate a very strong pattern. Taking into
account the above mentioned problems, these results have to
be treated cautiously. Therefore, the possible use of tanaidacean
communities as indicators of changes in benthic ecosystem in
the Gulf of Guinea is doubtful despite their importance for
overall biodiversity.

Depth was an important factor in structuring tanaidacean
communities along the coast of Ghana. The clear separation of

the slope samples, bottom area affected by larger concentrations
of barium and hydrocarbons in the sediments, was not
accompanied by a decrease in abundance or species richness,
unlike Cumacea and Polychaeta (Sobczyk et al., 2021; Stȩpień
et al., 2021). This is somewhat surprising since barium is known
for its toxic influence on benthic fauna (Olsgard and Gray,
1995; Gomez-Gesteira et al., 2003; Stark et al., 2020), However,
barium and other toxic metal concentrations were similar to the
background levels according to the OSPAR and KLIF (Norwegian
Pollution Authority) guidelines, and the general environmental
status of investigated sites was good, with only some local
pollution (Iversen et al., 2011; Pabis et al., 2020; Sobczyk et al.,
2021). In the case of the Ghanaian coast, toxic metals originated
from oil excavation and the dyeing industry (Scheren et al.,
2002; Ayamdoo, 2016; Sobczyk et al., 2021). As such, we suggest
that the higher diversity recorded on the slope (Figure 3) could
be explained by the fact that bathyal is a major hot spot of
benthic diversity in the Worlds Ocean (Danovaro et al., 2009).
This pattern is supported by earlier studies of tanaidacean
communities at slope depths (Pabis et al., 2014, 2015; Błażewicz-
Paszkowycz et al., 2015). This may prove important for the
stability of slope ecosystems in the Gulf of Guinea, where even an
elevated level of pollutants might be compensated by the presence
of a large number of species. Abundant and speciose communities
were also recorded at shallow shelf sites characterized by higher
oxygen contents and higher fluorescence. Both factors are very
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important for various benthic invertebrates (Levin and Sibuet,
2012), and thus it is not surprising that they exerted a positive
influence on the tanaidacean communities.

Our results demonstrate that the analysis of rare and less
abundant but highly speciose taxa, such as small peracarid
crustaceans, should become an important element of future
studies of marine benthic ecosystems. Some studies of particular
species suggest that tanaidaceans may constitute good indicators
of changes in environmental conditions (Ambrosio et al., 2014).
However, the analysis of their communities might prove difficult
as changes in community structure are hard to detect due to a
high degree of rarity and their low abundance. Therefore, studies
of such small size and rare taxonomic groups might require
different sampling strategies and/or the use of more specialized
sampling equipment.

It is important to consider that though we sampled c. 500 km
of coastline during our study, we only recorded a very low
number of tanaidacean species common to different transects.
Deciphering range descriptions in the case of species that likely
have a small population size, patchy distribution, and low
abundance is difficult. Our results strongly suggest that the
majority of tanaidaceans have very restricted spatial distribution,
even at a moderate scale. The restricted vertical range of many
species (Table 1 and Figure 4) is not surprising and is due mostly
to affinities of tanaidacean families to given depth zones that are
associated with their phylogeny, for example, phylogenetically
young families have colonized the deep-sea relatively recently
(Błażewicz-Paszkowycz et al., 2012).

High total species richness might be also a consequence
of microhabitat diversity. Previous studies demonstrate strong
affinities between bottom type or complexity of habitats and
composition of tanaidacean fauna (Holdich and Bird, 1985;
Siciński et al., 2012). Sediment grain size was not a significant
factor in the CCA analysis, although grain size is likely an
important factor for small crustaceans that are associated with
soft bottom ecosystems (Błażewicz-Paszkowycz et al., 2012).
Significant knowledge gaps remain as surrounding links between
sediment character and composition of tanaidacean fauna,
whereas interpretation of our results is difficult due to the low
abundances encountered.

Life history characteristics of a given species may
differ strongly with environmental conditions and habitat
characteristics (Rumbold et al., 2015). Ellingsen et al. (2007)
postulated links between habitat diversity and degree of rarity.
This may hold for the Gulf of Guinea, an area characterized
by highly dynamic environmental factors and diverse habitats
(Brind’Amour et al., 2009; Buhl-Mortensen et al., 2017; Pabis
et al., 2020). The small size and low dispersal potential of
Tanaidacea (Larsen, 2005; Błażewicz-Paszkowycz et al., 2012)
strongly influence their distribution patterns. Though we do not
know the habitat requirements and environmental tolerance
of the particular tanaiadacean species recorded in our study,
habitat-specific species are considered to be rare (Ellingsen
et al., 2007). In the case of organisms with a size that often does
not exceed 2 or 3 mm, the scale of the potential microhabitat
diversity might be significantly reduced compared with larger
taxa characterized by higher mobility and the presence of
planktonic larval stages.

Families Distribution Along a Depth
Gradient
Material collected along the coast of Ghana has provided
a unique opportunity to analyze changes in Tanaidacea
composition along a depth gradient (25–1,000 m). This
is the first study of this nature since Jakiel et al. (2018)
exacted tanaidacean collection from Icelandic waters,
and since Pabis et al. (2015) analysed material from the
Ross Sea. The former study was, however, limited only to
representatives of the family Pseudotanaidae, whereas the
latter analyzed samples from completely different depths
(365–3,490 m). The sampling effort in both of those studies
was very low. The Tanaidacea recorded in the Gulf of Guinea
showed a clear transition from taxa known as typically
shallow-water (Leptocheliidae and Kalliapseudidae), through
families with a wide bathymetric range (Pseudotanaidae and
Apseudidae) to the true deep-sea forms (Paranarthrurellidae)
(Błażewicz-Paszkowycz et al., 2012).

Fourteen out of the 22 known families of suborder
Tanaidomorpha were found in the Gulf of Guinea. Leptocheliidae
are generally described as tanaidaceans with well-developed
functional eyes and inhabiting the shelf, although the genera
Bathyleptochelia and Mesotanais have been previously recorded
below shelf depths (Błażewicz-Paszkowycz et al., 2012). Earlier
observations fully correspond with our results: Mesotanais sp.
1 was only found at stations from 100 to 250 m depth; non-
Mesotanais Leptocheliidae were collected only at 25 and 50 m.
Other tanaidomorphan families found on the shelf (50 m depth)
in the Gulf of Guinea include Nototanaidae and Paratanaidae,
which similar to Leptocheliidae, are considered shallow-water
taxa, with some deep-sea exceptions. Leptocheliidae may be
a polyphyletic group, which makes comparisons of their
bathymetric range with wider studies doubtful and uncertain
(Błażewicz-Paszkowycz et al., 2012). In contrast, the monophyly
of Tanaissuidae Bird and Larsen, 2009 is well-supported (Bird
and Larsen, 2009), but the family is mostly represented by shelf
taxa and some single deep-water forms, like Bathytanaissus (Bird
and Holdich, 1989). In our material, this family was recorded in
a depth range between 50 and 100 m.

Members of the family Tanaopsidae Błażewicz-Paszkowycz
and Bamber, 2012 were recorded in the Gulf of Guinea only
from one sample taken at 250 m. This family is known to
have a worldwide distribution and wide bathymetric range, from
intertidal to over 3,000 m, which is likely explained by its
polyphyletic nature (Błażewicz-Paszkowycz and Bamber, 2012).

We also found a group of tanaidomorphan families
characterized by exceptionally wide depth ranges. For example,
Akanthophoreidae (100–1,000 m in Gulf of Guinea) are generally
well represented in the deep-sea worldwide, but found also on the
shelf (Larsen and Araújo-Silva, 2014). Anarthruridae (250–1,000
m in the Gulf of Guinea) are a well-defined, cosmopolitan family
recorded primarily in the deep-sea (Larsen, 2013), albeit with
some shallow water representatives (Dojiri and Sieg, 1997). In
our material, this family was only present at depths below the
shelf, supporting the suggested deep-water origins of this group
(Błażewicz-Paszkowycz et al., 2012). Pseudotanaidae is another
family with worldwide distribution and with the highest diversity
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recorded in the deep sea, as well as enormous depth range, from
intertidal to over 7,000 m (Jakiel et al., 2018). Intriguingly, this
family can be morphologically and bathymetrically divided into
shallow-water forms with functional eyes and blind, deep-sea
forms (Błażewicz-Paszkowycz and Bamber, 2012). Our results
support those observations, as Pseudotanaidae were recorded
along a full depth range (25–1,000 m), with only two species
characterized by the presence of eyes found at shallowest
stations, and remaining eight blind species were collected in
the deep water (Table 1). Typhlotanaidae is a family of possible
deep-sea origin (Błażewicz-Paszkowycz et al., 2012), that also
has representatives on the shelf depths (Błażewicz-Paszkowycz,
2007; Segadilha and Lavrado, 2018). In the Gulf of Guinea
typhlotanaids were primarily recorded from deeper parts of
the basin (250–1,000 m), but a single species—Typhlotanais
sp. 5—was found also on the shelf (100 m). Tanaellidae Larsen
and Wilson, 2002 likely have a deep-sea origin, but Blażewicz-
Paszkowycz and Bamber (2012) found representatives of this
family in the shallow waters of Bass Strait. This family was
represented exclusively by deep-sea forms in our data, namely
Araphura sp. 1 recorded at 250 m and Arhaphuroides sp. 1
found at 1,000 m.

Two other families representing the suborder Tanaidomorpha
(Colletteidae and Leptognathiidae Sieg, 1976) have a relatively
wide depth range in the Gulf of Guinea, but representatives
of both families were recorded on the slope (from 500 to
1,000 m and from 250 to 10,000 m, respectively). Those two
taxa comprised very important elements of deep-sea Tanaidacea
communities analyzed in earlier studies (Pabis et al., 2014, 2015;
Błażewicz-Paszkowycz et al., 2015). Though wider literature
indicates shallow-water records of those families, they need to be
treated cautiously because both groups are clearly polyphyletic
(Bird and Larsen, 2009; Błażewicz-Paszkowycz et al., 2013). The
problem is even more pronounced in Leptognathiidae because
the family itself, as well as the type genus Leptognathia, were
treated as a repository group for decades (Bird, 2007).

The family Agathotanaidae is almost exclusively a deep-sea
group, with the majority of the records from below 1,000 m
depth. Only single species were found at shallower sites, e.g.,
Agathotanais misakiensis and A. toyoshioae from 211 to 493 and
95 m depth, respectively (Kakui and Kohtsuka, 2015). In the Gulf
of Guinea, five agathotanaid species were recorded, all of which
were present at the deepest stations (500 and 1,000 m). Finally,
the family Paranarhrurellidae, a group that was recorded twice in
our material but only at the deepest stations (1,000 m), confirms
the true deep-sea origin of this family. This matches the described
range of this group, starting from the bathyal and ending at hadal
depths (Błażewicz et al., 2019b).

Apseudomorpha were represented in the Gulf of Guinea by
only four families and most of their records are from the shelf.
This observation is in accordance with the general distributional
patterns of this suborder, as only one from 12 known families of
Apseudomorpha (family Gigantapseudidae Kudinova-Pasternak,
1978) is considered an exclusively deep-sea taxon. The family
Kalliapseudidae was found in the Gulf of Guinea at the shallowest
stations (25 and 50 m), aligning our results with other studies of

this group. Kalliapseudids are generally characterized as shallow
marine and estuarine tanaidaceans, mainly occurring at depths
higher than 200 m (Drumm and Heard, 2011). At the same
depths (25–50 m), we found representatives of another typically
shallow-water tropical family, the Parapseudidae Guţu, 2008.
The third apseudomorphan family, the Metapseudidae, were
recorded slightly deeper, from 25 to 100 m, also in accordance
with previous findings (Stȩpień and Blażewicz-Paszkowycz, 2013;
Jóźwiak and Błażewicz, 2021). The last family recorded on the
coast of Ghana are the Apseudidae and they have a very wide
and disjunct bathymetrical range. These can be differentiated
into two subfamilies: firstly the Apseudinae, that group primarily
shallow-water taxa and some deep-sea exceptions; and secondly,
the Leviapseudinae that are composed of exclusively deep-water
forms (Błażewicz-Paszkowycz et al., 2012).

CONCLUDING REMARKS

The great diversity of Tanaidacea, Cumacea (Stȩpień et al., 2021),
and Polychaeta (Sobczyk et al., 2021), encountered in benthic
communities to date, make the Gulf of Guinea an area of
particular interest for conservation strategies in the Atlantic.
The Gulf of Guinea seems to be a great natural laboratory
for studies of ecosystem resilience to changes associated with
pollution and climate warming. Our study establishes the
region as a good model for studies of Large Marine Ecosystem
response to human pressure. As a region characterized by
high benthic diversity, it provides an opportunity to study
links between species richness, habitat diversity, and ecosystem
stability. The high number of species new to science uncovered
in our materials reveal a great potential for studies related
to interactions between local and regional species pools. Our
results from a relatively small part of the Ghanaian coast
have increased the number of Tanaidacea known from the
whole west coast of Africa by over 100%, from 80 to 164
species (Jóźwiak et al., 2017), demonstrating a great need
of further taxonomic studies. It emphasizes the role of
taxonomic expertise as a foundation for biodiversity inventories
and ecological analysis, especially in the regions that were
previously neglected in studies of benthic fauna. Currently,
only four species from this collection were officially described
(Jóźwiak et al., 2017), but next descriptions will follow this
general inventory.

Rare or narrow range species belong to the most
underestimated marine invertebrates (Higgs and Attrill,
2015), and studies of their diversity should be amongst the
priorities of marine science. The steep species accumulation
curve encountered despite the high sampling effort further
necessitates a more comprehensive evaluation of the most
appropriate sampling strategies in the future monitoring of this
region. To facilitate a more comprehensive taxonomic analysis,
we need not only a larger number of replicated samples (Hughes
et al., 2021), but also the simultaneous use of various sampling
methodologies (Jóźwiak et al., 2020). The analysis of sampling
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efficiency and replication schemes should be prioritized in future
studies to better record novel species.

Tanaidaceans belong to the most underestimated groups of
benthic organisms (Appeltans et al., 2012). Despite the increased
taxonomic effort in recent years (Błażewicz-Paszkowycz et al.,
2012), the number of recorded new species remains much
higher than the number currently described. This problem is
widespread in studies of other groups of peracarid crustaceans.
Kaiser et al. (2009) found that in the Amundsen Sea, 96% of
collected isopods were new to science, and a large majority of
those taxa are yet to be described, as in tanaidacean studies
(Pabis et al., 2014, 2015; Błażewicz-Paszkowycz et al., 2015;
Stępień et al., 2018, 2019; Błażewicz et al., 2019a; Jóźwiak et al.,
2020). These problems must be addressed with studies of both
particular taxonomic groups and particular regions of the world.
Without a comprehensive taxonomic analysis, it is impossible to
deduce meaningful estimates of marine benthic diversity on a
global scale or to analyze the problems associated with ecosystem
functioning, conservation priorities, and management strategies
(Costello et al., 2012; Higgs and Attrill, 2015; Costa et al., 2020).
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(Crustacea: Peracarida) from the SoJaBio joint expedition in slope and deeper
waters in the Sea of Japan. Deep Sea Res. II Top. Stud. Oceanogr. 86–87, 181–213.
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McCallum, A. W., Woolley, S., Błażewicz-Paszkowycz, M., Browne, J., Gerken, S.,
Kloser, R., et al. (2015). Productivity enhances benthic species richness along
an oligotrophic Indian Ocean continental margin. Glob. Ecol. Biogeogr. 24,
462–471. doi: 10.1111/geb.12255

Mouillot, D., Bellwood, D. R., Baraloto, C., Chave, J., Galzin, R., Harmelin-
Vivien, M., et al. (2013). Rare species support vulnerable functions in high-
diversity ecosystems. PLoS Biol. 11:e1001569. doi: 10.1371/journal.pbio.100
1569

Nagelkerken, I., and van der Velde, G. (2004). Relative importance of interlinked
mangroves and seagrass beds as feeding habitats for juvenile reef fish on a
Caribbean island. Mar. Ecol. Prog. Ser. 274, 153–159. doi: 10.3354/meps27
4153

Obst, M., Vicario, S., Lundin, K., Berggren, M., Karlsson, A., Haines, R., et al.
(2018). Marine long-term biodiversity assessment suggests loss of rare species
in the Skagerrak and Kattegat region. Mar. Biodivers. 48, 2165–2176. doi: 10.
1007/s12526-017-0749-5

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al.
(2020). Vegan: community Ecology Package. R package version 2. 5-7. Available
Online at: https://CRAN.R-project.org/package=vegan.

Oliver, J. S., and Slattery, P. N. (1985). Effects of crustacean predators on species
composition and population structure of soft bodied infauna from McMurdo
Sound, Antarctica. Ophelia 24, 155–175. doi: 10.1080/00785326.1985.10429725

Olsgard, F., and Gray, J. S. (1995). A comprehensive analysis of effects of offshore
oil and gas exploration and production on the benthic communities of the
Norwegian continental shelf. Mar. Ecol. Prog. Ser. 122, 277–306. doi: 10.3354/
meps122277
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Agathotanais is one of the seven genera classified into the family Agathotanaidae. So
far, 12 species have been described for the genus, seven of which are known from
the Pacific. However, considering the present poor state of knowledge on deep-sea
environments, a much higher number of Agathotanais species than currently known can
be suspected. Among the studied material, collected from below 1,000 m during five
deep-sea expeditions in different parts of the Pacific Ocean, we identified eight species:
two of them were already known to the science and five species were identified as
new to knowledge and their formal description is presented in the paper: two from the
North West Pacific (the Sea of Okhotsk and Kuril-Kamchatka Trench), two from the
Central Pacific (Clarion-Clipperton Fracture Zone), and one from the Australian slope.
The eighth Agathotanais species in our material was determined using a molecular
approach, but it was represented by only one partially destroyed individual and could
therefore not be formally described. The proportion of Agathotanais collected at the Sea
of Okhotsk was the highest (22%), whereas the numbers were substantially lower for the
Kuril-Kamchatka Trench, and the Central and the Southern Pacific. Molecular analyses
confirmed the monophyly of Agathotanais and Paragathotanais and a close relationship
between both genera. Moreover, a close relationship between the two Australian species
was revealed. As a result of our findings, the number of species known from the Pacific
increased from 5 to 11, with the total number of species in this genus increasing from
12 to 17. An updated identification key for Agathotanais species is given.

Keywords: Sea of Okhotsk, Kuril-Kamchatka Trench, Clarion-Clipperton Fracture Zone, Australia, biodiversity of
West and Central Pacific

INTRODUCTION

Genus Agathotanais was established to allocate Agathotanais ingolfi Hansen, 1913, discovered
off Iceland during the Danish Ingolf Expedition (Hansen, 1913). It was described and
marked as the most aberrant among all tanaids due to its rudimentary antenna, cheliped
attached directly to the cephalothorax, the appearance of the pleopods in juvenile males
(Hansen, 1913), and the setulose surface of its body (Larsen, 2005; Jóźwiak and Jakiel, 2012;
Kakui and Kohtsuka, 2015). Hansen (1913) placed Agathotanais within the family Tanaidae Dana
(1849), the only existing tanaidacean family at that time, but few decades later the Agathotanais,
together with Paragathotanais, was transferred to the newly erected family Agathotanaidae Lang,
1971. The family was successively supplemented by newly erected genera and new species
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(Sieg, 1986; Bird and Holdich, 1988; Błażewicz-Paszkowycz
and Bamber, 2012; Jóźwiak and Jakiel, 2012). Currently,
Agathotanaidae includes 54 species in seven genera, and
Agathotanais, with 12 species, is the third genus in terms
of species number after Paranarthrura (21 species) and
Paragathotanais (16 species) (Hansen, 1913; Kudinova-
Pasternak, 1970, 1989, 1990; Lang, 1971; Larsen, 1999, 2007;
Kakui and Kohtsuka, 2015; Chim and Tong, 2021).

The history of the exploration of Pacific deep-sea regions
started in the XIX century with the HMS Challenger expedition
(1872–1876), during which the polymetallic nodules and the
Mariana Trench were discovered (Schofield, 2018). Those
explorations were continued for the next century aboard
the RV Vitjaz (1949–1966), the RV Galathea (1951–1952),
the RV Dmitry Mendeleev (1975–1976), or the RV Tangaroa
(1982) (O’Hara, 2019). The regions previously considered
as monotonous deserts were revealed as having a diverse
topography, high nutrient densities, and a rich local diversity
(Frutos et al., 2016; Golovan et al., 2018; Błażewicz et al., 2019;
Washburn et al., 2021). The firsts Pacific agathotanaids described
during that time (Agathotanais splendidus Kudinova-Pasternak,
1970, Paranarthrura vitjazi Kudinova-Pasternak, 1970 and
Paragathotanais zevinae Kudinova-Pasternak, 1970) appeared
as an unabundant component of macrobenthic communities,
represented by several individuals only (Kudinova-Pasternak,
1970, 1983). More recently, the intensive investigation of
the Pacific has applied advanced methodologies to explore
the Pacific floor and trenches (Brandt and Barthel, 1995;
Larsen and Shimomura, 2007; Riehl et al., 2014; Frutos
et al., 2016; O’Hara et al., 2020a,b; Saeedi and Brandt, 2020;
Washburn et al., 2021). As a result, six new species belonging
to genus Agathotanais were added to the list of Pacific
agathotanaids, namely: Agathotanais hadalis Larsen, 2007 from
the North West Pacific abyssal, Agathotanais misakiensis Kakui
and Kohtsuka, 2015 and Agathotanais toyoshioae Kakui and
Kohtsuka, 2015 from the coast of Japan, Agathotanais spinipoda
Larsen, 1999 from the slope of Bass Strait, and Agathotanais
manganicus Larsen, 1999 and Agathotanais ahyongi Larsen,
1999 from the Central Pacific abyssal (Larsen, 1999, 2007;
Kakui and Kohtsuka, 2015).

In this article, we have analyzed the new collections of
the Agathotanais obtained from several most recent deep-
sea expeditions, which explored the abyssal of the Pacific
and represent the next step for discovering the variability of
deep-sea tanaid diversity. Using morphological and genetic
tools, we present the description of five new species of
Agathotanais collected from four areas of the Pacific: Clarion-
Clipperton Fracture Zone (two species), off East Australia (one
species), the Sea of Okhotsk (one species), and the Kuril-
Kamchatka Trench (KKT) (one species). We discuss their
bathymetric and zoogeographical distributions. Additionally,
with genetic tools, we have detected one more new species off
SE Australia, that was represented by only one speciemen in
poor condition. This speciem was dissected and prepared into
slides. It would provide a holotype of substandard quality and
therefore it is not be formally described as a named species
in this article.

MATERIALS AND METHODS

Sampling
A total of 738 specimens of the genus Agathotanais were collected
from from five deep-sea projects (Supplementary Table 1).

1. A total of 634 specimens were collected in the Sea of
Okhotsk during the German-Russian expedition SokhoBio
(Sea of Okhotsk Biodiversity Studies) aboard the RV
Academic M.A. Lavrentyev between July and August of
2015 (Malyutina et al., 2015). Specimens of Agathotanais
were found in twelve epibenthic sledge (EBS) samples.

2. A total of 70 specimens were collected in the KKT and the
adjacent abyssal zone during two expeditions: KuramBio
(Kuril-Kamchatka Biodiversity Study, NW Pacific abyssal,
and western KKT slope) and KuramBio II (KKT slope)
in 2012 and 2016, respectively aboard the RV Sonne.
Agathotanais was present in 12 EBS samples taken during
KuramBio and KuramBio II.

3. A total of 21 specimens were collected in 2015 in
the Central Pacific (Clarion-Clipperton Fracture Zone,
CCZ) during the EcoResponse (SO-239) cruise, one of
the Joint Project Initiative Oceans (JPIO) expeditions.
From a total of eleven EBS deployments, Agathotanais
was found in the following License Areas: Bundesanstalt
fur Geowissenschalfen und Rofstoffe (BGR, Germany);
Interoceanometal Joint Organisation (IOM); Global Sea
Mineral Resources NV, Belgium (GSR); Areas of Particular
Environmental Interest 3 (APEI3).

4. Five specimens were collected off the SE Australian coast
during the ABYSS (Sampling the Abyss) expedition in 2017
from aboard the RV Investigator. Agathotanais were found
in three EBS samples.

5. Two specimens collected in the continental slope off
SE Australia, during the SLOPE campaign in 1988
and 1994. Agathotanais was found in two samples
collected by dredging.

Except for the SLOPE collection that was preserved in
formalin, all specimens were fixed in 96% ethanol. Specimens
from the Sea of Okhotsk, the KKT, and Central Pacific have been
loaned from the Zoological Museum Hamburg (ZMH), Natural
History Museum in Frankfurt (NHM) and A.V. Zhirmunsky
National Scientific Center of Marine Biology in Vladivostok
(MIMB). Material from the Australian and Tasmanian coast has
been loaned from the Museum Victoria in Melbourne (catalog
numbers start with J and NMV).

Phylogenetic and Genetic Distance
Analyses
The analyses included 16 specimens from the Sea of Okhotsk
(SokhoBio collection), 16 from the KKT (KuramBio collection),
21 from the Central Pacific (JPIO collection), and two specimens
from Australia (ABYSS collection). For the DNA extraction,
the whole specimen was taken as starting material using sterile
needles and following the Chelex (InstaGene Matrix, Bio-Rad)
method as in Palero et al. (2010). The ribosomal RNA18S and
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the histone H3 genes were amplified using a 25 µl-volume
reaction containing 13 µl AccuStart II GelTrack PCR SuperMix,
10 µl H2O, 0.5 µl of each primer (10 pmol/µl) and 2 µL
DNA template. The 18S fragments were amplified using the
universal primers SSU_F04 and SSU_R22 (Blaxter et al., 1998)
following the protocol: 95◦C for 2 min, 95◦C for 1 min, 57◦C
for 45 s, 72◦C for 3 min, for 35 cycles, and a final elongation
of 10 min at 72◦C. The H3AF and H3AR fragments (Colgan
et al., 1998) were obtained according to the protocol: 95◦C for
3 min, 95◦C for 30 s, 50◦C for 30 s, 72◦C for 1 min, for 35
cycles, and a final elongation of 15 min at 72◦C. A 2 µl-aliquot
of the PCR product was visualized in a Midori Green-stained
(Nippon Genetics) 1.5% agarose gel to verify its quality and
length. PCR purification and sequencing using forward and
reverse primers were carried out by MACROGEN (Amsterdam,
Netherlands). Consensus sequences were built using Geneious
version 9.1.31 and compared with the GenBank database with
BLAST (basic local alignment search tool, NCBI) (Altschul
et al., 1990) to discard contamination from non-arthropod
sources. Sequences were aligned using the option L-INSi of
MAFFT (multiple alignment using fast Fourier transform)
(Katoh and Standley, 2013), as implemented in Geneious. Genetic
distances were calculated using pairwise distances and run-
on p-distance model using MEGA 7 (Molecular Evolutionary
Genetics Analysis, Pennsylvania State University) (Kumar et al.,
2018). Before running molecular phylogenetic analyses, the most
suitable nucleotide substitution model was selected according
to the AICc (The Akaike information criterion) and BIC
(the Bayesian information criterion) criteria as implemented
in MEGA 7 (Kumar et al., 2018). The aligned sequences and
selected evolutionary model were then used to obtain a Maximum
Likelihood phylogenetic tree in BEAST (BEAST Developers)
(Drummond et al., 2012). Node support was evaluated with,
bootstrap replicates. MCMC (Markov chain Monte Carlo)
analyses were set for 10 million generations whereas all Effective
Sample Size (ESS) values were calculated with Trace Analysis
Tool (Tracer v1.5.0) software (Rambaut et al., 2018). To analyze
the MCMC outputs Tree Annotator v1.7.5 (Drummond and
Rambaut, 2007) was used with the default parameters.

Species Description
Chemically sharpened tungsten needles were used for the
dissection of the individuals selected for detailed morphological
analyses. The dissected appendages were placed on a microscope
slide on a drop of glycerine, protected with a cover glass, and
sealed with a ring of melted paraffin (Błażewicz et al., 2021).
Drawings were prepared using a light microscope (Nikon Eclipse
50i, Japan) equipped with a camera lucida. Publication-quality
illustrations were prepared using a digital tablet and Adobe
Illustrator (Adobe inc.) (Coleman, 2003). Total body length
(BL) was measured along the main axis of symmetry from the
frontal margin to the end of the telson. Body width (BW) was
measured at the widest point along the main axis of symmetry.
The measurements of specimens were made with the help of a
camera connected to the microscope (Nikon Eclipse Ci-L) using

1www.geneious.com

NIS-Elements View software2. The morphological description
follows Jakiel et al. (2019), where the expression ‘Nx’ replaces ‘N
times as long as’ and ‘N L:W’ replaces ‘N times as long as wide.’

For appendage ornamentation, we have followed the
classification according to Garm and Watling (2013). Following
types were used: (1) simple setae; (2) plumose setae; (3) serrated
setae; (4) setules; (5) spines. For more specific ornamentation we
used the following definition: (6) penicillate seta – with a tuft of
setules located distally and with a small knob on which a seta is
fixed to the tegument; and (7) spinule – short, tiny spine.

The stages recognized among the studied individuals were:
manca (II and III), neuter, and a juvenile male. Specifically, the
term ‘manca’ describes juveniles with (manca III) or without
(manca II) buds on pereopod-6. ‘Neuter’ is retained for the
development stage after manca that cannot be classified as either
female or juvenile male. Juvenile male refers to individuals with
initially developed pleopods.

Confocal Laser Scanning Microscopy
Two individuals from the SokhoBio collection (neuter: ZMH K-
61187, juvenile male: ZMH K-61184) and two individuals from
the KuramBio collection (neuter: ZMH K-61178) were used for
imaging. Pictures were obtained with a confocal laser scanning
microscope CLSM 780 (Zeiss) equipped with a Plan-Apochromat
10x/0.47 M27 objective and the InTune tunable excitation laser
system (set to excitation at wavelength 555 nm).

Ethanol-preserved specimens were stained for 48 h with a
mixture of equal volumes of saturated aqueous solutions of
Congo red and acid fuchsin. Animals were sequentially washed
in 80% glycerol and 100% glycerol and kept in 100% glycerol.
Fluorescence was registered in the emission range 560–696 nm.
Scan images were collected for further editing. Images were
pseudo-colored in gold and reconstructed into a 2D stack image
with maximum intensity projection using ZEN 2012 (Zeiss).

Scanning Electron Microscopy
One individual from the SokhoBio material (neuter: ZMH
K-61187) and two individuals from the Clarion-Clipperton
Fracture Zone material (neuter: ZMH-K-61146, neuter:
ZMH-K-61156) were used for imaging with a Phenom
ProX microscope. Specimens for the scanning electron
microscopy analysis were initially rinsed with distilled
water to remove the ethanol from their surface and
tissues and then transferred to the SEM stub mounted
in a temperature-controlled sample holder and frozen
at –10◦C.

RESULTS

Diversity, Abundance, and Distribution
A total of 736 specimens of Agathotanais were classified into
eight species, five of which were new to science: A. beatae n. sp.,
A. frutosae n. sp. A. jani n. sp., A. oharai n. sp., A. paleroi n. sp.
One of the species was represented by only one individual as was

2www.nikoninstruments.com
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FIGURE 1 | Evolutionary relationships of Agathotanaidae species inferred by using the Histone H3 (A) and 18S (B) sequences and the Maximum Likelihood method.
The percentage of trees in which the associated taxa clustered together (bootstrap support) is shown next to the branches. Only values above 0.6 are shown.

not formally described (Agathotanais sp. abyss-1). Only two of
the sampled species: A. hadalis and A. spinipoda, from the Japan
Trench (NW Pacific) and the SE Australian Slope, respectively,
were already known (Larsen, 1999, 2007).

Most of the species studied here were represented by several
specimens. However, A. frutosae was extremely abundant in the
Sea of Okhotsk, represented by 634 specimens. The majority of
them were found in the Kuril Basin, the deepest part of the Sea,
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and only ten specimens were collected on the outer slope of Kuril
Island (st. 9-7). In the KKT and the adjacent abyssal, we have
recorded two species. One of them, A. hadalis, was identified on
the basis of only three specimens, but A. paleroi, was relatively
abundant and represented by 67 specimens that were all collected
from the western side of the KKT, except for one specimen,
found on the eastern side (st. 3-9). In the Central Pacific (CCZ),
Agathotanais was represented by 21 specimens: four of them were
identified as A. beatae and 17 as A. jani. Finally, six individuals
were found off the Australian coast: two specimens were assigned
to the species A. spinipoda, three to A. oharai, and one was
classified as Agathotanais sp. abyss-1.

Phylogenetic and Genetic Distance
Analysis
A total of four H3 and three 18S different haplotypes were
obtained (Figure 1), representing Agathotanais species. The
sequence alignments spanned 298 bp for H3 and 550 bp for
18S. For H3 the Kimura 2-parameter (K2+G+I) model showed
the lowest AICc (AICc = 3614.52) and BIC (BIC = 3837.83)
scores. The non-uniformity of evolutionary rates among sites
was modeled using a Gamma distribution (+G = 1.39). The rate
variation model revealed that some positions were evolutionarily
invariable (+I = 44% sites). The Maximum Likelihood tree with
the highest log-likelihood value (lnL = –1,770.90) was obtained.

For 18S the Kimura 2-parameter (K2+G) model showed
the lowest AICc (AICc = 1313.07) and BIC (BIC = 1475.82)
scores, which is considered to describe the best substitution
pattern. Non-uniformity of evolutionary rates among sites
was modeled using a Gamma distribution (+G = 0.32). The
Maximum Likelihood tree with the highest log-likelihood value
(lnL = –624.84) is shown in Figure 1.

All Agathotanais species included in the analyses were grouped
into a well-supported clade. Additionally, the genetic clustering
in the ML trees of the obtained haplotypes agrees with the
morphological identification of taxa (see below).

The pairwise genetic p-distances between all the
agathotanaid specimens ranged between 5.4 and 17.4% for
H3, while for 18S sequences they ranged between 1 and 4%
(Supplementary Table 2). The intraspecific genetic variation
was very low, as expected given the limited sample size per
species, represented in all cases by one haplotype for both
markers. The evolutionary divergences for sequence pairs for
H3 were largest between A. frutosae and both Australian species
(A. frutosae – Agathotanais sp. abyss-1 1.174 ± 0.023 and A.
frutosae – A. oharai 0.161 ± 0.022), while the lowest divergences
were observed between Agathotanais sp. abyss and A. oharai
(0.054 ± 0.012). Divergences between 18S sequences are shown
in Supplementary Table 2.

Taxonomic Description

Genus: Agathotanais Lang, 1971

Diagnosis (amended after Larsen, 2005). Body strongly
calcified, with a pitted surface. Pleon narrower or similar in
width to pereon or pleotelson. Antennule with three articles. The

antenna is usually one-articled (except A. manganicus antenna
two-articled). The mandible molar process conical, left mandible
lacinia mobilis is absent or reduced. Labium with the spiniform
distal process and lateral process. Maxilliped bases partially
fused. Cheliped slender, attached ventrally to cephalotorax, carpal
sclerite absent (basal lobe truncated). Marsupium (where known)
with four pairs of oostegistes. Pereopod coxa present. Uropods
short, exopod reduced and fused with the basal article, endopod
one- or two-articled. All appendages are covered with dense
setules apart from the distal part of cheliped and pereopod dactyli.

Species included: Agathotanais ahyongi Larsen, 1999,
A. beatae n. sp., A. brevis Kudinova-Pasternak, 1990,
A. cilacapicus Chim and Tong, 2021, A. frutosae n. sp.,
A. ghilarovi Kudinova-Pasternak, 1989, A. hadalis Larsen, 2007,
A. hanseni Lang, 1971, A. ingolfi Hansen, 1913, A. jani n. sp.,
A. manganicus Larsen, 1999, A. misakiensis Kakui and Kohtsuka,
2015, A. oharai n. sp., A. paleroi n. sp., A. spinipoda Larsen, 1999,
A. splendidus Kudinova-Pasternak, 1970, A. toyoshioae Kakui
and Kohtsuka, 2015.

Agathotanais hadalis Larsen, 2007

Material examined: Juvenile male, broken, KuramBio st. 2-10,
(NHM 58020); neuter, broken, KuramBio st. 8-1, (NHM 58021).

Distribution: Kuril-Kamchatka Trench (Figure 2); depth
range 4700–5700 m.

Agathotanais spinipoda Larsen, 1999

Material examined: Neuter, broken, SLOPE st. 134,
(NMV J61570); neuter, broken, SLOPE st. 62 (NMV J68224).

Distribution: Bass Strait Slope (SE Australia) (Figure 2);
depth range 400–1840 m.

Agathotanais beatae n. sp. Jóźwiak and Pełczyńska.
This species is register under the zoobank number:

urn:lsid:zoobank.org:act:26601B4E-AEBA-4C15-9EFC-
35A664309F8F

(Figures 3, 4)

Material examined: Holotype: neuter, 3.3 mm, JPIO st. 96,
(ZMH-K-61146).

Paratypes: neuter, 3.1 mm, dissected on slides, JPIO st. 158,
(ZMH-K-61147); neuter, damaged, JPIO st. 24, (ZMH-K-61148).

Diagnosis of neuter: Body narrow (about 11 L:W). Carapace
without lateral setae in posterior margin. Pereonite-1 without
pair of dorsal setae. Pereonites 4–6 longer than wide. Pereonite-6
1.5× pleonites 1–5 combined. The pleonites 1–5 width subequal
to pereonite-6. Antennule article-1 longer than the remaining
articles combined, about 2.0× article-3. Antenna one-articled.
Cheliped palm 1.3 L:W. Pereopods 2–3 carpus dorsodistal seta
0.4× propodus. Pereopods 4–6 unguis serrated, but without
distinct, pointed teeth ventrally. Uropod endopod one-articled.

Etymology: Species is named after Mrs. Beata
Pełczyńska, mother of AP.
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FIGURE 2 | Distribution of new species of Agathotanais collected from central Pacific (A), Sea of Okhotsk, Kuril-Kamchatka Trench (KKT) (B), and along Australian
coast (C).

Description of neuter: Body from the holotype (ICUL1786),
appendages from the paratype (ICUL10315). BL = 3.4 mm.
Body (Figures 3A,B) 10.5 L:W, cylindrical and elongated.
Carapace 1.2 L:W, 0.2× BL. Pereon 0.8× BL. Pereonites
1–6: 0.7, 1.0, 1.0, 1.3, 1.6, and 1.3 L:W, respectively.
Pleon with pleotelson 0.1× BL. Pleonites 1–5 0.2 L:W
each. Pleotelson dorsally almost as long as pleonites 2–5
combined, acorn-shaped in the dorsal view, apex blunt, pointed,
directed backward.

Antennule (Figure 3C) article-1 3.7 L:W, 4.2× article-2, with
five penicillate midinner setae, three penicillate subdistal setae
and two short and one penicillate distal setae; article-2 1.3 L:W,
0.5× article-3, with two subdistal setae: one inner and one outer;

article-3 3.4 L:W, with six simple setae, one penicillate seta,
and one aesthetasc.

Antenna (Figure 3D) one-articled, 3.0 L:W, tipped with a
short distal seta.

Mouthparts: Right mandible (Figures 3E,E’) incisor
broad and smooth.

Left mandible (Figure 3F) incisor with three teeth; lacinia
mobilis narrow, rounded.

Maxillule endite (Figure 3G) with eight distal spines.
Labrum (Figure 3H) rounded, densely covered with setae of

different lengths.
Maxilliped (Figure 3I) palp article-1 1.4 L:W, naked; article-2

1.3 L:W, with two inner plumose setae; article-3 2.4 L:W, with
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FIGURE 3 | Agathotanais beatae n. sp., neuter, holotype (A,B:
ZMH-K-61146; C–I ZMH-K-61147). (A) dorsal view; (B) lateral view; (C)
antennule; (D) antenna; (E) right mandible; (E’) details of right mandible (SEM
image); (F) left mandible; (G) maxillule; (H) labrum; (I) maxilliped. Scale bars:
(A,B) = 1 mm, (C–I) = 10 µm.

plumose proximal seta and two inner setae; article-4 2.2 L:W,
with three plumose distal setae. Basis margins rounded.

Cheliped (Figure 4A) basis 1.5 L:W, naked; merus with
two midventral setae; carpus 2.6 L:W, slightly shorter than
propodus and fixed finger combined, with one midventral and
one dorsodistal setae; palm 1.3 L:W, with two short spines near
dactylus insertion, fixed finger subequal palm, with ventral seta
and numerous long setules, cutting margin irregular, with one
seta visible, terminal spine large and sharp; dactylus as long as
fixed finger, with short dorsoproximal seta, cutting margin with
two teeth; unguis robust and sharp.

Pereopod-1 (Figure 4B) basis damaged; ischium with
ventrodistal seta; merus 2.0 L:W, 0.6× carpus, with ventrodistal
seta; carpus 3.0 L:W, 0.9× propodus, with two serrated
ventrodistal and one serrated dorsodistal (0.4× propodus) setae;
propodus 5.0 L:W, 4.1× dactylus and unguis combined, with
ventrodistal minute spine; dactylus 3.4 L:W, 0.8× unguis;
dactylus and unguis unarmed, unguis with a tip pointed.

Pereopod-2 (Figure 4C) coxa naked; basis 5.7 L:W, naked;
ischium with ventrodistal seta; merus 2.4 L:W, 0.6× carpus, with
penicillate ventrodistal seta; carpus 4.5 L:W, 0.9× propodus, with

FIGURE 4 | Agathotanais beatae n. sp., neuter, holotype (ZMH-K-61146). (A)
cheliped; (B) pereopod-1; (C) pereopod-2; (D) pereopod-3; (E) peropod-5;
(F) peropod-6; (G) uropod; (G’) detail of uropod (SEM image). Scale bar:
(A–G) = 100 µm.

three serrated setae: two ventrodistal and one dorsodistal (0.4×
propodus); propodus 5.4 L:W and 4.5× dactylus and unguis
combined, with small ventrodistal seta; dactylus 3.4 L:W, 0.8×
unguis, unarmed; unguis unarmed with a pointed tip.

Pereopod-3 (Figure 4D) coxa naked; basis 8.0 L:W, naked;
ischium with ventrodistal seta; merus 1.9 L:W, 0.6× carpus, with
serrated ventrodistal seta; carpus 3.0 L:W, 0.8× propodus, with
three serrated setae: two ventrodistal and one dorsodistal (0.4×
propodus); propodus 4.6 L:W and 3.2× dactylus and unguis
combined, with short ventrodistal seta; dactylus 5.0 L:W, 0.5×
unguis, unarmed; unguis unarmed with a pointed tip.

Pereopod-4 (Figure 4E) coxa with seta; basis 6.0 L:W, with two
penicillate dorsal setae, and five penicillate ventral setae (some
setae broken); ischium with two ventrodistal setae; merus 1.4
L:W, 0.5× carpus, with two serrated ventrodistal setae; carpus
2.9 L:W, 1.1× propodus, with two serrated ventrodistal setae,
one serrated subdistal seta, and one dorsodistal seta; propodus
4.2 L:W, 2.9× dactylus and unguis combined, with two serrated
ventrodistal setae and one serrated dorsodistal seta; dactylus 4.2
L:W, 0.4× unguis, ventrally serrated; unguis ventrally serrated,
with a pointed tip.

Frontiers in Marine Science | www.frontiersin.org 7 March 2022 | Volume 8 | Article 741536241

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-741536 March 10, 2022 Time: 15:41 # 8
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Pereopod-5 was damaged in the dissected specimen, but in
other individuals like pereopod-4.

Pereopod-6 (Figure 4F) coxa with seta; basis 6.6 L:W, with
one middorsal and one midventral penicillate setae; ischium with
two ventrodistal setae; merus 1.7 L:W, 0.6× carpus, with two
serrated ventrodistal setae; carpus 2.6 L:W, 0.9× propodus, with
two serrated ventrodistal setae and one serrated dorsodistal seta;
propodus 3.7 L:W and 2.2× dactylus and unguis combined, with
three serrated distal setae; dactylus 6.0 L:W, 0.5× unguis; unguis
ventrally serrated, with a pointed tip.

Uropod (Figures 4G,G’) exopod reduced and fused with the
basal article; endopod one-articled, with two lateral setae and five
distal setae on terminal segment.

Distribution: Central Pacific, Clarion-Clipperton Fracture
Zone, IOM (Figure 2); depth: 4418 m.

Remarks. One-articled antenna distinguishes A. beatae n. sp.
from A. ahyongi and A. manganicus, which have a fully reduced
or two-articled antenna, respectively (Larsen, 1999). Pereonites
4–5 longer than wide allow to separate A. beatae from A. brevis
having those pereonites wider than long (Kudinova-Pasternak,
1990), and A. ingolfi that has these pereonites subequal in length
(Hansen, 1913). A longer than wide pereonite-6 differentiates
A. beatae from A. hadalis, A. frutosae, A. paleroi, and A. spinipoda,
which have the pereonite-6 as long as wide (A. frutosae, A. paleroi,
and A. spinipoda) or clearly wider than long (A. hadalis).

A relatively long article-3 in antennule (about 0.5× article-
1) distinguishes A. beatae from A. splendidus, and A. toyoshiae.
In these two species the length of article-3 is about 0.3×
article-1 (Kudinova-Pasternak, 1970; Kakui and Kohtsuka, 2015).

A serrated ventral margin of the unguis in pereopods 4–6
separates A. beatae from A. ghilarovi, A. hanseni, A. oharai, and
Agathotanais sp. abyss-1, for which the unguis is unarmed (Lang,
1971; Kudinova-Pasternak, 1989), and from A. jani which has
two or three distinct teeth on the unguis. Furthermore, the new
species differs from A. misakiensis by having a carapace shorter
than the combined length of the two succeeding pereonites
(for A. misakensis the carapace is subequal to pereonites 1–
2). A two-articled uropodal endopod observed in A. cilacapicus
separates this species from A. beatae that has a one-articled
uropod (Table 1).

Agathotanais frutosae n. sp. Stępień, Jakiel, and Błażewicz.
This species is register under the zoobank number:

LSIDurn:lsid:zoobank.org:act:E07E39AE-D3ED-4128-B8F9-
CA4194A05496

(Figures 5–7)

Material examined: Holotype: neuter, 3 mm, SokhoBio st.
7-4, (NHM 58033).

Paratypes: neuter, dissected on slides, 2.9 mm, SokhoBio st. 7-
4, (NHM 58034); neuter, 3.1 mm, dissected on slide, SokhoBio
st. 11-6, (NHM 58035); juvenile male, 3 mm, SokhoBio st. 2-
7, (ZMH K-61184) juvenile male, dissected on slides, 2.6 mm,
SokhoBio st. 11-6, (ZMH K-61183); seven juvenile males, 2.1–
2.6 mm, SokhoBio st. 7-4, (ZMH K-61185); four neuters, 2.7–
3.3 mm, SokhoBio st. 9-7, (ZMH K-61186); two neuters, 2.8–
3.2 mm, SokhoBio st. 9-7, (NHM 58036); manca III, 1.8 mm,

TABLE 1 | Diagnostic features distinguishing the species of Agathotanais: (1) Pereonites 4–5 L:W; (2) Pereonite-6 L:W; (3) Pleon: pereonite-6; (4) Antennule
article-3:article-1; (5) Antenna numbers of articles; (6) Maxilliped endites distal denticles; (7) Cheliped palm L:W; (8) Fixed finger number of setae; (9) Pereopod-2
dorsodistal carpal seta: propodus length; (10) Pereopod-3 dorsodistal carpal seta length: propodus; (11) Pereopod-4 propodus row of small spines; (12) Pereopods 4–6
dactylus small accessory spine; (13) Pereopods 4–6 unguis ventral ornamentation; (14) Uropod endopod number of articles.

Species/features 1 2 3 4 5 6 7 8 9 10 11 12 13 14

A. ahyongi Longer Longer Narrower 0.6 0 Absent 1.6 1? 0.1 0.1 Absent Absent Unarmed One

A. beatae n. sp. Longer Longer As wide 0.5 1 ND 1.3 1 0.4 0.4 Absent Absent Serrated One

A. brevis Wider Wider Narrower 0.5 1 Absent 1.6 1 ND ND Absent Absent Unarmed One

A. cilacapicus Longer As long as wide As wide 0.4 1 Absent 1.7 1 0.2 0.2 Absent Absent Setulated Two

A. frutosae n. sp. Longer As long as wide Narrower 0.6 1 ND 1.6 1 0.6 0.4 Absent Absent Unarmed One

A. ghilarovi Longer Wider As wide 0.6 1 Present 1 1 ND ND Present Absent Unarmed Two

A. hadalis Longer Wider Narrower 0.5 1 Absent 1.7 1 0.5 0.7 Absent Absent Serrated (P4) One

A. hanseni Longer Wider Narrower 0.5 1 Absent 2 1 0.8 1 Absent Absent Unarmed One

A. ingolfi* Subequal Wider Narrower 0.5 1 Absent 1.7 ND 0.7 0.5 Absent Present Unarmed One

A. jani n. sp. Longer Longer Narrower 0.6 1 Present 1.6 1 0.9 0.7 ? Absent Distinct teeth One

A. manganicus Longer Longer Narrower 0.3 2 Absent 1.3 1 0.6 ND Absent Absent Unarmed One

A. misakiensis Longer Wider Narrower 0.4 1 Absent 1.8 1 0.5 0.4 Absent Absent Serration Two

A. oharai n. sp. Longer Longer Narrower 0.4 1 ND 1.2 1 0.8 0.8 Absent Absent Unarmed One

A. paleroi n. sp. Longer As long as wide Narrower 0.5 1 Absent 1 1 0.7 0.7 Absent Absent Serrated (P5, P6) One

Agathotanais sp. abyss-1 Longer Longer Narrower 0.5 1 Absent 1.4 1 0.7 ND Absent Absent Unarmed One

A. spinipoda Longer/wider As long as wide Narrower 0.3 1 Absent 1.4 1 ND ND Present Absent Unarmed One

A. splendidus Longer As long as wide As wide 0.3 0? Absent 1.1 0 ND ND Absent? Absent Unarmed One

A. toyoshioae Longer As long as wide Narrower 0.3 1 Absent 1.6 1 0.4 0.4 Absent Absent Serrated One

*According to Bird and Holdich (1988). Bold – new species described in the paper. ND – no data.
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FIGURE 5 | Agathotanais frutosae n. sp., neuter, holotype (A,B: NHM 58033), juvenile male, paratype (C,D: ZMH K-61184), neuter, paratype (E,G: ZMH K-61187),
juvenile male, paratype (F: ZMH K-61184). (A) dorsal view; (B) lateral view; (C) dorsal view; (D) lateral view; (E) lateral view (confocal picture); (F) lateral view
(confocal picture); (G) pitted surface of body (SEM picture). Scale bars: (A–D) = 1 mm, (E–F) = 500 µm, (G) = 200 µm.

five neuters, 2.9–3.3 mm, SokhoBio st. 11-6, (NHM 58037);
two juvenile males, 2.3–2.7 mm, three neuters, 2.9–3.1 mm,
SokhoBio st. 11-6, (NHM 58038); manca II, 1.3 mm, manca
III, 1.8 mm, three neuters, 2.3–3.4 mm, SokhoBio st. 11-6,
(ZMH K-61187); juvenile male, 2.7 mm, SokhoBio st. 11-6,
(ZMH K-61188); juvenile male, 2.3 mm, SokhoBio st. 11-6,
(ZMH K-61189); neuter, 2.3 mm, SokhoBio st. 7-4, (ZMH K-
61189); manca II, 1.6 mm, two mancas III, 1.6 mm, two juvenile
males, 2.3–2.4 mm, five neuters, 2.3–3.2 mm, SokhoBio st. 7-
4, (NHM 58039); neuter, 3.1 mm, SokhoBio st. 7-3, (NHM
58040); four mancas II, 1.3–1.7 mm, juvenile male, 2.3 mm,
two neuters, 2.3–2.5 mm, SokhoBio st. 7-3, (NHM 58041);
five mancas II, 1.3–1.8 mm, two mancas III, 2.1 mm, eleven
neuters, 2.2–3.5 mm, SokhoBio st. 7-3, (ZMH K-61191); six
mancas II, 1.3–1.5 mm, two mancas III, 1.8 mm, two juvenile
males, 2.1 mm, nine neuters, 2.1–3.1 mm, SokhoBio st. 7-3,
(ZMH K-61192); five juvenile males, 2.3–2.8 mm, SokhoBio
st. 7-3, (ZMH K-61193); juvenile male, 2.5 mm, SokhoBio st.
2-7, (NHM 58042); juvenile male, 2.6 mm, SokhoBio st. 7-3,
(NHM 58043); three juvenile males, 2.4–2.7 mm, SokhoBio st.
7-3, (NHM 58044); neuter, broken, SokhoBio st. 4-10, (NHM

58045); neuter, broken, SokhoBio st. 4-9, (ZMH K-61194); two
mancas II, 1.6–1.7 mm, two juvenile males, 2.0–2.4 mm, neuter,
2.1 mm, SokhoBio st. 4-9, (ZMH K-61195); neuter, 2.9 mm,
ICUL5167, SokhoBio st. 6-6, (ZMH K-61196); two juvenile males,
2.3–2.3 mm, neuter, 3.3 mm, SokhoBio st. 7-3, (ZMH K-61197);
two mancas III, 1.8–1.9 mm, five neuters, 2.3–3.4 mm, SokhoBio
st. 7-3, (ZMH K-61198); two neuters, 2.7–3.2 mm, SokhoBio
st. 7-3, (NHM 58046); juvenile male, broken, SokhoBio st. 2–7,
(NHM 58047); neuter, 3.2 mm, SokhoBio st. 3-9, (NHM 58048);
juvenile male, 2.7 mm, SokhoBio st. 3-9, (NHM 58049); three
mancas II, 1.4 mm, two mancas III, 1.4–1.7 mm, two juvenile
males, 2.2–2.3 mm, seven neuters, 2.8–3.2 mm, SokhoBio st. 4-
9, (ZMH K-61199); eight juvenile males, 2.1–3.4 mm, neuter,
3.3 mm, SokhoBio st. 2-8, (ZMH K-61200); three juvenile males,
2.6–2.7 mm, SokhoBio st. 2-7, (ZMH K-61201); three juvenile
males, 2.3–2.6 mm, SokhoBio st. 2-8, (ZMH K-61202); juvenile
male, 2.7 mm, SokhoBio st. 2-7, (ZMH K-61203); two mancas
II, 1.4 mm, SokhoBio st. 2-7, (ZMH K-61204); three mancas
III, 1.7 mm, six juvenile males, 2.1–2.6 mm, SokhoBio st. 2-7,
(ZMH K-61204); fifty one neuters, 2.1–3.8 mm, SokhoBio st. 2-7,
(ZMH K-61204); two juvenile males, 2.2–2.7 mm, three mancas
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Stępień et al. Diversity of Pacific Agathotanais

FIGURE 6 | Agathotanais frutosae n. sp., neuter, paratype (A,F,J: NHM
58034; B–E, G–I: NHM 58035). (A) antennule; (B) antenna; (C) labrum; (D)
left mandible; (E) right mandible; (F) labium; (G) maxillule; (G’) palp of
maxillule; (H) maxilliped; (I) epignath; (J) cheliped. Scale bars: (C–I) = 10 µm,
(A,B,J) = 100 µm.

II, 1.3–1.6 mm, SokhoBio st. 2-8, (MIMB 42497); sixteen mancas
III, 1.6–2.0 mm, SokhoBio st. 2-8, (MIMB 42497); eighteen
neuters, 2.2–3.7 mm, SokhoBio st. 2-8, (MIMB 42497); two
mancas II, 1.3–1.4 mm, two mancas III, 1.5 mm, juvenile male,
2.4 mm, 5 neuters, 2.9–3.2 mm, SokhoBio st. 2-7, (MIMB 42498);
neuter, broken, SokhoBio st. 2-7, (MIMB 42499); neuter, broken,
SokhoBio st. 2-7, (MIMB 42500); four mancas III, 1.6–1.8 mm,
two neuters, 2.9 mm, SokhoBio st. 2-7, (MIMB 42501); manca
III, 1.9 mm, juvenile male, 3.2 mm, neuter, broken, SokhoBio st.
2-7, (MIMB 42502); six juvenile males, 2.5–3.3 mm, SokhoBio st.
2-7, (MIMB 42503); six juvenile males, 2.0–2.7 mm, SokhoBio
st. 2-7, (MIMB 42504); manca II, 1.5 mm, manca III, 1.9 mm,
neuter, 2.3 mm, SokhoBio st. 2-7, (MIMB 42505); manca II,
1.5 mm, SokhoBio st. 2-8, (MIMB 42506); two mancas III, 1.5–
2.5 mm, two neuters, 3.0–2.4 mm, SokhoBio st. 2-7, (MIMB
42507); manca II, 1.4 mm, two mancas III, 1.6–1.8 mm, juvenile
male, 2.3 mm, four neuters, 2.2–3.3 mm, SokhoBio st. 2-7,
(MIMB 42508); two mancas III, 1.6–1.8 mm, five neuters, 2.2–
3.3 mm, SokhoBio st. 2-8, (MIMB 42509); two juvenile males,
2.6 mm, SokhoBio st. 1-8, (MIMB 42510); two neuters, 3.2 mm,

SokhoBio st. 1-9, (MIMB 42511); four neuters, 2.7–3.1 mm,
SokhoBio st. 1-9, (MIMB 42512); neuter, broken, SokhoBio st.
1-8, (MIMB 42512); brooding female, 3.0 mm, 3 juvenile males,
1.8–3.3 mm, four neuters, 2.0–2.9 mm, SokhoBio st. 1-8, (MIMB
42514); juvenile male, 2.8 mm, SokhoBio st. 1-9, (MIMB 42515);
juvenile male, broken, SokhoBio st. 1-9, (MIMB 42516); manca
III, 1.8 mm, juvenile male, 2.3 mm, SokhoBio st. 2-7, (MIMB
42517); juvenile male, 2.3 mm, SokhoBio st. 4-9, (MIMB 42518);
six juvenile males, 2.1–2.7 mm, SokhoBio st. 4-10, (MIMB
42519); manca, broken, SokhoBio st. 4-9, (MIMB 42520); juvenile
male, 2.9 mm, neuter, 3.0 mm, SokhoBio st. 4-9, (MIMB 42521);
juvenile male, 2.2 mm, SokhoBio st. 4-9, (MIMB 42522); juvenile
male, 2.5 mm, SokhoBio st. 4-9, (MIMB 42523); juvenile male,
2.7 mm, SokhoBio st. 4-9, (MIMB 42524); five juvenile males,
2.3–2.7 mm, SokhoBio st. 4-10, (MIMB 42525); manca, broken,
SokhoBio st. 11-6, (MIMB 42527); eight mancas II, 1.4–1.7 mm,
two mancas III, 1.7–1.8 mm, four neuters, 2.2–3.5 mm, SokhoBio
st. 11-6, (MIMB 42526).

Diagnosis of neuter: Body narrow (7.7 L:W). Carapace
without pair of lateral setae in posterior margin. Pereonite-1 with
pair of dorsal setae. Pereonites 4–6 longer than wide. Pereonite-
6 0.9× pleonites 1–5 combined. Pleonites 1–5 narrower than
pereonite-6. Antennule article-1 longer than other articles
combined, about 1.6× article-3. Antenna one-articled. Cheliped
palm 1.6 L:W. Pereopods 2–3 carpus with dorsodistal seta,
0.6× and 0.4× propodus, respectively. Pereopods 4–6 unguis
unarmed. Uropod endopod one-articled.

Etymology: Species is dedicated to Dr. Inmaculada Frutos
(University of Łódź), our colleague and peracarid specialist,
who collected tanaids during the SokhoBio expedition to
the Sea of Okhotsk.

Description of neuter: Body from the holotype (NHM
58033), appendages from paratypes (NHM 58034 and 58035).
BL = 3.0 mm. Body (Figures 5A,B,E,G) 7.7 L:W, cylindrical.
Carapace 1.1 L:W, 0.1× BL. Pereon 0.6× BL. Pereonites 1–6:
0.7, 0.8, 1.0, 1.3, 1.3, and 0.8 L:W, respectively. Pereonite-1 with
pair of setae in the proximal half of the dorsal surface. Pleon
with pleotelson 0.1× BL. Pleonites 1–5 0.4 L:W each. Pleotelson
dorsally 0.7× pleonites 1–5.

Antennule (Figure 6A) article-1 3.5 L:W, 3.7× article-2,
with three distal setae; article-2 1.2 L:W, 0.4× article-3, with
three distal setae; article-3 4.5 L:W, with two distal and one
subdistal setae.

Antenna (Figure 6B) one-articled, 2.8 L:W, with one subdistal
and one distal seta.

Mouthparts: Labrum (Figure 6C) hood-shaped, covered by
numerous setae of different lengths.

Left mandible (Figure 6D) incisor with a blunt tooth, lacinia
mobilis short and rounded.

Right mandible (Figure 6E) incisor with rounded tooth.
Labium (Figure 6F) with the spiniform distal process and

lateral process, covered by numerous setae.
Maxillule endite (Figure 6G) with eleven distal spines. Palp

(Figure 6G’) with two plumose terminal setae.
Maxilliped (Figure 6H) palp article-1 rectangular, naked;

article-2 0.8 L:W, with three inner plumose setae; article-3 2.2
L:W, with three inner plumose setae; left palp article-4 with
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FIGURE 7 | Agathotanais frutosae n. sp., neuter, paratypes (A–G: NHM 58034); juvenile male, paratype (H–K: ZMH K-61184). (A) peropod-1; (B) pereopod-2; (C)
pereopod-3; (D) pereopod-4; (E) pereopod-5; (F) pereopod-6; (G) uropod; (H) antennule; (I) antenna; (J) cheliped; (K) pleopod. Scale bar: (A–K) = 100 µm.

four plumose distal and plumose outer setae; right palp article-4
with five plumose distal setae and with plumose outer seta. Basis
covered with dense, numerous setae of different lengths.

Epignath (Figure 6I) elongated, with plumose,
robust terminal seta.

Cheliped (Figure 6J) basis 1.0 L:W, naked; merus with
midventral seta; carpus 2.5 L:W, slightly shorter than
propodus and fixed finger combined, with two midventral
setae; palm 1.6 L:W, with a row of short setae near dactylus
insertion; fixed finger 0.6× palm, cutting edge with distal
protrusion and three setae, one ventral seta, distal spine small;

dactylus 1.1× fixed finger, cutting edge with midlength spine;
unguis sharp.

Pereopod-1 (Figure 7A) coxa with seta; basis 6.2
L:W, 2.4× merus, with penicillate dorsoproximal seta;
ischium with ventrodistal seta; merus 2.5 L:W and
0.9× carpus, with two ventrodistal setae; carpus 2.5
L:W, 0.6× propodus, with two ventrodistal setae, and
with long (0.4× propodus) dorsodistal seta; propodus
4.6 L:W, 1.3× dactylus and unguis combined, naked;
dactylus 1.4× unguis, unarmed; unguis unarmed, with
rounded tip.
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Pereopod-2 (Figure 7B) coxa with seta; basis 6.0 L:W,
2.8× merus, with penicillate, dorsoproximal seta; ischium with
ventrodistal seta; merus 2.3 L:W, 0.8× carpus, with ventrodistal
seta; carpus 2.7 L:W, 0.7× propodus, with two short ventrodistal
setae, and long (0.6× propodus) dorsodistal seta; propodus
4.0 L:W, with ventrosubdistal short seta, and with spinules
near dactylus insertion; dactylus 0.8× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-3 (Figure 7C) coxa with seta; basis 8.0 L:W,
3.6× merus, with penicillate dorsoproximal seta; ischium with
ventrodistal seta; merus 2.0 L:W, 0.8× carpus, with ventrodistal
seta; carpus 2.7 L:W, 0.8× propodus, with two ventrodistal,
one short middistal, and one long (0.4× propodus) dorsodistal
setae; propodus 3.7 L:W, 1.0× dactylus and unguis combined,
with ventrosubdistal seta; dactylus 0.8× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-4 (Figure 7D) coxa with seta; basis 6.3 L:W,
3.3× merus, with two penicillate setae: one dorsal and one
ventral; ischium with ventrodistal seta; merus 2.0 L:W,
0.8× carpus, with two ventrodistal setae; carpus 2.3 L:W,
1.0× propodus, with three robust ventrodistal and one
simple dorsodistal setae; propodus 2.4 L:W, 0.8× dactylus
and unguis combined, with two robust ventrodistal setae;
dactylus 0.7× unguis, unarmed; unguis unarmed, with
rounded tip.

Pereopod-5 (Figure 7E) coxa with seta; basis 7.0 L:W, 3.0×
merus, with middorsal seta; ischium with two ventrodistal setae;
merus 2.4 L:W, 1.0× carpus, with two robust ventrodistal setae;
carpus 2.2 L:W, 1.0× propodus, with two robust ventrodistal
setae and simple dorsodistal seta; propodus 3.0 L:W, with two
strong ventrodistal setae; dactylus 0.7× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-6 (Figure 7F) coxa with seta; basis 7.2 L:W,
3.0× merus; ischium naked; merus 2.5 L:W, 0.9× carpus,
with two ventrodistal setae; carpus 2.7 L:W, 1.2× propodus,
with two robust ventrodistal and simple dorsodistal setae;
propodus 3.4 L:W, 0.8× dactylus and unguis combined, with two
robust (ventrodistal and middistal) setae; dactylus 0.7× unguis,
unarmed; unguis unarmed, with rounded tip.

Pleopods absent.
Uropod (Figure 7G) exopod reduced and fused with

basal article, tipped with seta; endopod one-articled, 3.0 L:W,
with lateral seta.

Description of juvenile male: Body from paratype (ZMH
K-61184), appendages from paratype (ZMH K-61183).
BL = 3.0 mm. Body 7.6 L:W (Figures 5C,D,F). Carapace
1.1 L:W, 0.1× BL. Pereon 0.6× BL, pereonites 1–6: 0.5, 0.8,
1.0, 1.5, 1.3, and 0.6 L:W, respectively. Pleon combined with
pleotelson 0.2× BL. Pleonites 1–5 0.3 L:W each. Pleotelson
directed backward.

Antennule (Figure 7H) article-1 2.4 L:W, 1.4× article-3,
naked; article-2 0.8 L:W, 0.3× article-3, with distal seta; article-
3 2.5 L:W, naked.

Antenna (Figure 7I) one-articled, 3.7 L:W, tipped with seta.
Cheliped (Figure 7J) basis 0.9 L:W; merus with midventral

seta; carpus 3.0 L:W, 1.7× palm; palm 1.3 L:W, with two setae
near dactylus insertion; fixed finger 3.4 L:W, 1.0× palm, cutting

edge with a proximal protrusion, with seta and small distal
spine; dactylus 6.0 L:W, cutting edge with two spines on inner
margin, unguis slender.

Pleopods (Figure 7K) endopod with eight setae along
distal margin; exopod 0.8× endopod, with eight setae along
the distal margin.

Intraspecific variation: Manca II: length 1.3–1.8 mm.
Manca III: length 1.5–2.1 mm.
Neuter: length 2.0–3.8 mm; maxilliped palp article-4 with

four/five distal seta on left and right palp, respectively; cheliped
carpus with one/two midventral seta; pereopod-5 ischium with
one/two ventrodistal setae; pereopod-6 ischium with zero/one
ventrodistal seta.

Juvenile male: length 1.8–3.4 mm; antenna article-2 with
zero/two distal setae; article-3 with one/three simple setae
distally; cheliped fixed finger with one/three ventral setae.

Distribution: NW Pacific, Sea of Okhotsk, Kuril Basin
(Figure 2); depth range: 3206–3374 m.

Remarks. A pair of dorsal setae on pereonite-1 is a unique
feature of A. frutosae n. sp. Moreover A. frutosae belongs to
the species of Agathotanais with an elongated cheliped palm
(L:W >1.6), together with A. ahyongi, A. cilacapicus, A. brevis,
A. hadalis, A. hanseni, A. ingolfi, A. misakiensis, A. toyoshioae,
and A. jani. All the other species have a chelipedal palm clearly
shorter (A. ghilarovi, A. splendidus, and A. oharai, is 1.0–1.2 L:W),
or slightly shorter (A. beatae, A. manganicus, A. spinipoda, and
Agathotanais sp. abyss-1 it is 1.3–1.4 L:W) (Table 1).

From the Agathotanais with elongated palm, A. frutosae can be
distinguished by unarmed dactylus and unguis of pereopods 4–6.
Unguis is serrated in A. hadalis, A. misakiensis, and A. toyoshioae;
A. cilacapicus has a setulose unguis; A. jani has distinct teeth on
unguis, and A. ingolfi has a small accessory spine on its dactylus,
near the unguis. An unarmed dactylus and unguis are also present
in A. hanseni, A. ahyongi and A. brevis. However, A. frutosae
differs from A. hanseni and A. ahyongi in the length of the
dorsodistal carpal seta of pereopods 2 and 3. It is 0.6 in relation to
propodus in A. frutosae, and 0.8 and 1.0 in A. hanseni; A. ahyongi
has only two short carpal setae in pereopods 2 and 3 (about 0.1 of
propodus length) (Table 1).

Agathotanais jani n. sp. Jóźwiak and Pełczyńska.
This species is register under the zoobank number:

LSIDurn:lsid:zoobank.org:act:375FCFD9-C32B-4248-9F52-
583A6037179F

(Figures 8–10)

Material examined: Holotype: neuter, 3.8 mm, JPIO SO239 st.
118, (ZMH-K-61149).

Paratype: neuter, dissected on slides, JPIO st. 99, (ZMH-K-
61150); neuter, 2.5 mm, JPIO st. 99, (ZMH-K-61151); juvenile
male damaged, JPIO st. 99, (ZMH-K-61152); specimen damaged,
JPIO st. 81, (ZMH-K-61153); specimen damaged, JPIO st. 81,
(ZMH-K-61154); juvenile male, 2.4 mm, JPIO st. 118, (ZMH-
K-61155); neuter, 2.8 mm, JPIO st. 59, (ZMH-K-61156); neuter,
broken, JPIO st. 59, (ZMH-K-61157); neuter, damaged, JPIO st.
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24, (ZMH-K-61158); juvenile male, damaged, JPIO st. 24, (ZMH-
K-61159); neuter, broken, JPIO st. 50, (ZMH-K-61160); juvenile
male, broken, JPIO st. 99, (ZMH-K-61161); neuter, 2.9 mm, JPIO
st. 20, (ZMH-K-61162); neuter, damaged, JPIO st. 20, (ZMH-
K-61163); juvenile male, 3.0 mm, JPIO st. 57, (ZMH-K-61164);
juvenile male, 3.2 mm, JPIO st. 57, (ZMH-K-61165); juvenile
male, broken, JPIOst. 12, (ZMH-K-61166); specimen damaged,
JPIO st. 12, (ZMH-K-61167); neuter, 2.9 mm, JPIO st.12, (ZMH-
K-61168); neuter, broken, JPIO st. 12, (ZMH-K-61169).

Diagnosis of neuter: Body narrow (about 12.8 L:W). Carapace
without pair of lateral setae in posterior margin. Pereonite-
1 without pair of dorsal setae. Pereonites 4–6 longer than
wide. Pereonite-6 as long as pleonites 1–5 combined. Pleonites
1–5 as wide as pereonite-6. Antennule article-1 longer than
remaining articles combined, less than 2.0× article-3. Antenna
one-articled. Cheliped palm 1.6 L:W. Pereopods 2–3 carpus
with dorsodistal seta 0.9× and 0.7× propodus, respectively.
Pereopods 4–6 unguis with distinct, pointed ventral teeth – two
in pereopod-4 and three in pereopods 5–6. Uropod endopod one-
articled.

Etymology: The species is dedicated to Jan Jóźwiak,
beloved son of PJ.

FIGURE 8 | Agathotanais jani n. sp., neuter, holotype (A,B: ZMH-K-61149),
juvenile male, paratype (C,D: ZMH-K-61159). (A) Dorsal view; (B) lateral view;
(C) dorsal view; (D) lateral view. Scale bar: (A–D) = 100 µm.

Description of neuter: Body from the holotype (ZMH-
K-61149), appendages from paratype (ZMH-K-61150).
BL = 3.6 mm. Body (Figures 8A,B) 12.8 L:W, elongated.
Carapace 1.3 L:W, 0.2× BL. Pereon 0.8× BL. Pereonites 1–6:
0.6, 1.1, 1.4, 1.5, 1.9, and 1.2 L:W, respectively. Pleon with
pleotelson 0.1× BL. Pleonites 1–5 0.3 L:W each. Pleotelson in
dorsal view 0.7× pleonites 1–5, almost square, apex pointed,
directed backward.

Antennule (Figure 9A) article-1 4.9 L:W, 4.3× article-2, with
three subdistal setae; article-2 1.5 L:W, 0.4× article-3, with outer
subdistal seta; article-3 4.6 L:W, with seven distal setae.

Antenna (Figure 9A) one-articled, 2.5 L:W, with long distal
seta (one distal seta broken).

Mouthparts: Labrum (Figure 9B) hood-shaped, covered with
numerous setae of different lengths.

Left mandible (Figure 9C) incisor with three small rounded
teeth; lacinia mobilis rounded and short.

Right mandible (Figure 9D) incisor with three rounded teeth.
Maxillule endite (Figures 9E,E’) with eleven robust distal

spines of various lengths and numerous setules along outer and
inner margin; palp not observed.

Maxilla (Figure 9F) elongated and simple.

FIGURE 9 | Agathotanais jani n. sp., neuter, paratype (ZMH-K-61150).
(A) antennule and antenna; (B) labrum; (C) left mandible; (D) right mandible;
(E) maxillule; (E’) details of maxillule; (F) maxilla; (G) labium; (H) maxilliped.
Scale bar: (A–H) = 10 µm.
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FIGURE 10 | Agathotanais jani n. sp., neuter, paratype (ZMH-K-61150). (A) cheliped; (B) pereopod-1; (C) pereopod-2; (D) pereopod-3; (E) pereopod-4; (F)
pereopod-5; (G) pereopod-6; (H) uropod; (H’) detail of uropod – ventral view (SEM picture); (H”) detail of uropod – lateral view (SEM picture). Scale bar:
(A–D) = 100 µm.

Labium (Figure 9G) with the spiniform distal process and
long lateral process, covered by numerous setae.

Maxilliped (Figure 9H) endite with gustatory cups seta and
numerous fine setae on distal margin; palp article-1 1.3 L:W,
naked; article-2 1.4 L:W, with inner seta and numerous fine setae
of various lengths on inner and outer margins; article-3 2.4 L:W,
with two inner subdistal plumose setae, margins with numerous
fine setae; article-4 1.7 L:W, with one subdistal and five serrated
distal setae. Endites short with one midlength seta and numerous
fine setae distally.

Cheliped (Figure 10A) basis 0.9 L:W, naked; merus
with midventral seta; carpus 3.0 L:W, marginally shorter

than propodal palm and fixed finger combined, with
two midventral setae and two dorsal (one proximal and
one subdistal) setae; palm 2.5 L:W, with robust seta at
dactylus insertion; fixed finger subequal to palm, with
long ventral seta, cutting edge gently undulated with three
setae, distal spine robust; dactylus as long as a fixed finger,
with dorsoproximal short seta, cutting edge with proximal
seta; unguis robust.

Pereopod-1 (Figure 10B) basis 6.2 L:W, naked; ischium
with ventrodistal seta; merus 2.0 L:W, 0.5× carpus, with two
ventrodistal setae; carpus 3.6 L:W, 0.9× propodus, with three
short distal setae and long (0.6× propodus) dorsodistal seta;
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propodus 5.5 L:W, 2.7× dactylus and unguis combined, with
short ventrodistal seta and some spinules near dactylus insertion;
dactylus 8.0 L:W, 0.7× unguis, with proximal seta; unguis
unarmed, with a pointed tip.

Pereopod-2 (Figure 10C) basis 8.1 L:W, naked; ischium
with ventrodistal seta; merus 2.1 L:W, 0.7× carpus, with long
ventrodistal seta; carpus 3.5 L:W, 0.9× propodus, with two
ventrodistal setae, and long (0.9× propodus) dorsodistal seta;
propodus 4.6 L:W and 2.5× dactylus and unguis combined,
distally damaged, with short ventrodistal seta and some spinules
near dactylus insertion; dactylus 13.0 L:W, 1.0× unguis,
unarmed; unguis unarmed, with a pointed tip.

Pereopod-3 (Figure 10D) basis 6.8 L:W, with penicillate dorsal
seta; ischium with ventrodistal seta; merus 2.0 L:W, 0.7× carpus,
with long ventrodistal seta; carpus 3.4 L:W, 0.8× propodus,
with two ventrodistal setae, short and long (0.7× propodus)
dorsodistal setae; propodus 5.1 L:W and 2.8× dactylus and
unguis combined, with short ventrodistal seta and spinules near
dactylus insertion; dactylus 6.7 L:W, 0.7× unguis, unarmed;
unguis unarmed, with a pointed tip.

Pereopod-4 (Figure 10E) basis partly broken, with two
penicillate ventral setae; ischium with two ventrodistal setae;
merus 1.3 L:W, 0.7× carpus, with ventrodistal seta; carpus
1.9 L:W, 0.9× propodus, with two long ventrodistal and one
dorsodistal setae; propodus 3.0 L:W, with two dorsodistal and
ventrodistal setae; dactylus 5.7 L:W, 0.5× unguis; unguis with two
pointed ventral teeth.

Pereopod-5 (Figure 10F) basis 7.4 L:W, with two penicillate
midventral setae; ischium with two short ventrodistal setae;
merus 2.6 L:W, 0.9× carpus, with two short ventrodistal setae;
carpus 2.9 L:W, 0.8× propodus, with two long ventrodistal
and two short dorsodistal setae; propodus 4.1 L:W and 2.7×
dactylus and unguis combined, with two dorsodistal and one
ventrodistal setae; dactylus 4.5 L:W, 0.4× unguis; unguis with
three pointed ventral teeth.

Pereopod-6 (Figure 10G) basis 7.4 L:W, with one middorsal
and one midventral penicillate setae; ischium with ventrodistal
seta; merus 1.6 L:W, 0.6× carpus, with two ventrodistal setae;
carpus 2.7 L:W, 1.0× propodus, with two long ventrodistal
and one distal setae; propodus 3.8 L:W and 1.5× dactylus and
unguis combined, with ventrodistal seta and two dorsodistal
setae; dactylus 7.5 L:W, 0.7× unguis; unguis with three
pointed ventral teeth.

Pleopods absent.
Left uropod (Figures 10H,H’,H”) exopod reduced and fused

with basal article, tipped with seta; endopod one-articled, with
four distal and two plumose subdistal setae.

Description of juvenile male: Body and appendages from
paratype (ZMH-K-61159). BL = 2.8 mm. Body (Figures 8C,D)
elongated, 13.1 L:W; carapace 1.8 L:W. Pereonites 1–6: 0.8, 1.2,
1.5, 1.7, 1.7, and 1.2 L:W, respectively. Pleon combined with
pleotelson 0.1× total body length. Pleonites 1–5 equal, 0.2 L:W
each. Pleotelson 0.8× pleonites 1–6 combined, almost square in
the dorsal view, apex pointed, directed backward. Appendages
similar to those observed in neuters, but in juvenile males,
pleopods are present although not fully developed.

Intraspecific variation: Manca III: length 1.3–1.8 mm.

FIGURE 11 | Agathotanais oharai n. sp., neuter, holotype (A,B:
NMV J 74742), juvenile male, paratype (C,D: NMV J 74725). (A) dorsal view;
(B) lateral view; (C) dorsal view; (D) lateral view. Scale bar: (A–D) = 1 mm.

Neuter: length: 2.5–3.8 mm; uropod endopod with zero/two
plumose setae distally (might be differences between right
and left uropod).

Juvenile male: length 2.4–3. 2 mm.
Distribution: Central Pacific, Clarion-Clipperton Fracture

Zone (IOM, BGR, GSR, APEI-3) (Figure 2); depth range: 4093–
4511 m.

Remarks. The presence of distinct pointed ventral teeth
on the unguis in pereopods 4–6 is a unique character that
allows distinguishing A. jani from congeners. In A. hadalis,
A. misakiensis, A. toyoshioae, A. paleroi, and A. beatae only a weak
serration is present (Larsen, 2007; Kakui and Kohtsuka, 2015),
while in other Agathotanais species the unguis in those pereopods
is unarmed (Table 1).

Agathotanais oharai n. sp. Stępień, Jakiel and Błażewicz.
This species is register under the zoobank number:

LSIDurn:lsid:zoobank.org:act:C3E44847-F819-4CCE-A2AF-
687C060321D9

(Figures 11–13)
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FIGURE 12 | Agathotanais oharai n. sp., neuter, paratype (NMV J 74742); (A) antennule; (B) antenna; (C) left mandible; (D) right mandible; (E) maxillule; (F)
maxilliped; (G) cheliped; (H) pereopod-1; (I) pereopod-2. Scale bars: (A–F) = 10 µm, (G–I) = 100 µm.

Material examined: Holotype: neuter, 3 mm, ABYSS st. 42,
(NMV J 74742).

Paratype: juvenile male, 2.5 mm, partly dissected on slides,
ABYSS st. 33, (NMV J 74725); neuter, broken, dissected on slides
ABYSS st. 42, (NMV J 74742).

Diagnosis of neuter: Body narrow (about 7.3 L:W). Carapace
without pair of lateral setae on posterior margin. Pereonite-1
without pair of dorsal setae. Pereonites 4–6 longer than wide.
Pereonite-6 1.3× pleonites 1–5 combined. Pleonites 1–5 little
narrower than pereonite-6. Antennule article-1 longer than the
remaining articles combined, about 2.0× article-3. Antenna

one-articled. Cheliped palm 1.1 L:W. Pereopods 2–3 carpus with
dorsodistal seta 0.8× propodus. Pereopods 4–6 unguis unarmed.
Uropod endopod one-articled.

Etymology: The species is named in honor of Tim O’Hara,
senior curator of the Marine Invertebrates Section in Museums
Victoria (Melbourne) and specialist in biogeography.

Description of neuter: Body from the holotype
(NMV J 74742), appendages from paratype (NMV J 74725).
BL = 3 mm. Body (Figures 11A,B) 7.3 L:W. Carapace 1.0 L:W,
0.2× BL. Pereon 0.7× BL, pereonites 1–6: 0.6, 0.9, 1.2, 1.4, 1.7,
and 1.3 L:W, respectively, rectangular in dorsal view. Pleon with
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FIGURE 13 | Agathotanais oharai n. sp., neuter, paratype (A–E: NMV J
74742), juvenile male (F–I: NMV J 74725). (A) pereopod-3; (B) pereopod-4;
(C) pereopod-5; (D) pereopod-6; (E) uropod; (F) labium; (G) maxilliped; (H)
epignath; (I) cheliped. Scale bars: (A–E,I) = 100 µm; (F–H) = 10 µm.

pleotelson 0.1× BL. Pleonites 1–6 0.1 L:W each. Pleotelson in
dorsal view 1.3× pleonites 5–6, with two pairs of lateral setae.

Antennule (Figure 12A) article-1 4.5 L:W, 4.3× article-2, with
two midlength setae, and with three subdistal setae; article-2 1.7
L:W, 0.5× article-3, with outer distal seta; article-3 3.7 L:W, with
four setae and aesthetasc distally.

Antenna (Figure 12B) one-articled, 1.8 L:W, tipped with seta.
Mouthparts: Left mandible (Figure 12C) incisor with two

blunt teeth, lacinia mobilis short and rounded.
Right mandible (Figure 12D) incisor with a broad

triangular tooth.
Maxillule endite (Figure 12E) with ten distal spines.
Maxiliped (Figure 12F) palp article-1 broken, naked distally;

article-2 1.8 L:W, with three inner plumose setae; article-3 2.2
L:W, with three inner plumose setae; article-4 left palp 1.3 L:W,
with five inner plumose distal setae.

Cheliped (Figure 12G) basis 0.8 L:W, with small subventral
seta; merus with midventral seta; carpus 2.5 L:W, marginally
shorter than propodus and fixed finger combined, with one
middorsal and one midventral setae; palm 1.2 L:W, with seta near
dactylus insertion and a row of ventral setae; fixed finger 0.8×
palm, with one ventral seta, cutting edge with three tubercles and

three setae, terminal spine small; dactylus as long as a fixed finger,
curved, naked; unguis moderate size.

Pereopod-1 (Figure 12H) coxa with seta; basis 7.0 L:W,
3.0× merus, naked; ischium with ventrodistal seta; merus 2.0
L:W and 0.7× carpus, with ventrodistal seta; carpus 3.2 L:W,
0.9× propodus, with two ventrodistal setae and long (0.5×
propodus) dorsodistal seta; propodus 3.8 L:W, 1.0× dactylus
and unguis combined, with projections near dactylus insertion
and ventrosubdistal seta; dactylus 1.1× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-2 (Figure 12I) basis broken; ischium with
ventrodistal seta; merus 1.8 L:W, 0.7× carpus, with ventrodistal
seta; carpus 2.7 L:W, 0.8× propodus, with two short ventrodistal
and one long (0.8× propodus) dorsodistal setae; propodus 4.7
L:W, 1.0× dactylus and unguis combined, with spinules near
dactylus insertion and ventrosubdistal seta; dactylus 0.7× unguis,
unarmed; unguis unarmed, with rounded tip.

Pereopod-3 (Figure 13A) basis broken; ischium with
ventrodistal seta; merus 1.8 L:W, 0.7× carpus, with ventrodistal
seta; carpus 2.7 L:W, 0.8× propodus, with two ventrodistal, short
middistal, and long (0.8× propodus) dorsodistal setae; propodus
4.5 L:W, 1.0× dactylus and unguis combined, with spinules
near dactylus insertion and ventrosubdistal seta; dactylus 0.8×
unguis, unarmed; unguis unarmed, with rounded tip.

Pereopod-4 (Figure 13B) coxa with seta; basis 5.3 L:W,
3.6× merus, with two penicillate ventral setae; ischium with
two ventrodistal setae; merus 2.0 L:W, 0.8× carpus, with two
ventrodistal setae; carpus 2.4 L:W, 1.0× propodus, with one
short dorsodistal and two long ventrodistal setae; propodus 3.4
L:W, 0.6× dactylus and unguis combined, with two ventrodistal,
one dorsodistal setae; dactylus 0.4× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-5 (Figure 13C) similar to pereopod-4.
Pereopod-6 (Figure 13D) similar to pereopod-4, but basis

with one midventral and one middorsal penicillate setae, and
ischium with ventrodistal seta.

Pleopods absent
Uropod (Figure 13E) exopod reduced and fused with the basal

article, endopod one-articled, 1.2 L:W, with two subdistal and
four distal setae.

Description of juvenile male: Body and appendages from
paratype (NMV J 74725). BL = 2.5 mm. Body (Figures 11C,D)
7.5 L:W. Carapace 1.2 L:W, 0.2× BL. Pereonites 0.6× BL,
pereonites 1-6: 0.6, 1.0, 1.3, 1.8, 1.5, and 0.8 L:W, respectively.
Pleon combined with pleotelson 0.2× BL. Pleonites 0.2 L:W each.
Pleotelson 1.4× pleonites 5–6.

Labium (Figure 13F) with the spiniform distal
process (broken, not figured) and lateral process, covered
by numerous setae.

Maxilliped (Figure 13G) palp article-1 rectangular, with
proximal seta; article-2 1.8 L:W, with three inner plumose
setae; article-3 2.2 L:W, with three inner plumose setae;
article-4 left palp 1.3 L:W, with five inner plumose distal
setae; article-4 right palp 1.4 L:W, with four inner plumose
setae distally. Basis covered with numerous setae of different
lengths, with rounded distal projection, minute seta near
palp insertion.
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FIGURE 14 | Agathotanais paleroi n. sp., neuter, holotype (A,B: ZMH
K-61175), juvenile male, paratype (C,D: NHM 58023), neuter, paratype (E,F:
ZMH K-61178). (A) Dorsal view; (B) lateral view; (C) dorsal view; (D) lateral
view; (E) lateral view (confocal picture); (F) dorsal view (confocal picture).
Scale bars: (A–D) = 1 mm, (E,F) = 500 µm.

Epignath (Figure 13H) narrow, curved, with terminal
robust plumose seta.

Cheliped (Figure 13I) basis 1.2 L:W, naked; merus with
midventral seta; carpus 2.8 L:W, marginally shorter than
propodus and fixed finger combined, with two midventral
setae; palm 1.2 L:W, with seta near dactylus insertion and
a row of ventral setae; fixed finger as long as palm, with
one ventral seta, cutting edge with two tubercles and three
setae; dactylus as long as a fixed finger, curved, naked;
unguis moderate size.

Intraspecific variation: Juvenile male: maxilliped palp article-
4 with four-five distal setae on the left and right palp, respectively.

Distribution: SE Australian coast, off Bermagui, East
Gippsland (Figure 2); depth range: 4064–4744 m.

Remarks. Agathotanais oharai belongs to the group of
Agathotanais with a short cheliped palm (L:W 1.0–1.2), together
with A. ghilarovi, A. splendidus, and A. paleroi (Table 1). It differs
from A. paleroi in the unguis of pereopod-6, which is unarmed
in A. oharai and serrated in A. paleroi. Additionally A. oharai
has a pleon narrower than pereonite-6, what distinguishes it from
A. splendidus and A. ghilarhovi, which have the pleon as wide as
peronite-6 (Table 1).

Agathotanais paleroi n. sp. Stępień, Jakiel and Błażewicz.
This species is register under the zoobank number:

LSIDurn:lsid:zoobank.org:act:05C2DC1B-33B8-492F-B319-
FA70B2FE0C22

(Figures 14–16)

Material examined: Holotype: neuter, 3.0 mm, KuramBio st.
2-9, (ZMH K-61175).

FIGURE 15 | Agathotanais paleroi n. sp., neuter, paratype (A,C,F,J: NHM
58022; B,D,E,G–I: ZMH K-61177). (A) antennule; (B) antenna; (C) labrum;
(D) left mandible; (E) right mandible; (F) labium; (G) maxillule; (H) maxilliped;
(I) epignath; (J) cheliped. Scale bars: (A–I) = 10 µm, (J) = 100 µm.

Paratypes: juvenile male, 3.5 mm, KuramBio st. 2-10, (NHM
58023); neuter, dissected on slides, 3.0 mm, KuramBio st. 5-
10, (NHM 58022); juvenile male dissected on slides, 2.9 mm,
KuramBio st. 2-9, (ZMH K-61176); juvenile male, 2.4 mm,
KuramBio st. 2-10, (NHM 58024); neuter, 3.1 mm, KuramBio st.
2-9, (NHM 58025); neuter, 2.6 mm, KuramBio st. 5-9, (NHM
58026); neuter, 2.9 mm, KuramBio st. 6-11, (ZMH K-61178);
manca II, 1.4 mm, KuramBio st. 8-12, (ZMH K-61179); manca
III, 1.8 mm, KuramBio st. 8-12, (ZMH K-61179); neuter, 2.8 mm,
KuramBio st. 8-12, (ZMH K-61179); neuter, 2.8 mm, KuramBio
st. 8-9, (NHM 58027); neuter, 3.1 mm, partly dissected on slide,
KuramBio st. 1-11, (ZMH K-61177); neuter, 2.3 mm, KuramBio
st. 8-1, (NHM 58028); manca III, 1.9 mm, KuramBio st. 8-
1, (NHM 58029); neuter, 3.2 mm, KuramBio st. 6-12, (NHM
58030); neuter, broken, KuramBio st. 5-9, (NHM 58031); neuter,
3.2 mm, KuramBio st. 3-9, (NHM 58032); two neuters, broken,
KuramBio st. 2-9, (ZMH K-61180); manca, broken, KuramBio st.
5-10, (ZMH K-61181); neuter, broken, KuramBio st. 5-9, (ZMH
K-61182).

Diagnosis of neuter: Body narrow (7.0 L:W). Carapace
without pair of lateral setae in posterior margin. Pereonite-
1 without pair of dorsal setae. Pereonites 4–6 longer than
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FIGURE 16 | Agathotanais paleroi n. sp., neuter, paratype (A–G: NHM
58022), juvenile male, paratype (H–K: ZMH K-61176). (A) Pereopod-1; (B)
pereopod-2; (C) pereopod-3; (D) pereopod-4; (E) pereopod-5; (F)
pereopod-6; (G) uropod; (H) antennule; (I) antenna; (J) cheliped; (K) pleopod.
Scale bar: (A–G) = 100 µm.

wide. Pereonite-6 similar in length to pleonites 1–5 combined.
Pleonites 1–5 narrower than pereonite-6. Antennule article-
1 longer than the remaining articles combined, about 2.0×
article-3. Antenna one-articled. Cheliped palm as long as wide.
Pereopods 2–3 carpus with dorsodistal seta 0.7× propodus.
Pereopod 4 unguis unarmed, pereopods 5–6 unguis with
serration. Uropod endopod one-articled.

Etymology: Species is dedicated to Dr. Ferran Palero
(University of Valencia), a great colleague, fellow, and
peracarid specialist.

Description of neuter: Body from the holotype (ZMH K-
61175), appendages from paratypes (NHM 58022 and ZMH
K-61177). BL = 3 mm. Body (Figures 14 A,B,E,F) 7.0 L:W,
elongated. Carapace 1.2 L:W, 0.1× BL, with rounded lateral
margins. Pereon 0.7× BL, pereonites 1–6: 0.7, 1.0, 1.2, 1.5, 1.6,
and 0.9 L:W, respectively, all pereonites rectangular. Pleon with
pleotelson 0.1× BL. Pleonites 1–5 0.1 L:W each.

Antennule (Figure 15A) article-1 4.5 L:W, 3.0× article-2, with
one midlength, one subdistal and one distal seta; article-2 1.5
L:W, 0.6× article-3, with three outer subdistal setae; article-3 3.5
L:W, with two short subdistal and two long distal setae.

Antenna (Figure 15B) one-articled, 2.0 L:W, subtriangular,
tipped with seta.

Mouthparts: Labrum (Figure 15C) hood-shaped, covered with
numerous setae of different lengths.

Left mandible (Figure 15D) incisor with two blunt teeth,
lacinia mobilis rounded and short-fused with incisor.

Right mandible (Figure 15E) incisor with blunt tooth distally.
Labium (Figure 15F) with a spiniform distal process (broken,

not pictured) and lateral process, covered by numerous setae.
Maxillule endite (Figure 15G) with ten distal spines and distal

fine setae of different lengths.
Maxilliped (Figure 15H) palp article-1 rectangular, with

proximal seta; article-2 1.8 L:W, with three inner plumose
setae; article-3 2.3 L:W, with three inner plumose setae (one
hidden under the article-4); article-4 1.8 L:W, with four distal
plumose setae. Basis rounded, covered by numerous setae of
different lengths.

Epignath (Figure 15I) elongated, tipped with plumose setae.
Cheliped (Figure 15J) basis 1.0 L:W, naked; merus with

midventral seta; carpus 2.6 L:W, marginally shorter than
propodus and fixed finger combined, with one middorsal
and one midventral setae; palm 1.0 L:W, with seta near
dactylus insertion and with a row of setae ventrally; fixed
finger similar in length to palm, with midventral seta, cutting
edge with tubercles and three setae, terminal spine sharp;
dactylus as long as a fixed finger, cutting edge with two
spines; unguis slender.

Pereopod-1 (Figure 16A) coxa with seta, basis 5.5 L:W,
4.5× merus, with midventral seta; ischium with ventrodistal
seta; merus 1.3 L:W and 0.4× carpus, with ventrodistal
seta; carpus 2.7 L:W, 0.8× propodus, with two short
ventrodistal and long (0.7× propodus) dorsodistal setae;
propodus 1.7 L:W, 1.0× dactylus and unguis combined,
with spinules near dactylus insertion and ventrodistal
seta; dactylus 0.7× unguis, unarmed; unguis unarmed,
with rounded tip.

Pereopod-2 (Figure 16B) coxa with seta; basis 5.0 L:W,
3× merus, naked; ischium with ventrodistal seta; merus
2.0 L:W, 0.5× carpus, with ventrodistal seta; carpus 2.8
L:W, 0.8× propodus, with two ventrodistal and long (0.7×
propodus) dorsodistal setae; propodus 3.8 L:W, 1.2× dactylus
and unguis combined, with spinules near dactylus insertion
and ventrodistal seta; dactylus 0.8× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-3 (Figure 16C) coxa with seta; basis 5.8 L:W, 3.3×
merus, with penicillate middorsal seta; ischium with ventrodistal
seta; merus 2.0 L:W, 0.5× carpus, with ventrodistal seta; carpus
2.8 L:W, 0.8× propodus, with ventrodistal seta and long (0.7×
propodus) dorsodistal seta; propodus 5.0 L:W, 1.0× dactylus
and unguis combined, with spinules near dactylus insertion
and ventrodistal seta; dactylus 0.5× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-4 (Figure 16D) coxa with seta; basis 5.0 L:W,
3.8× merus, with two midventral seta; ischium with ventrodistal
seta; merus 1.6 L:W, 0.7× carpus, with two ventrodistal setae;
carpus 2.3 L:W, 1.0× propodus, with three long dorsodistal
and one short ventrodistal setae; propodus 2.7 L:W, 0.6×
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dactylus and unguis combined, with two simple and one
robust dorsodistal setae; dactylus 0.4× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-5 (Figure 16E) basis 5.1 L:W, 3.4× merus, with
midventral seta; ischium with middistal seta; merus 2.2 L:W, 0.7×
carpus, with two distal setae; carpus 2.6 L:W, 1.0× propodus, with
four distal setae; propodus 3.2 L:W, 0.6× dactylus and unguis
combined, with two ventrodistal, one dorsodistal setae; dactylus
0.5× unguis, unarmed; unguis serrated ventrally.

Pereopod-6 (Figure 16F) basis 5.2 L:W, 3.4×merus, with one
ventral and one dorsal setae; ischium with middistal seta; merus
1.6 L:W, 0.6× carpus, with two ventrodistal setae; carpus 2.2 L:W,
1.0× propodus, with two ventrodistal and one dorsodistal setae;
propodus 2.4 L:W, 0.7× dactylus and unguis combined length,
with two ventrodistal one dorsodistal setae; dactylus 0.8× unguis,
dactylus unarmed; unguis serrated ventrally.

Pleopods absent.
Uropod (Figure 16G) exopod reduced and fused with the

basal article, tipped with two setae (one broken); endopod one-
articled, with four distal and two subdistal setae.

Description of the juvenile male: Body from paratype
(NHM 58023), appendages from paratype (ZMH K-61176).
BL = 3.5 mm. Body elongated (Figures 15 C,D) 7.4 L:W.
Carapace 1.3 L:W, 0.9× pereonites 1–2, 0.1× BL. Pereonites
0.7× BL, pereonites 1–6: 0.7, 1, 1.1, 1.4, 1.3, and 0.7 L:W,
respectively, last pereonite trapezoidal in dorsal view. Pleon
combined with pleotelson 0.1× BL. Pleonites 0.2 L:W. Pleotelson
0.7× pleonites 4–5.

Antennule (Figure 16H) with five articles; article-1 2.7 L:W,
1.6× article-2, with one midlength and one distal seta; article-2
0.8 L:W, 0.3× article-3, with distal seta; article-3 0.5 L:W, naked,
article-4 0.7 L:W, naked, article-5 2.3 L:W, naked.

Antenna (Figure 16I) one-articled, 3.4 L:W, tipped with a seta.
Cheliped (Figure 16J) basis 1.0 L:W, with the dorsodistal seta;

merus with midventral seta; carpus 2.5 L:W, 1.6× palm, with
midventral seta; chela palm 1.5 L:W, with seta near dactylus
insertion and with row of ventral setae; fixed finger with ventral
seta, cutting edge with two inner setae, and with three tubercles
distally, distal spine sharp; dactylus as long as a fixed finger;
unguis slender.

Pleopod (Figure 16K) exopod with six distal and one subdistal
setae; endopod with eight setae.

Intraspecific variation: Manca III: length 1.8–1.9 mm.
Neuter: length 2.3–3.2 mm; antenna article-1 with zero/one

midlength seta; cheliped carpus with one/two midventral setae.
Juvenile male: length 2.4–2.9 mm; cheliped fixed finger cutting

edge with one/three inner setae.
Distribution: NW Pacific, Kuril-Kamchatka Trench

(Figure 2); depth range: 4976–5388 m.
Remarks. Agathotanais paleroi n. sp., collected from the KKT,

belongs to the species of Agathotanais with a short cheliped palm
(L:W 1.0–1.2). It differs from other short-palm species by the
appearance of the unguis of pereopod-6: serrated in A. paleroi
but unarmed in A. ghilarovi, A. splendidus, and A. oharai.
Furthermore, A. paleroi has a pleon narrower than pereonite-
6, distinguishing it from A. splendidus and A. ghilarhovi with a
pereonite-6 that is as wide as pleon (Table 1).

Agathotanais sp. abyss-1.

(Supplementary Figures 1, 2)

Material examined: Neuter, 3.3 mm, dissected on the slides,
ABYSS st. 9, (NMV J 74664).

Description of neuter: BL = 3.3 mm. Body
(Supplementary Figures 1A,B) 7.7 L:W. Carapace 1.2 L:W,
0.1× BL, with pair of lateral posterior setae. Pereon 0.7× BL,
pereonites 1–6: 0.8, 1.0, 1.3, 1.6, 2.0, and 1.4 L:W, respectively,
all pereonites rectangular in dorsal view. Pleon with pleotelson
0.1× BL. Pleonites 1–5 0.3 L:W each. Pleotelson in dorsal view
0.8× pleonites 1–5.

Antennule (Supplementary Figure 1C) article-1 3.8 L:W,
4.7× article-2, with three inner setae: one midlength and three
subdistal setae; article-2 1.2 L:W, 0.5× article-3, with two
subdistal setae; article-3 3.3 L:W, with three long and one
short distal setae.

Antenna (Supplementary Figure 1D) one-articled, 2.0 L:W,
tipped with a seta.

Mouthparts: Labrum (Supplementary Figure 1E) rounded,
with numerous setae of different lengths.

Left mandible (Supplementary Figure 1F) incisor with two
blunt teeth, lacinia mobilis small and fused with incisor.

Right mandible (Supplementary Figure 1G) incisor
with a blunt tooth.

Labium (Supplementary Figure 1H) with a spiniform distal
process (broken, not pictured) and lateral process, covered
by numerous setae.

Maxillule endite (Supplementary Figure 1I) with eleven distal
spines of different lengths.

Maxilliped (Supplementary Figure 1J) palp article-1 broken;
article-2 2.2 L:W, with three inner plumose setae, article-3 2.6
L:W, with three inner plumose setae, article-4 1.6 L:W, with five
subdistal and distal setae, and one short outer seta.

Epignath (Supplementary Figure 1K) elongated, tipped
with a plumose seta.

Cheliped (Supplementary Figure 2A) basis 1.0 L:W, naked,
rectangular; merus with midventral seta; carpus 2.2 L:W,
marginally shorter than propodus and fixed finger combined,
with two midventral, one dorsoproximal, and one dorsosubdistal
setae; chela palm 1.4 L:W, with seta near dactylus insertion and
with row of ventral setae; fixed finger 0.8× palm, cutting edge
with three setae; dactylus as long as a fixed finger, cutting edge
with short proximal seta.

Pereopod-1 (Supplementary Figure 2B) coxa with seta; basis
6.0 L:W, 3.7× merus, naked; ischium with ventrodistal seta;
merus 1.6 L:W and 0.5× carpus, with two ventrodistal seate;
carpus 3.3 L:W, 0.7× propodus, with two ventrodistal and
long (0.5× propodus) dorsodistal setae; propodus 6.6 L:W, with
projection near dactylus insertion, and with ventrodistal seta;
dactylus unarmed; unguis is broken.

Pereopod-2 (Supplementary Figure 2C) coxa with seta;
basis 7.5 L:W, 4.0× merus, with penicillate middorsal seta;
ischium with ventrodistal seta; merus 1.7 L:W, 0.8× carpus,
with ventrodistal seta; carpus 2.2 L:W, 0.6× propodus, with
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two ventrodistal and long (0.7× propodus) dorsodistal setae;
propodus 4.8 L:W, 1.0× dactylus and unguis combined, with
projection near dactylus insertion, and with ventrodistal
seta; dactylus 0.7× unguis, unarmed; unguis unarmed,
with rounded tip.

Pereopod-3 (Supplementary Figure 2D) coxa with seta;
basis 6.0 L:W, 3.4× merus, naked; ischium naked; merus 1.7
L:W, 0.6× carpus, with ventrodistal seta; carpus 3.3 L:W, 0.8×
propodus, with ventrodistal and dorsodistal setae; propodus
4.8 L:W, 1.0× dactylus and unguis combined length, with
subdistal seta; dactylus 0.6× unguis, unarmed; unguis unarmed,
with rounded tip.

Pereopod-4 missing.
Pereopod-5 (Supplementary Figure 2E) coxa with seta; basis

5.6 L:W, 5.0× merus, with penicillate middorsal seta; ischium
with two ventrodistal setae; merus 1.3 L:W, 1.0× carpus,
with ventrodistal seta; carpus 2.6 L:W, 1.0× propodus, with
two ventrodistal and one dorsodistal setae; propodus 3.5 L:W,
0.7× dactylus and unguis combined, with two ventrodistal and
one dorsodistal setae; dactylus 0.4× unguis, unarmed; unguis
unarmed, with rounded tip.

Pereopod-6 (Supplementary Figure 2F) coxa with seta;
basis 6.0 L:W, 4.8× merus, with penicillate midventral seta;
ischium with ventrodistal seta; merus 1.6 L:W, 0.7× carpus,
with ventrodistal seta, dorsodistal seta not seen; carpus 2.3 L:W,
1.0× propodus, with two ventrodistal setae; propodus 3.0 L:W,
0.7× dactylus and unguis combined, with two ventrodistal and
one dorsodistal setae; dactylus 0.4× unguis, unarmed; unguis
unarmed, with rounded tip.

Pleopods absent.
Uropod (Supplementary Figure 2G) exopod reduced and

fused with basal article, tipped with seta; endopod one-articled,
2.2 L:W, with two distal setae.

Distribution: SE Australia, off the Tasmanian coast, Freycinet
Marine Park (Figure 2); depth range: 4021–4035 m.

Remarks: Agathotanais sp. abbys-1 belongs to the species
of Agathotanais with a moderate elongated cheliped palm
(L:W 1.3–1.4) (Table 1). It differs from A. beatae by an
unarmed pereopod-4 unguis (serrated in A. beatae). Moreover,
in Agathotanais sp. abbys-1 the pleonites are narrower
than pereonite-6, whereas in A. beatae they are similar in
width. On the other hand, it can be distinguished from
A. manganicus by a one-articled antenna (two-articled in
A. manganicus). Finally, Agathotanais sp. abbys-1 differs
from A. spinipoda by the propodus of pereopod-6. It is
smooth in Agathotanais sp. abyss-1 but has a row of spines in
A. spinipoda (Table 1).

Agathotanais indet.

Additional material: Agathotanais indet: poor condition, st. 9,
NMV74664. SE Pacific, Tasmania coast, Freycinet Marine Park;
depth range: 4021–4035 m.

DISCUSSION

The Pacific is a vast ocean with a high variety of benthic
environments and ecosystems (Gage and Tyler, 1991). Many
of its regions have never been explored, and its fauna and
diversity remain simply unknown. This deficient biological
recognition is particularly evident when it comes to the
identification of a group of organisms that is particularly poorly
understood (Błażewicz-Paszkowycz and Bamber, 2012) and it
is seen in the proportion of the new taxa discovered (e.g.,
Larsen and Shimomura, 2007; Błażewicz-Paszkowycz et al., 2013;
Bird, 2015; Jakiel et al., 2019, 2020). This work presented
findings on just one genus of small macrobenthic peracarids,
which was collected from several locations of the North
Pacific. Only two of eight identified species were previously
described, regardless of the fact that some areas had been
previously investigated, e.g., the KKT (Larsen, 2007; Larsen
and Shimomura, 2007) or the Clarion Clipperton Fracture
Zone (Larsen, 1999). As a result of our study, the number
of species known from the Pacific has raised from five to
ten, and the total number of species classified into this genus
increases from 12 to 17.

Phylogenetic and Genetic Analyses
The current research presents the first results from studies
on the extensive collections of Agathotanais performed in
the frame of an integrative taxonomy approach, combining
molecular and morphological techniques. So far, only five
agathotanaid sequences were deposited at GenBank and only
two of them were identified down to species level —
A. ingolfi (Błażewicz-Paszkowycz et al., 2014). In the present
study, we upgrade the number of sequences to 12, adding
three fragments of 18S from species: A. frutosae, A. jani,
and A. paleroi, and four H3 sequences from A. frutosae,
A. oharai, A. paleroi, and Agathotanais sp. abyss-1. These
results, based on two markers, should be considered merely
as the first step into more complex phylogenetic studies
in the future. Nevertheless, the results allow us to confirm
the monophyletic character of Agathotanais, as well as of
another agathotanaid genus — Paragathotanais. Moreover,
both genera grouped within the same clade in both obtained
phylogenetic trees, confirming their close relationship, although
for full phylogenetic resolution and testing of the monophyletic
character of Agathotanaidae more genetic data including also
other genera are needed.

Within the Agathotanais, A. oharai from the Australian
slope and Agathotanais sp. abbys-1 from the Tasmanian
slope showed a close relationship (Figure 1). Both species
present similar body appearance, with similar sizes, a gently
rounded lateral margin of the carapace, pereonites rectangular
in dorsal view. They both reveal similar proportions of
the antennule articles and ratios of length to width in
antenna and uropod. The next similarities are the appearance
of the pereopods, with elongated carpus and propodus in
pereopods 1–3 and unarmed unguis in pereopods 4–6. The
molecular and morphological similarities of both species are
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supported by a relatively small geographic distance between their
known distributions.

Agathotanais oharai and Agathotanais sp. abbys-1 were
located on the tree close to A. paleroi. Agathotanais paleroi
is separated by several thousands of kilometers from the two
species A. oharai and Agathotanais sp. abbys-1. The taxonomical
characters that support genetic similarities are the appearance
of the cheliped and the length of the distroventral setae
on pereopods 2–3. All three species are characterized by a
short or moderately short cheliped palm (L:W less than 1.4)
and long dorsodistal setae on the carpus of pereopods 2
and 3 (0.7–0.8× propodus). These features distinguish these
species from A. frutosae, with a long cheliped palm (1.6
L:W) and short setae on the carpus (0.4–0.6× propodus).
Moreover, A. frutosae bears a pair of setae on the dorsal
surface of the first pereonite, a character that is unique among
Agathotanais species. The pereopods of A. frutosae are thicker
and armed with strong setae (e.g., carpus and propodus of
pereopods 1–3). The place of occurrence of A. frutosae –
a semi-enclosed sea – may influence the isolation of the
species and the evolution of characters different from other
Agathotanais species.

Distribution
The genus Agathotanais is a cosmopolitan taxon. It was recorded
in temperate and tropical zones of the Atlantic, Indian, and
Pacific Oceans (Kakui and Kohtsuka, 2015; Chim and Tong,
2021). So far, the genus is absent only from the south of
the Antarctic Polar Front (Błażewicz-Paszkowycz and Siciński,
2014; Pabis et al., 2014), although one undescribed species of
Agathotanais was registered for the slope of the Scotia Sea
(Pabis et al., 2015). Since the slope and the abyssal zone
of the Southern Ocean are vast and still unexplored areas
(Brandt et al., 2007) it can be assumed that the distribution
of Agathotanais in the Antarctic may be wider, although yet
to be discovered.

Regardless of the wide zoogeographical distribution of the
genus, each species of Agathotanais usually has a narrow
zoogeographical range (with the exception of A. hanseni and
A. ingolfi; see Kakui and Kohtsuka, 2015; Chim and Tong,
2021). They are often limited to a defined basin (e.g., sea
or trench), although in the case of A. jani the boundary
is not physically obvious. That species was, however, present
only at the closest stations of the Central Pacific (CCZ),
separated by a maximal distance of less than 1,000 km
(Figure 2). The mechanisms which support the connectivity
in deep-sea populations are not fully understood yet. The data
on population genetics combined with biophysical transport
models and trace-element signatures that scrutinized the
dispersal potential of deep-sea fauna is just one order of
magnitude larger than for shallow water fauna (Baco et al.,
2016). Those findings question the paradigm of unlimited
distribution of deep-sea species. It is not clear how tube-
building small tanaids can sustain genetic connectivity for
their low numbers and sparsely distributed populations. The
presence in the deep-sea population of mobile males “swimming”
(Błażewicz-Paszkowycz et al., 2014) along with favorable

hydrological regimes and near-bottom currents adds to the
rationale of this phenomenon, although it does not explore
the problem. Moreover, neither physical nor hydrological
connections warrant an unlimited distribution. A. frutosae
is known from the Sea of Okhotsk, isolated from the
open Pacific by the Kuril Islands. Although hydrological
contact between the sea and the Pacific is sustained by
numerous straits (Bussol Strait is 2,300 m deep), they do not
perform as a zoogeographical passage that would allow the
species to disperse.

Depth Ranges
Agathotanais is considered a deep-water genus (Kudinova-
Pasternak, 1970, 1989, 1990; Larsen, 2007), which mainly
occurs below continental shelf depths; hence their lack of eyes
supports a deep-sea origin. In the North West and Central
Pacific, they occur between 3,400 and 5,500 m (e.g., Larsen,
1999; Kakui and Kohtsuka, 2015; Chim and Tong, 2021), but
three species, two off Japan (A. toyoshioae; A. misakiensis)
and one-off SE Australia (A. spinipoda Larsen, 1999), were
found on the shelf (95 m; 200–493 m) and the slope 400–
1,840 m, respectively (Larsen, 1999; Kakui and Kohtsuka,
2015).

Abundances
Food availability is an essential factor that shapes the diversity
in the oceans. The heterotrophic deep-sea fully depends on
the external source of the energy that is produced on land
or in the photic zone of the ocean. The flux of particulate
organic matter (POM) to the seafloor declines in the bathyal
and abyssal zones; hence, the coastal oceanic regions are
more productive and sustain higher diversity than the open
ocean (Woolley et al., 2016; Sweetman et al., 2017). A high
primary productivity driven by complex hydrological conditions
(Nürnberg and Tiedemann, 2004) justifies the high abundances
of A. frutosae in the western and deeper part of the Sea
of Okhotsk (22% of all collected tanaids; Stępień et al.,
2019), observed also for other groups of the benthos, e.g.,
polychaetes, isopods, amphipods, diatoms (Artemova et al., 2018;
Brandt et al., 2018a,b; Frutos and Jażdżewska, 2019). Despite
A. frutosae being recorded on both sides of Kuril Island, its
distribution range was limited to stations of similar depth
(about 3000 m), physical parameters (salinity, temperature),
and relatively high amounts of carbon in the sediment
(Stępień et al., 2019).

Agathotanais frutosae has been collected only inside the
Sea of Okhotsk, although the hydrological connectivity
between the sea and adjacent basins is sustained. It absent
from the neighboring Sea of Japan (Błażewicz-Paszkowycz
et al., 2013) as well as from deeper (4,000–5,000 m)
abyssal zones surrounding the Kuril-Kamchatka Trench
(Kudinova-Pasternak, 1970; Larsen, 2007; Błażewicz et al.,
2019). In the open oceanic waters of the North West Pacific,
Agathotanais was represented by A. paleroi and A. hadalis.
Agathotanais paleroi was identified in our studies through
integrative methods. It was located on both sides of the
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trench, similar to other tanaids and isopods (Lörz et al., 2018;
Bober et al., 2019; Jakiel et al., 2019).
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pereopod-6; (G) uropod. Scale bar: (A–G) = 100 µm.
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(Crustacea: Peracarida) from the SoJaBio joint expedition in slope and deeper
waters in the Sea of Japan. Deep Sea Res. Part II Top. Stud. Oceanogr. 8, 181–213.
doi: 10.1016/j.dsr2.2012.08.006
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As one of the oldest branches of biology, taxonomy deals with the identification,
classification and naming of living organisms, using a variety of tools to explore traits at
the morphological and molecular level. In the deep sea, particular challenges are posed to
the taxonomic differentiation of species. Relatively limited sampling effort coupled with
apparent high diversity, compared to many other marine environments, means that many
species sampled are undescribed, and few specimens are available for each putative
species. The resulting scarce knowledge of intraspecific variation makes it difficult to
recognize species boundaries and thus to assess the actual diversity and distribution of
species. In this review article, we highlight some of these challenges in deep-sea
taxonomy using the example of peracarid crustaceans. Specifically, we offer a detailed
overview of traditional as well as modern methods that are used in the taxonomic analysis
of deep-sea Peracarida. Furthermore, methods are presented that have not yet been
used in peracarid taxonomy, but have potential for the analysis of internal and external
structures in the future. The focus of this compilation is on morphological methods for the
identification, delimitation and description of species, with references to molecular analysis
included where relevant, as these methods are an indispensable part of an integrative
taxonomic approach. The taxonomic impediment, i.e. the shortage of taxonomists in view
of a high undescribed biodiversity, is discussed in the context of the existing large
taxonomic knowledge gaps in connection with the increasing threat to deep-sea
ecosystems. Whilst peracarid crustaceans are used here as an exemplary taxon, the
methodology described has broad relevance to many other deep-sea taxa, and thus will
support broader research into deep-sea biodiversity and ecology more widely.
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1 INTRODUCTION

The dichotomy in deep-sea biodiversity research consisting of a
gap between the sheer scale of the deep sea and our incomplete
knowledge of what actually lives there, is immense; areas away
from the shelf edge making up the deep sea cover more than two-
thirds of the Earth’s global surface, but only a tiny portion of this
has been examined by scientists (Ramirez-Llodra et al., 2010;
Costello and Chaudhary, 2017). It is in part because of this
limited knowledge that estimates of how many metazoan species
to expect in the deep sea vary widely, ranging between 0.5 to
more than 10 Mio. species (May, 1992; Grassle and Maciolek,
1992; Poore and Wilson, 1993; Lambshead and Boucher, 2003;
Appeltans et al., 2012). There are currently > 26,000 named
species catalogued in the World Register of Deep-Sea Species
(WoRDSS; Glover et al., 2021), but certainly many more are to be
discovered, especially among the inconspicuous, small-size and
short-ranged fractions (Mora et al., 2011).

The discovery and description of the first species from the
deep sea, the sea pen Umbellula encrinus (Linnaeus, 1758),
heralded the beginning of the taxonomic study of deep-sea
organisms. Remarkably, this coincided with the revision of the
previous classification system and the birth of modern taxonomy
as introduced by Linnaeus (1735) Systema Naturae. Our
knowledge of deep-sea species has been thereby closely linked,
on the one hand, with the ever-improving technology and
logistics for taking samples from the deep sea and, on the
other hand, with methodological advances to make external
and internal parts of organisms visible. Here, the invention of
the first compound microscopes towards the end of the 16th

century had pushed taxonomic work forward considerably since
it allowed to study the smaller size fractions and thus greatly
increased the number of known species (Rosenthal, 2009;
Manktelow, 2010). Regarded today as art, the detailed scientific
illustrations of taxonomists at the earliest time such as Carl
Linnaeus (1707–1778), Alexander von Humboldt (1769–1859),
Ernst Haeckel (1834–1919), or Georg Ossian Sars (1837–1927)
were indispensable in the absence of the photographic imaging
techniques available today (Figures 1A–G). Isolated deep-sea
samples had already been collected prior, but it was only 150
years ago that a global collection as part of the HMS Challenger
Expedition (1872–1876) could refute the thesis that the deep sea
is devoid of life (Murray and Renard, 1891). Research into deep-
sea biodiversity has gradually shifted from a more exploratory
focus that involved a mere inventory of species to a more
systematic approach that addresses issues such as how deep-
sea diversity is structured. Likewise, taxonomy, as a legacy of
Charles Darwin (1809–1882), Ernst Haeckel and more recently
the German systematist Willi Hennig (1913–1976), has made a
transition from classifying taxa based on their morphological
appearance (phenetics) to using homologous characters to
illuminate phylogenetic relationships (cladistics).

To date, referring to morphological features is still the means
of choice when delimiting, identifying and describing deep-sea
species. This is likely because it seems easy to apply, and others,
such as the biological species concept sensuMayr (1942; “Species
Frontiers in Marine Science | www.frontiersin.org 2261
are groups of interbred natural populations reproductively
isolated from other such groups”) cannot readily be applied
due to the difficulty to obtain data on reproduction of deep-sea
species (see also Brandt et al., 2012). With the advent of
molecular approaches in taxonomy in general and deep-sea
taxonomy in particular, however, many complications are
associated with the phenotypic data, including evidence of
sexually dimorphic or polymorphic species, convergence, and
phenotypic plasticity (Raupach and Wägele, 2006; Vrijenhoek,
2009; Błażewicz-Paszkowycz et al., 2012; Brandt et al., 2012;
Riehl et al., 2012; Błażewicz-Paszkowycz et al., 2014; Brandt et al.,
2014; Mohrbeck et al., 2021). While molecular techniques have
certainly helped expedite species identification and delimitation,
phylogenetic relationships and biodiversity assessment, also on
the background of intensifying anthropogenic impacts on deep-
sea ecosystems, the description and naming of species remains
pivotal to understanding their ecological function and evolution.
Traditional taxonomy, however, in general cannot keep up with
automated, high-throughput molecular methods that generate
large amounts of data at a rapid pace, resulting in a large number
of unnamed species on taxonomists’ shelves, which remain
unavailable for conservation purposes (Pante et al., 2015;
Gellert et al., 2022). Moreover, for many (and not only)
biologists, species identification also reduced to the pragmatic
ability to distinguish between species remains far from a
satisfactory solution. The simple curiosity to know and
understand biodiversity in every detail at different levels of life
organization, as well as the search for answers to how and why,
goes beyond rapid and precise species identification (Will et al.,
2005; Wheeler, 2018; Dupérré, 2020).

In that regard, morphological techniques used in deep-sea
taxonomy did not stand still, but are constantly being further
developed or have been introduced as new applications. For
example, Confocal Laser Scanning Microscopy (CLSM) was
originally developed in the 1950s to map the anatomy of the
human nervous system and is now increasingly being used for
the taxonomic analysis of microscopic invertebrates in the deep
sea (Michels and Büntzow, 2010; Brandt et al., 2014; Meißner
et al., 2017; Martıńez Arbizu and Petrunina, 2018; Jennings et al.,
2018; Kaiser et al., 2018; Błażewicz et al., 2019; Chim and Tong,
2020; Kaiser et al., 2021; Demidov et al., 2021). 3-D visualizations
of internal structures are reconstructed from histological sections
(Neusser et al., 2016; Bober et al., 2018; Gooday et al., 2018).
Underwater Hyperspectral Imagery has been employed to aid
identification of deep-sea megafaunal species owing to their
specific spectral profiles alongside automated tools for the
annotation of benthic fauna from video or still imagery
(Langenkämper et al., 2017; Dumke et al., 2018; Kakui and
Fujiwara, 2020; Singh and Mumbarekar, 2021).

The remit of this review article is to compile and evaluate
available traditional and modern tools and techniques in
morphology-based taxonomy with a focus on peracarid
crustaceans. With more than 21,000 described species, the
malacostracan superorder Peracarida is a highly diverse group
containing about a third of the total richness of crustaceans
(Appeltans et al., 2012; Wilson and Ahyong, 2015). Common to
June 2022 | Volume 9 | Article 799191
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FIGURE 1 | Scientific illustrations of peracarids as complement of taxa description from past to present. (A) Isopod genus Astacilla Cordiner, 179
Beneden, 1861), the earliest illustrated mysid by Slabber (1778). (C) Diastylis scorpioides (Lepechin, 1780), the earliest published illustration of a cu
1964). (D) Diastylis scorpioides (Lepechin, 1780), illustrated by G.O. Sars more than one century later (G.O. Sars, 1900). (E) The amphipod Parda
Challenger during the years 1873–76 (Stebbing, 1888). (F) Original hand inked drawing made by Roger Bamber for the description of the tanaid Z
drawings made by Édouard Chevreux for the amphipod description Pontogeneia minuta Chevreux, 1908 (Crustacean collection MNHN). (H) Com
for taxonomical purposes (photo I Frutos). (I) Preparing a plate by hand inking from previously made pencil drawings (photo I Frutos). (J) Electronic
Frutos).
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all peracarids is brood care, whereby embryos are carried
around in a ventral brood pouch formed by coxal oostegites
until juveniles are released. Peracarids occur in all aquatic
habitats, including caves, freshwater, stygobiont and marine
environments, but only the oniscidean isopods contain truly
terrestrial species. Besides extant species, they have occurrences
in the fossil record, including deep-sea areas (Secrétan and Riou,
1986; Selden et al., 2016; San Vicente and Cartanyà, 2017; Luque
and Gerken, 2019). Spanning different size classes, from meio- to
megafauna, the highest diversity of peracarids is likely to be
found within the macrofauna, where they represent one of the
most diverse groups in the deep sea (Hessler and Jumars, 1974;
Sanders et al., 1985; Frutos et al., 2017a; Brandt et al., 2019;
Washburn et al., 2021). Peracarids are the main component of
suprabenthos, which includes all swimming bottom-dependent
animals performing, with varying amplitude, intensity, and
regularity, seasonal or daily vertical migrations above the
seafloor (Brunel et al., 1978; Frutos et al., 2017a; Ashford et al.,
2018). Most species of deep-sea peracarids are benthic, with
tanaidaceans and some isopod taxa living mostly infaunally,
whilst many amphipods, isopods and cumaceans are known as
good swimmers (Błażewicz-Paszkowycz et al., 2012; Poore
and Bruce, 2012). Shrimp-like mysids and lophogastrids
similarly have good swimming capacities, representing
members of suprabenthic (mysids) and pelagic (lophogastrids)
communities (San Vicente et al., 2014a). Although the variety of
lifestyles, morphologies and functions of deep-sea peracarids is
large, with some exceptions, a general suite of taxonomic
working methods can be applied to their study (including the
study of some fossil specimens).

This review is intended to describe the entire process required
for the morphological examination of deep-sea peracarids, from
deep-sea sampling to long-term storage in historical collections.
The focus is on fixation and conservation for microscopy as well
as the selection and application of imaging techniques. Although
this compilation is dedicated to the morphological analysis,
recommendations for sample preparation are also given with
regard to genetic/omic studies as part of an integrative workflow.
Given the great diversity of peracarids in the deep sea, we hope
that this overview will find broad application and importance in
exploring the cornerstone of any biological research there,
the species.
2 METHODS FOR SAMPLE PREPARATION

Deep-sea science is indisputably expensive and logistically
difficult. Study areas are usually far away from the coast,
sampling itself takes long hours, and apart from vents or seeps,
faunal densities are typically low. Moreover, the ship-time costs,
the effort and number of people involved to get a sample, with all
the physical difficulties to successfully work at great ocean depth,
make deep-sea material very precious. While this is common
sense, prior to sampling consideration should therefore be given
to how best to sample, process and fix samples simultaneously
for various purposes (e.g., morphological, molecular, ecological
and biochemical) in order to get the most out of the material. At
Frontiers in Marine Science | www.frontiersin.org 4263
the same time, media and methods for long-term storage need to
be evaluated so that the vouchers and slides are retained for
future work. A full representation of the described workflow of
sample collection and processing is shown in Figure 2.

2.1 Sampling and Sample Processing
Basically, two ways of collecting data are common: 1) still or
video imagery in situ, and 2) direct sampling (Schiaparelli et al.,
2016). Identification to the species level using images is difficult
or even impossible for the megafauna (Hanafi-Portier et al.,
2021; Horton et al., 2021), so that ex-situ examinations are
required or even mandatory for the mostly much smaller
Peracarida. The majority of deep-sea peracarids are sediment-
bound, i.e. living in, on or just above the seabed (suprabenthic
lifestyle). Depending on lifestyle and mobility of the target
organisms, a variety of benthic sampling devices are used in
deep-sea research. On soft bottoms, in general, coring devices,
including box corer, multi- and megacorer, collect epi- and
infaunal species; towed apparatus (trawls, sledges and dredges)
is used for the epi- and supra-fauna; as well as baited and
sediment traps, for the collections of more mobile and/or
pelagic species. Manned submersibles or remotely operated
vehicles (ROV) can help in the sample collection by means of
push-corer, suction pump, small nets or picking up larger
structures on hard substrata (for sampling specificities see
Jamieson, 2016; Kaiser and Brenke, 2016; Kelley et al., 2016;
Narayanaswamy et al., 2016; Frutos et al., 2017a). In water
column studies, pelagic peracarid species are collected by
means of mid-water trawls or plankton nets (Kürten et al.,
2013; MacIsaac et al., 2014; Papiol et al., 2019); the latter are
also suitable as collector of benthic peracarids if they are used as
additional sampler attached to trawling devices such as otter or
beam trawls (Nouvel and Lagardère, 1976; Lagardère, 1977). In
addition, peracarids can also be sampled indirectly by examining
the gut content of decapod or the fish stomach content, because
they are their food source (Sorbe, 1981; Carrasón and
Matallanas, 2001; Preciado et al., 2017). The advantages or
disadvantages for the use of the aforementioned types of
sampling devices are summarized in Table 1; however, an
optimal choice is the combination of different equipment types
to sample (Taylor et al., 2021; Rıós et al., 2022), which also
provides complementary information on species behavior
(Frutos and Sorbe, 2010; San Vicente et al., 2014b).

The choice of sampling devices depends on the target taxon
(with regard to size class and lifestyle), seafloor topography,
substrate type and depth, as well as data requirements
(qualitative vs. quantitative). Benthic sledges are useful, for
instance, to collect specimens with high swimming capacities
(i.e. mysids and lophogastrids; Frutos, 2006), as well as relatively
high specimen numbers, and thereby enable more coherent
morphological and genetic assessment. Although sledges
provide large numbers of peracarid fauna, additional
equipment (such as opening/closing system of nets, flowmeters
or pingers in the sledge frame) is required to better express
abundances as densities (Brunel et al., 1978; Sorbe, 1983; Cartes
et al., 1994; Dauvin et al, 1995; Frutos, 2006; Frutos et al., 2017a).
Corers, by contrast, only provide low faunal densities, but offer
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quantitative insights when collecting undisturbed sediment
surfaces (Jóźwiak et al., 2020; Lins and Brandt, 2020).

In all cases, minimizing mechanical damage to the specimens
during sampling and processing to avoid loss of taxonomic
information, and considering different preservation options for
the same sample are important considerations. On the one hand,
this includes careful handling during sampling and sample
processing (washing and sieving), but also swift storage of the
samples, especially if genetic or biochemical analyses are to be
carried out. For example, precautions should be taken for trawled
devices prior to sampling to avoid hard substrate entering the
nets and grinding individuals (Kaiser and Brenke, 2016). Since
sediment is part of the sample, it is important to remove it by
sieving to maximize fixative concentration and thus improve
sample preservation. As crustaceans can easily lose their legs and
antennae, which is often essential for taxonomic identification,
sediment samples should therefore be carefully sieved, if
necessary with prior elutriation of the sediment samples
in seawater.
Frontiers in Marine Science | www.frontiersin.org 5264
Processing the samples for different purposes needs
specimens to be removed from the sediment as soon as
possible after the arrival of the sample on deck. Here, the
maintenance in high ethanol content may arguably be even
more crucial for genetic analysis (see 3.2.1 Light Microscopy)
than to maintain a cold chain protocol. The latter has been
thought to be essential for molecular work on deep-sea isopods
(Riehl et al., 2014). For sampling under tropical climatic
conditions, however, it is strongly recommended that the
samples are transferred to a cold environment as soon as
possible. A disadvantage of fixing the entire sample in ethanol,
however, is that the tegument/cuticle of the peracarids becomes
hard and stiff and could impede further morphological
examination (e.g. of subcuticular elements), while the setae
required for morphological determination, become brittle and
can break off. Furthermore, some morphological features can
only be observed in live (unfixed) specimens. For example, in
deep-sea amphipods, optical structures often can only be
visualized in live animals: Leucothoe cathalaa is showing the
FIGURE 2 | Workflow to illustrate all steps that are required for the taxonomic investigation of the deep-sea peracarid fauna under the cold chain regime (Riehl et al.,
2014) - from sampling, morphological taxonomic investigation, molecular and biogeographic analysis to the final storage of samples and data. Links to: OBIS, Ocean
Biogeographic Information System1; GBIF, Global Biodiversity Information Facility2; DeepData, Deep Seabed and Ocean Database of the International Seabed
Authority3; WoRMS, World Register of Marine Species4; WoRDSS, World Register of Deep-Sea Species5; BoLD, Barcode of Life Data System6; and Genbank7.
(1https://obis.org/; 2https://www.gbif.org/; 3https://data.isa.org.jm/isa/map/; 4http://www.marinespecies.org/; 5http://www.marinespecies.org/deepsea/; 6https://
www.boldsystems.org/; 7https://www.ncbi.nlm.nih.gov/genbank/).
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whitish pigmentation of the rounded eye before storage in
preservative medium (Figure 3E, while its eyes are hardly
visible in preserved specimens, even under light microscope
(Frutos and Sorbe, 2013). Equally, samples that are to be
frozen, e.g. for biochemistry studies, should be identified as
Frontiers in Marine Science | www.frontiersin.org 6265
accurate as possible and pictured before being preserved. Thus,
live sorting should be considered, whenever possible, whereby
the respective individuals are selected directly from the sample
and individually identified, photographed and fixed (Brix et al.,
2020; Ahyong et al., 2022).
TABLE 1 | The most common types of sampling devices used for collecting peracarids.

Type of
sampling

Type of
sampler

Sampling
Equipment

Advantages Disadvantages References

Direct
(Biological)

Coring
devices

Grab Mainly infaunal species
Quantitative samples

Small number of individuals
Optimal at shallower depths

Esquete et al., 2014
Jakiel et al., 2018
Rodrıǵuez et al., 2021

Box-corer Mainly infaunal species
Does not disturb sediments
Quantitative samples

Small number of individuals
High-mobility species not represented

Chardy, 1979
Błażewicz-Paszkowycz et al.,
2011
Wilson, 2017
Ashford et al., 2018

Multi-corer Meiobenthic species
Undisturbed sediments
Quantitative samples

Small-sized specimens
small number of individuals

Schmidt and Martıńez Arbizu, 2015;
Rosli et al., 2016
Schmidt et al., 2018

Towed
devices

Dredge Epibenthic species
Hard-bottom sampling

only large specimens
small number of individuals

Kensley, 1989
Bamber, 2007
Frutos et al., 2017b

Beam trawl Epibenthic species
Large specimens

small number of individuals
Accidental pelagic species

Moreira, 1973
Bruce, 2005
Serrano et al., 2017

Sledge High number of individuals
Epi- and suprabenthic species

High-tech models are heavy and
expensive

Hessler and Sanders, 1967
Buhl-Jensen, 1986
Almeida et al., 2017
Frutos et al., 2017a

Otter trawl Epi- and suprabenthic species
Big-sized specimens
Peracarids can be recovered from decapod/
fish stomach contents

Small number of individuals
From stomach contents, peracarids
are partially digested

Sánchez et al., 2008
Serrano et al., 2011
Preciado et al., 2017

Plankton net Pelagic species
Attached to trawls provides high numbers of
benthic peracarids

Net can be damaged on rough
bottoms

Nouvel and Lagardère, 1976
Zeidler, 1990; Shimomura and
Ohtsuka, 2005
Kürten et al., 2013
Papiol et al., 2019

Traps Baited Huge number of individuals Only scavengers Barnard and Ingram, 1990
Frutos and Sorbe, 2010
Horton et al., 2020

Sediment Specimens perfectly preserved
Good-swimming peracarids

Accidental catches
Unusable for genetics (formalin
fixation)

Corbera, 2006
Guidi-Guilvard et al., 2007
Kraft et al., 2013

In situ
observation

Underwater
vehicles

ROV Imaging species in their habitat
Collecting peracarids from hard bottoms
Species from vulnerable and extreme
habitats
Most of taxa are new to science

Species identification requires the
specimen
Small number of individuals

Tandberg et al., 2012
Corbari and Sorbe, 2018
Lörz and Horton, 2021

Manned
submersibles

Scientist is onboard to sample
Collecting peracarids by means of push-
corer & nets
Species from vulnerable and extreme
habitats
Most of taxa are new to science

Species identification requires the
specimen
Small number of individuals

Shaw, 1989
Martin et al., 1993
Bellan-Santini and Thurston, 1996
Corbera et al., 2008
June
Sampling equipment is classified in general terms. Advantages/disadvantages are specified with regard to abundance or body size of collected individuals. For additional sampling
equipment specificities see Jamieson, 2016; Kaiser and Brenke, 2016; Kelley et al., 2016; Narayanaswamy et al., 2016; Frutos et al., 2017a.
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2.2 Fixation
Fixation of specimens in taxonomic studies aims to prevent the
spontaneous deterioration of taxonomically important features
of the collected animals and thus its methods should be selected
and applied with a thorough regard for the subsequently planned
discovery pipeline of methods. The two main threats to
morphological and genetic features of marine crustaceans that
have to be prevented by fixation are dead cell/tissue autolysis by
Frontiers in Marine Science | www.frontiersin.org 7266
endogenous enzymes and destruction of biological material by
microbial (bacterial/fungal) contaminants. An optimal fixative
should aim to prevent both threats at the same time. Specimen
fixation is of paramount importance if a significant time lapse
occurs between collection and analysis, which is usually the case
for marine samples, especially deep-sea ones, collected on board
of research vessels and later analyzed in research institutions on
dry land. In fact, the current average shelf life of new species
FIGURE 3 | Peracarida specimens visualized applying different modern imaging techniques to complement the taxonomical description of species. (A–G) Digital still camera
on stereomicroscope. (H, I) Still camera. (J, K) dissected specimen under Light microscope. (L–N) Scanning Electron Microscope. (O–R) Confocal Laser Scanning
Microscope. (S) Microcomputed tomograph. (A) The paranarthrurellid tanaidacean Armatognathia swing Błażewicz and Jóźwiak, 2019 from Błażewicz et al. (2019) under
Creative Commons license. (B) The mysid Paramblyops rostratus (Holt and Tattersall, 1905) from Frutos (2017). (C) The ischnomesid isopod Cornuamesus longiramus
(Kavanagh and Sorbe, 2006), and (D) the diastylid cumacean Campylaspis vitrea Calman, 1906 from Frutos et al. (2017a). (E) The leucothoid amphipod Leucothoe cathalaa
Frutos and Sorbe, 2013 from Frutos and Sorbe (2013). (F) The first asellote isopod from the fossil record Fornicaris calligarisi Wilson and Selden, 2016 from Selden et al.
(2016),© The Crustacean Society, reprinted with permission of Oxford University Press on benhalf of The Crustacean Society. (G) The oldest crown cumacean Eobodotria
muisca Luque and Gerken, 2019 from Luque and Gerken (2019), reprinted with permission of Royal Society Publishing. (H) The oldest known fossil mysid Aviamysis
pinetellensis San Vicente and Cartanyà, 2017 from San Vicente and Cartanyà (2017), reprinted with permission of Cambridge University Press. (I) Two fossil lophogastrids of
family Lophogastridae from Secrétan and Riou (1986), reprinted with permission of Annales of Paléontologie. (J) The eusirid amphipod Dorotea papuana Corbari, Frutos and
Sorbe, 2019 from Corbari et al. (2019). (K) The paranthurid isopod Paranthura santiparrai Frutos, Sorbe and Junoy, 2011 from Frutos et al. (2011). (L) The nannoniscid isopod
Austroniscus obscurus Kaiser and Brandt, 2007 from Kaiser and Brandt (2007). (M) The paramunnid isopod Pentaceration bifficlyro Kaiser and Marner, 2012 from Kaiser and
Marner (2012). (N) The paranthurid isopod Paranthura santiparrai Frutos, Sorbe and Junoy, 2011 from Frutos et al. (2010). (O) The oedicerotid amphipod Oedicerina teresae
Jażdżewska, 2021 from Jażdżewska et al. (2022) under Creative Commons license. (P) The nannoniscid isopod Thaumastosoma platycarpus Hessler, 1970 from Kaiser et al.
(2018). (Q) The nannoniscid isopod Nannoniscus magdae Kaiser, Brix and Jennings, 2021 from Kaiser et al. (2021). (R) The paranthrurellid tanaidacean Paranarthrurella
arctophylax (Norman and Stebbing, 1886), from Błażewicz et al. (2019) under Creative Commons license. (S) Fossil lophogastrid specimen showing internal anatomy after
microcomputed tomography, from Jauvion (2020).
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between discovery and description is about 21 years (Fontaine
et al., 2012). Furthermore, good preservation is also extremely
important for material of taxonomic significance, especially type
material that has to be available for subsequent re-analysis in
museum collections. While the term “preservation” is usually
used for application of fixatives for prolonged storage of museum
specimens, both underlying principles and specific compounds
used are analogous to fixation for general purposes and will be
discussed together here.

Fixation inevitably changes the physico-chemical properties
of the specimen, so it has to be performed in a way that is
compatible with downstream taxonomic techniques, both with
regard to imaging morphology for identification purposes and to
analyzing genetic and biochemical make-up of the specimen.
Thus, selection of proper fixative is always a trade-off between
efficiency and durability of preservation on one hand and lack of
significant interference with taxonomically important features of
the specimen (Eltoum et al., 2001). Among the properties that
need to be considered are i.e.: crude shape changes which may
result from physico-chemical processes (drying, osmotic
swelling); delicate morphological elements that may be
damaged during the fixation process itself; physical features
that may deteriorate upon chemical reactions with the fixative,
especially upon prolonged exposure (color, transparency,
flexibility, malleability etc.); biochemical composition (e.g. lipid
or carbohydrate content of specific tissues); integrity of nucleic
acids and their accessibility to isolation; antigenic properties and/
or enzymatic activity of proteins (Barbosa et al., 2014). With
regard to deep-sea biological investigations, another
consideration that has to be taken into account is the
availability of fixative at the collection site: this includes
questions of logistics (ease of transport, security), legal issues,
shelf life of the fixative itself etc. Sometimes, a two-tier fixation
protocol may be adopted, with simpler fixative applied on board
the collection vessel for short-term preservation and subsequent
exchange for museum-grade fixative during preparation for
long-term storage in a biological collection. Of course,
taxonomists are often confronted by the fact that the
specimens to be examined have not been collected and
preserved by themselves, so they no longer have a choice of
fixation method, but some fixatives can be exchanged for others
(e.g. ethanol can be replaced with formaldehyde and vice versa)
prior to analysis if interference is expected (Pereira et al., 2019).
As the published literature is contradictory about the
compatibility of some fixation protocols with subsequent
taxonomic analysis (especially by nucleic acid isolation, PCR
and/or next generation sequencing) and anecdotal evidence for
the suitability of individual protocols prevails, taxonomists are
recommended to understand the physico-chemical principles of
fixation and of genetic methods, so that an informed decision
may be made. A classification of the fixatives most commonly
used in the Peracarida taxonomic community and short
description of their main advantages and disadvantages is
included in Table 2.

In some cases, taxonomic studies are performed not on
specimens from extant taxa collected while still alive, but on
subfossil or fossil material which is already naturally “fixed” or
Frontiers in Marine Science | www.frontiersin.org 8267
transformed into a relatively permanent, physico-chemically
stable form. Morphology of preserved tissues may be studied
in such samples using the same imaging techniques as described
below for extant material – optical microscopy, electron
microscopy or microcomputed tomography (Sánchez-Garcıá
et al., 2016; Nagler et al., 2017; Jauvion, 2020; Luque et al.,
2021; Robin et al., 2021), but the physical preparation of the
sample lacks the fixation step, instead involving mechanical
preparation (slicing, milling, polishing). For some taxa of deep-
sea Peracarida, morphological studies of fossils using recently
available imaging techniques led to taxonomic corrections and
reclassification of whole groups of specimens: a decapod tail
described as amphipod (McMenamin et al., 2013; Starr et al.,
2016); samples that upon close investigation contained not
amphipods but previously unknown genera and species of
tanaids (Vonk and Schram, 2007); a new mysid genus
(Cartanyà, 1991; San Vicente and Cartanyà, 2017) or a new
lophogastrid taxon (Secrétan and Riou, 1986; Jauvion, 2020).

2.2.1 Common Fixatives
The most common fixative types in aquatic zoology can be
classified into two groups: those relying on quick dehydration
and those relying on molecular cross-linking of biochemical
components. Both aim to quickly and efficiently inhibit the
activity of enzymes (endogenous or microbial ones) which
could destroy the biological macromolecules that the specimen
consists of: proteases for proteins, nucleases for nucleic acids or
glycosidases for carbohydrates. Dehydration withdraws the main
reaction substrate for hydrolytic reactions and inactivates
enzymes by coagulation-mediated denaturation. Cross-linking
prevents enzyme-substrate interactions by stopping diffusion as
well as by preventing conformational changes of the enzyme
molecule that are crucial for its activity. Some fixation methods
aim also to inhibit major lytic enzyme groups by specific
biochemical interactions with their co-substrates or active sites,
or to target microbial life with antibiotic toxins (Table 2).

The most universal and frequently used fixatives based on the
dehydration principle are aliphatic alcohols, especially ethanol.
Ethanol works by quickly mixing with water, penetrating the
specimen, and removing the solvation shells from proteins and
other molecules. The most efficient and rapid-acting
concentration of 95–96% is considered the optimal fixative
both for field fixation and long-term storage when preservation
of tissue structure, biochemical composition and DNA for
genetic analysis are important (Palero et al., 2010; Wetzer,
2015; Martin, 2016; Beninde et al., 2020).

While 70% ethanol is also historically used for long-term
storage in museum collections due to its superior anti-microbial
activity, numerous studies have shown that the increased water
content and insufficient lytic enzyme inhibition leads to
detectable levels of DNA degradation, correlating with storage
time and therefore making subsequent genetic studies on
material stored in the manner more difficult – especially for
taxonomically valuable material (e.g. type specimens) (Marquina
et al., 2021); moreover, the high-water content and lowered pH
of 70% ethanol may lead to cuticle decalcification upon long-
term storage, which is important especially for those peracarids
June 2022 | Volume 9 | Article 799191
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that have taxonomically important calcium carbonate deposits in
different forms (amorphous, calcite, aragonite) in the
exoskeleton, e.g. isopods. On the other hand, rapid and
complete dehydration by concentrated ethanol has the
disadvantage of making arthropod exoskeletons stiff and
brittle, as their natural elasticity depends to a large extent on
extracellular matrix proteins which lose their properties when
denatured/coagulated by water loss, leading to mechanical
damage in transport or during dissection (Costa et al., 2021).
The fragility of tegument is especially problematic in the case of
some deep-sea Peracarida where delicate appendages and
armament are often essential for taxonomic identification –
therefore, an addition of up to 5% glycerol (by volume) during
fixation and preservation would be strongly recommended as it
softens the exoskeleton and makes it less fragile. In some cases,
the tegument may also become opaque due to coagulated protein
precipitation, hampering internal observation (e.g., of
musculature or gut content), and taxonomically important
pigmentation may be partially or totally dissolved, e.g. making
eyes difficult to notice visually (Frutos and Sorbe, 2013; Campean
and Coleman, 2018). Therefore, while 95% ethanol remains the
optimal concentration for on-site fixation and long-term storage,
it may be preferably exchanged for 70% ethanol in sample transit
and before laboratory manipulations. Absolute (~100%) ethanol
Frontiers in Marine Science | www.frontiersin.org 9268
is much more expensive than 95% ethanol and may sometimes
introduce microscopic morphological artefacts due to its
extreme hygroscopy.

Methanol, while used in histological fixation, is ineffective for
long-term storage of specimens for taxonomic purposes and
should be avoided since its dehydration power is relatively weak,
leading to insufficient protein coagulation and residual lytic
activities. Isopropanol is as efficient in protein coagulation as
ethanol and does not stiffen carbohydrate structures (carapaces)
as much, but this advantage is offset by its relatively high price
and slow diffusion into larger biological structures, leading to
potential loss of fine details or DNA contained in internal
structures (King and Porter, 2004).

Despite prevailing misconceptions in literature about ethanol
with additives that make it unsuitable for human consumption
(so-called denatured alcohol), these additives (e.g. methanol,
ether or acetone) have no discernible effect on the fixation
process, long-term preservation and downstream applications
(when nucleic acids are isolated for genetic analysis, these
additives are removed together with ethanol itself, and they are
present in far too low concentrations to impact downstream
processes anyway). The same is true for traces of benzene or its
derivatives present in absolute ethanol. The misplaced
recommendations against using denatured alcohol for
TABLE 2 | The most common types of fixatives used by peracarid taxonomists with their advantages and disadvantages summarized.

Type of
fixative

Active agent Advantages Disadvantages References

Dehydrating Ethanol Efficient fixation, relatively non-toxic, allows posterior
genetic studies

Tissue shrinkage and brittleness, fast
evaporation, legal issues

Wetzer, 2015;
Martin, 2016;

Isopropanol Stronger fixation than ethanol Slower action than ethanol Hughes and Kaji,
2016

Hydrophobic solvent
(Carnoy’s)

Preservation of hard tissues Damage to cellular components of the
specimen, removal of pigments

Presnell and
Schreibman, 1997

Cross-linking Formaldehyde Efficient fixation, low evaporation and shrinkage, high
flexibility of exoskeleton

Damages nucleic acids and hampers their
isolation, relatively toxic, needs buffering

Palero et al., 2010;
Wetzer, 2015;

Glutaraldehyde More durable fixation and less toxic than formaldehyde Difficult sample manipulation after fixation,
irreversible damage to nucleic acids

Brooker et al.,
2012b

Freezing Phase transition Cheap and easy, allows biochemical analysis Effective in very short term, disrupts
micromorphology

Martin, 2016;
Turner et al., 2016;

Coagulant Organic acids (Bouin’s) Quick fixation and good preservation of overall
morphology

Dissolves calcium carbonate in exoskeleton,
may disrupt delicate morphological features

Göpel and Wirkner,
2018

Mercuric salts (Zenker’s) Fixative and anti-microbial action at the same time Highly toxic, not efficient in preserving hard
tissues

Fryer, 1968

Osmium tetroxide Good fixation for fat-rich tissues, serves as fixative and
electron microscopy stain at the same time

Expensive, damages nucleic acids Kaji et al., 2014

Anti-
microbial

Antibiotic/antifungal
agents

Long-term protection against microbial contamination Must be combined with an actual fixative for
preservation of specimen morphology

Stegner et al., 2015

Stabilising
nucleic acids

Quaternary ammonium/
caesium ions (RNAlater)

Good DNA and RNA preservation Very expensive, does not preserve
morphology well

Wetzer, 2015;
Porter, 2016

Propylene glycol Cheap, good DNA preservation Distortion of some morphological features Robinson et al.,
2021

EDTA/DMSO (DESS) Good DNA preservation Short-term storage Boxshall et al.,
2016; Lins et al.,
2021;

EDTA/SDS Good DNA preservation Destruction of protein-based morphological
features

Pokluda et al.,
2014
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specimen preservation for genetic analysis stem from faulty
interpretation of several studies where “pure ethanol” at 95%
was compared to “denatured alcohol” at 70% (as this is the
concentration readily available commercially in many countries),
and the above-mentioned inferior performance of the latter in
DNA preservation was mistakenly ascribed to the denaturing
additives (Wall et al., 2014). If denatured 95% ethanol is
available, it may be used for fixing deep-sea Peracarida equally
to pure 95% ethanol. The main advantages of ethanol as a fixative
for taxonomy of deep-sea Peracarida include: low cost, fast
action, potential for long-term storage, good preservation of
DNA and proteins (including linear antigenic determinants).
The main disadvantages include: high volatility (and therefore
potential for evaporation from non-hermetic storage containers),
flammability, legal issues (especially with transport to the
collection site), need for time-consuming removal for some
downstream applications (especially involving nucleic acid
isolation), potential for morphological distortion by rapid
water removal from small specimens with delicate
exoskeletons, as well as fragility of dehydrated specimens.

The most frequently used cross-linking fixative is formaldehyde
which reacts with proteins, nucleic acids as well as some lipids and
carbohydrates to form a durable network of covalently linked
macromolecules. For long-term storage, formaldehyde is usually
used at concentration of 4% (or sometimes higher). The working
solution is obtained by diluting so-called formalin (stabilized
concentrated solution of ca. 36%) or by de-polymerizing the solid
polymer paraformaldehyde. Formaldehyde penetrates tissues
quickly and preserves structures efficiently, while not dehydrating
the specimen at the molecular level, leading to full preservation of
flexibility of appendages and tegument, making dissection easy.
Since aquatic solutions of formaldehyde are acidic (due to hydrolysis
and forming of geminal methanediol), it is crucial that this fixative is
buffered to neutral or slightly basic pH (7.5–8.5) when used on
marine crustaceans if biochemical integrity of the tegument is to be
preserved, to prevent dissolution of calcium carbonate in their
exoskeleton. The most frequently used buffering agents for this
task are sodium borate (borax), sodium phosphate, sodium
bicarbonate and hexamethylenetetramine (urotropin) (Presnell
and Schreibman, 1997; Martin, 2016). On the other hand,
decalcification in acidic formaldehyde solutions makes some
tegument more transparent, allowing for easier microscopic
observation of internal structures. For small aquatic animals with
shells or carapaces, formaldehyde is sometimes combined with
compounds that accelerate protein coagulation during the initial
specimen soaking (picric and acetic acids) - this fixative is called
Bouin’s solution and may be recommended where careful
preservation of deep tissue morphology is of importance. An
alternative for formaldehyde is the higher molecular weight
bifunctional molecule, glutaraldehyde, which forms more stable
and durable crosslinks, but is much more expensive, makes tissues
hard and difficult to dissect and prevents any subsequent molecular
analysis. The advantages of formaldehyde for peracarid taxonomy,
especially used in commercial and monitoring studies, include: low
cost, fast action, capacity for long-term storage (low volatility). The
main disadvantages are: high toxicity (which necessitates careful
handling, especially during transport), strong biochemical changes
Frontiers in Marine Science | www.frontiersin.org 10269
which are sometimes irreversible (DNA and RNA may be isolated
from formaldehyde-fixed specimens after de-crosslinking, but it is
of significantly lower quality; while some proteins retain antigenic
properties, some do not), deterioration of some physical features of
the specimen (tissue hardening, “tanning” - generation of secondary
pigments), deformation of microscopic features by spontaneously
precipitating paraformaldehyde crystals. It has been demonstrated
that formaldehyde-crosslinked nucleic acids are more labile to
hydrolysis, which is why they yield worse quality sequencing data;
de-crosslinking is most efficient at 70°C in dilute buffer at pH=8.0
(Evers et al., 2011).

2.2.2 Less Common Fixatives
A historically common preservation technique for short-term
maintenance of collected specimens until the availability of more
efficient fixative is refrigeration or freezing of sample in the
seawater in which it was collected. Refrigeration does not stop
degradation processes, it only slows them down, while freezing
(e.g., flash-freezing in liquid nitrogen) strongly disrupts
microscopic morphology owing to generation of ice crystals
within tissues, so these methods are recommended only when
the main purpose of material collection is biochemical analysis in
the near future.

While ethanol works by dehydration at the molecular level,
water may be removed from the specimen also physically by
drying (spontaneous, heat-induced or using hygroscopic
materials such as silica gel). While common as a preservation
procedure in terrestrial arthropods, this method is of highly
limited applicability for marine peracarids: morphology is
strongly disturbed by the drying process itself and by marine
water salts, dry specimens are extremely delicate with regard to
mechanical damage, inhibition of lytic enzymes and microbial
growth is inefficient, nucleic acid chains tend to break. The only
exception is preparation of specimens for SEM where liquid
needs to be removed while preserving micromorphology –
freeze-drying (lyophilisation) or critical point drying in liquid
carbon dioxide are the fixation methods of choice here.

Organic solvent-based dehydrating fixatives, which are
commonly used in histology, are also sometimes applied for
preservation of marine crustaceans, although this is mainly of
historical significance and should be discouraged for modern
taxonomic analysis. Specifically, acetone or Carnoy’s solution
(ethanol with chloroform and acetic acid) dissolve and wash out
hydrophobic components of the specimen, including biological
membranes and lipid pigments, much more strongly than
ethanol, preserving only the crude external structures (e.g. the
exoskeleton), which is not acceptable for museum-
quality preservation.

A group of less frequently used fixatives are inorganic salt
coagulants involving heavy metals that act on negatively charged
groups in proteins and lipids. Osmium tetroxide is an efficient
fixative for lipid-rich tissues, but its application for crustaceans is
mostly limited to concurrent fixation and staining for electron
microscopy (see below). Similarly, in some histological work on
marine crustaceans, Zenker’s fixative is used. This solution
contains highly toxic mercuric chloride acting as coagulant and
providing excellent tissue fixation for detailed histological
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analysis. Its usage nowadays is limited, since it has to be handled
with extreme care and produces hazardous waste that requires
costly disposal.

Sometimes, antimicrobial additives (amphothericin,
thimerosal, azide etc.) are used to prevent microbial
contamination and degradation of the sample, but as they
usually have a relatively narrow spectrum of action and do not
influence the spontaneous degradation of dead tissue by
endogenous enzymes, they can have an auxiliary function at best.

Several specialized fixatives have been developed for
specimens destined for subsequent nucleic acid isolation and
genetic analysis. While RNA is both inherently unstable and
subject to degradation by ubiquitous and abundant RNAses,
DNA (a more common object of genetic analysis for taxonomic
purposes) is chemically very stable, degrading only under specific
conditions, and its deterioration in unfixed specimens is mostly
due to action of microbial digestive enzymes because tissues of
marine invertebrates are very poor in endogenous nucleases.
Thus, while commercial fixatives like RNAlater™ and other
chaotropic salt-based protein denaturants aimed at rapid and
efficient elimination of RNAse activity are crucial to any
transcriptomic (RNA-based) analysis, they are very expensive
and simpler fixatives (like ethanol) are just as efficient in DNAse
inhibition if only DNA-based analysis is foreseen. Alternatives to
ethanol as a fixative for DNA-based studies have been proposed
(e.g. propylene glycol-containing antifreeze solution (Robinson
et al., 2021) or solutions containing metal chelators that deprive
DNAses of cofactors mixed with detergents (Pokluda et al., 2014)
or polar solvents (Lins et al., 2021) and they facilitate subsequent
DNA isolation, but they are not efficient in preserving
morphology or in long-term prevention of microbial
contamination, so they should be used only in targeted
taxonomic studies (e.g. barcoding or metabarcoding). When
selecting the fixative for a specimen that will (or may) be
subjected to genetic analysis by DNA sequencing, it is
important to take into account the specific technique to be
used: some techniques (e.g. Illumina) sequence short fragments
and thus may be efficiently used even on DNA of low quality, e.g.
isolated from formaldehyde-fixed specimens; some techniques
(e.g. nanopore) need long DNA molecules and thus should be
applied only for material fixed with ethanol or DNA-specific
fixatives. Importantly, both freeze-thaw cycles and drying-
rehydration cycles contribute to DNA strand breakage and
should be avoided if longer DNA is required.

2.3 Dissection for Morphological
Examination
Body length of peracarids rarely exceeds several millimeters. For
this reason, the morphological identification of the peracarids
involves observation of the details of head/cephalothorax, thorax,
and abdomen appendages as well as additional components such
as labrum, labium or epignath. The dissection of microscopic size
requires experience, “surgical” dexterity, and precise tools. The
needles used for the preparation of larger crustaceans are much
too large for working with small crustaceans, while thin
entomological needles are too flexible for dissection of the
crustaceans. Tungsten needles, with tips although extremely
Frontiers in Marine Science | www.frontiersin.org 11270
fine, remain rigid and inelastic, are an ideal solution for
peracarid dissection. Nowadays there are many companies on
the market that offer tungsten needles, but sharpening can also
be done in the lab, using solution of KOH, as copper as cathode
and a low electric voltage.
3. METHODS FOR MORPHOLOGICAL
STUDIES

3.1 Preparing Drawings
Scientific drawings are the pillar of taxonomic research. Drawing
practiced with the support of a camera lucida microscope enable
future researchers to recognize named species (Figure 1H). In
the early Linnean days of taxonomy, it was essential to prepare
drawings to visualize features, but recently they are increasingly
being replaced by other (e.g., photographic) techniques (Wilson,
2003; Anderson, 2014; d’Udekem d’Acoz and Verheye, 2017;
Lörz and Horton, 2021), that are also being applied to fossilised
specimens (Selden et al., 2016; Jauvion, 2020). There have been
fierce debates over photographs or microscopic images to
become substitutes for drawings or even types (cf. Zhang et al.,
2017). Although changes to the International Code for
Zoological Nomenclature now have a certain consistency with
regard to the type problem (Zhang et al., 2017), the idea of
describing species purely based on imagery or molecular
taxonomic units (MOTUs) (Jörger and Schrödl, 2013; Sharkey
et al., 2021) still remains the exception for peracarids.

Drawings provide an interpretation often in a rather
schematic way. The traditional scientific drawing workflow is
clearly a lengthy one, starting with pencil drawings, followed by
inking, scanning, as well as editing and arranging plates
(Figures 1G–J). Yet, pencil and ink drawings, on the one
hand, aid in-depth examination of the morphology and, on the
other hand, distracting details may be omitted if they are
systematically uninformative. Besides, drawing habitus of
poorly calcified specimens enables us to visualize the
morphological characters which cannot be well pictured by
camera because of low contrast. Images, on the other hand,
ideally give a precise representation of the morphological
structures (also with regard to coloration and patterns, see
amphipod example above), even more so with the
development of high-resolution imaging techniques (Kaiser
et al., 2018; Błażewicz et al., 2019; Jażdżewska et al., 2022). In
addition, photography is far less subjective than creating
drawings, but despite these advantages has so far rarely found
its way into peracarid taxonomy.

The preparation of drawings presenting details of
morphological structure has been historically/traditionally
carried out by means of a camera lucida attached to the
microscope. This device is a simple system of mirrors
(Wollaston, 1807) which makes it possible to reproduce an
object (body habitus or appendages) on a sheet of paper placed
next to the microscope (Figure 1H). Despite the simplicity of its
design, the camera is a relatively expensive piece of optical
microscope equipment: only few optical companies
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manufacture them, and they are not usually exchangeable
between different models of microscopes. In addition to
the traditional use of camera lucida , focus-stacked
microphotographs can be the baseline for drawings (Coleman,
2006) or even substitute for pencil drawings (d’Udeckem d’Acoz
and Verheye, 2017; Wilson and Humphrey, 2020). Nevertheless,
both camera lucida and stacked microphotographs techniques
can also be applied together for producing drawings of fossils
(Selden et al., 2016). The appropriate camera and acquisition
software to equip the microscope are also expensive.

Microscopic images are useful to complement scientific
drawings when studying rare (singleton or unique) species.
While this is a general phenomenon in the description of
species (Lim et al., 2012; Wells et al., 2019), it becomes
particularly evident in the morphological analyses of deep-sea
species including peracarids (Brandt et al., 2012; Higgs and
Attrill, 2015). Drawings without dissecting parts of the
specimen are often sought not to sacrifice the holotype, but it
is thanks to the use of imaging techniques, chiefly non-
destructive methods (such as CLSM, see below), it is possible
to fill in missing gaps of morphological information. However, it
is clear that not always taxonomist have access to all facilities to
use such as useful techniques and methods.

So far, however, no efforts to refrain from drawings in peracarid
taxonomy have been taken but, on the contrary to bring together as
much information as possible (including molecular, ecological, and
biogeographic) as part of an integrative process (Brix et al., 2015;
Malyutina et al., 2018; Kaiser et al., 2018; Schnurr et al., 2018;
Błażewicz et al., 2019; Jakiel et al., 2019; Riehl and De Smet, 2020;
Kaiser et al., 2021). Above all, the use of digital drawing techniques
and the corresponding software (something expensive as well) has
made a significant contribution to reducing the time required for,
and improving the quality of species illustrations (Coleman, 2003;
Coleman, 2009; Bober and Riehl, 2014; Montesanto, 2015).
However, much greater advances appear to have been achieved in
the development of 3D reconstruction and imaging techniques.

3.2 Specialized Techniques of Specimen
Imaging
Morphology (i.e., shape of the organisms and its parts) is still the
most important taxonomic characteristic and thus methods of its
recording and analysis – imaging methods – are crucial tools in
the armory of a taxonomist of deep-sea Peracarida (Figure 3).
Concentrating on imaging for taxonomic purposes, we need to
differentiate the imaging of overall morphology (habitus) which
may be performed without any previous zoological knowledge
(Figures 3A–I), and imaging of specialized, taxonomically
important features, the choice of which must be informed by
accumulated knowledge and expertise. For deep-sea peracarids,
where specimens are difficult to obtain (complicated logistics),
available in limited numbers and thus are highly valuable, an
important consideration is the distinction between imaging
taxonomically important morphological features in situ (in
intact specimens) versus imaging of prepared or isolated body
parts (ex situ, after dissection and/or sectioning, Figures 3J, K),
which may be sometimes necessary even for type specimens.
Frontiers in Marine Science | www.frontiersin.org 12271
When selecting imaging techniques, some thought must be also
paid to the location of taxonomically distinctive features within
the body of the crustacean – some techniques are exclusively
suited to imaging external morphology (e.g. SEM, Figures 3L–N,
or CLSM, Figures 3O–R), while others were developed
specifically for imaging internal organs and hidden features
(e.g. microCT, Figure 3S). Finally, a modern taxonomist must
bear in mind that imaging can be used not only for purely
morphological (shape-related) analysis, but specific contrast
techniques are available to draw conclusions about biochemical
composition of tissue elements as well as course of physiological
processes which may be helpful as additional taxonomic
characteristics and form an additional level of analysis (apart
from morphological and genetic ones). Table 3 includes recent
examples of application of specific imaging techniques which will
be reviewed below to Peracarida and other crustaceans.

3.2.1 Light Microscopy
3.2.1.1 Bright Field and Optical Contrast Microscopy
While bright field light microscopy is the original method in
taxonomy of any small organisms, its applicability to deep-sea
Peracarida is limited by the relative lack of inherent contrast in
their bodies. Light microscopy relies mainly on absorption,
refraction, and dispersion of incident rays in the specimen, and
marine crustaceans tend to be colorless (low absorption) and
with optical refringence that is uniform and similar to
surrounding seawater. While habitus imaging may be
performed on whole spec imens by reflected l ight
stereomicroscopy in air (Hegna, 2010), the resulting images are
poor in details and thus of low usefulness in taxonomy.

Most commonly, zoological specimens are prepared in a
procedure called mounting, where the animal is placed on a
glass slide in a drop of liquid and covered with another flat piece
of glass (the thickness of this cover glass is adapted to the
working distance of the microscope objective to be applied).
Mounting has two main purposes: to prevent the desiccation-
related destruction of specimen, and to provide an environment
with uniform refraction properties in order to minimize image
blurring due to photon scattering on phase borders. Therefore,
the mounting medium for marine crustaceans must mix well and
rapidly with seawater, and its refractive index should be as close
as possible to that of glass (1.52). While animals can be mounted
in water itself for short-term observation (e.g. on board), it
evaporates quickly and a different mounting medium is needed
if the specimen is to be stored as microscope slide. The most
important decision in the choice of mounting medium is related
to the desired permanence of the slide: specimens in non-
permanent (liquid- or gel-based) media may be manipulated,
moved around, remounted, or even removed from the slide for
other type of analysis; permanent (solidifying) medium preserves
the slide permanently in the same attitude of the specimen.
Sometimes, the mounting medium includes components that
have additional functions with regard to the specimen itself:
clearing (optical homogenization by removal of light-scattering
inclusions) and/or maceration (chemical removal of unwanted
tissue, e.g. muscles inside the tegument). These components are
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TABLE 3 | Selected examples of literature references where different imaging techniques were used to study the taxonomy of peracarids and other crustaceans or were
applied to visualize peracarids for non-taxonomic purposes.

Imaging method Special
technique

Staining/preparation for
visualization

PERACARIDA CRUSTACEA

Taxonomy Other purpose taxonomy

Optical contrast light
microscopy

Bright field Alcian blue Žnidaršič et al., 2018
Alizarin red Haug et al., 2011a Žnidaršič et al., 2018
Azure II Wirkner and Richter, 2004; Mrak

et al., 2012
Žnidaršič et al., 2018

Chlorazol black Corbera and Martıń,
2002

Hematoxylin Hegna, 2010
Hematoxylin/eosin Žnidaršič et al., 2018
Ink Hegna, 2010
Lignin pink Hadjab et al., 2020;

Jażdżewska et al.,
2022

Toluidine blue Bober et al., 2018
None Curatolo et al., 2013

Dark field None Haug et al., 2011b
Fluorescence
microscopy

Widefield Autofluorescence Haug et al., 2011b Giurginca et al., 2015 Eiler et al., 2016
Haug et al., 2011a Glenn et al., 2013 Marek, 2017

Nagler and Haug, 2016
Alizarin red Mrak et al., 2013 Haug et al., 2011b
Hoechst Kreissl et al., 2008
Chitin-binding probe Žnidaršič et al., 2018
Immunofluorescence Kenning and Harzsch, 2013

Kreissl et al., 2008

Laser scanning
confocal

Autofluorescence Hughes and Kaji,
2016

Bruce and Patel, 2020 Galassi et al., 1998

Riehl and De Smet,
2020

Kakui, 2014 Michels, 2007

Kenning and Harzsch, 2013 Lee et al., 2009
Stegner et al., 2015 Valdecasas and Abad, 2011

Acid fuchsin Riehl and De Smet,
2020

Kottmann et al., 2013

Congo red Brökeland et al.,
2010

Kihara and Martinez Arbizu,
2012

Michels and
Büntzow, 2010

Menzel, 2011

Riehl and De Smet,
2020

Michels and Büntzow, 2010

Congo red/acid fuchsin Brandt et al., 2014 Kamanli et al., 2017
Blankophor Brooker et al., 2012a;

Brooker et al., 2012b
DiI Stemme et al., 2014
Eosin Y Lee et al., 2009
Gomori Brooker et al., 2012a; Brooker

et al., 2012b
Mercurochrome Lee et al., 2009
Phalloidin Jirikowski et al., 2013

Jirikowski et al., 2015
Göpel and Wirkner, 2018

Rose bengal Chim and Tong,
2020

Safranin Lee et al., 2009
Shirlastain A Riehl and De Smet,

2020
Sytox Green Wolff, 2009
Immunofluorescence Kenning and Harzsch, 2013

Stegner et al., 2015
Stemme et al., 2014

(Continued)
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usually acids (e.g. lactic acid) or bases (e.g. potassium hydroxide),
and care must be taken not to exceed the necessary dosage and, if
possible, to remove the agent before final mounting, as they may
progressively destroy taxonomically important features or even
the whole specimen during prolonged storage. Table 4 lists the
commonly used mounting media for microscopic imaging of
Peracarida with their main advantages and disadvantages.

The most common components of non-permanent mounting
media used for taxonomic imaging of small marine arthropods
include: glycerol (higher refractive index than water and
negligible evaporation; sometimes mixed with 10% saline to
facilitate mixing during slide preparation), gelatin (less
recommendable as it is prone to desiccation and cracking),
polyvinyl alcohol (included in the popular commercial
mounting medium Mowiol and in the complex self-made
medium polyvinyl lactophenol), and chloral hydrate (included
together with glycerol in popularly used Hoyer’s medium, where
it contributes to its high refractive index). They are often used in
personally formulated mixtures based on experience and
anecdotal evidence on performance – it is possible that some
are more suitable for certain systematic groups of Peracarida
than others, but systematic studies are lacking and it seems that
subjective personal preference remains the main argument for
mounting medium choice. Oil-based mounting media are also
available, but rarely used for invertebrate taxonomy as they do
not perform well with carbohydrate exoskeletons. Permanent
(solidifying/hardening, either by physical curing or by chemical
polymerisation) mounting media are also often used for museum
Frontiers in Marine Science | www.frontiersin.org 14273
specimen storage, but this practice prevents any further
manipulation of the specimen (including potential new
molecular discrimination techniques) and should be
discouraged for rare type material where methodological
developments in molecular studies may warrant the need for
access to relatively unchanged biological material in distant
future. However, permanent mounting may be recommended
for long-term storage of dissected parts (e.g. appendages) which
are of purely morphological value. While some resin-based
solidifying media are marketed as reversible (they may be
liquefied by heating with an excess of solvent), both
morphological structure and biochemical composition is
usually compromised by such treatment and all solidifying
mounting media should be treated as permanent. The most
common base ingredients of solidifying mounting media used in
taxonomy of Peracarida include natural resins (Canada balsam,
Euparal and others that solidify by gradual solvent evaporation
and vitrification), synthetic resins (included in such preparations
as DPX or Permount) and formaldehyde-based polymers
(mainly dimethylhydantoin formaldehyde – DMHF – which is
recognized as superior to resins due to much less cracking and
bubbling artefacts; Bameul, 1990).

If the entire or dissected specimen is to be preserved in long-
term storage in the form of microscope slide mounted in liquid
medium, this slide must be also sealed using impermeant sealants
that isolate the specimen from external moisture and oxygen
(numerous commercial products are available, e.g. based on
linseed oil, plant resins, paraffin or acrylic glue; even simple nail
TABLE 3 | Continued

Imaging method Special
technique

Staining/preparation for
visualization

PERACARIDA CRUSTACEA

Taxonomy Other purpose taxonomy

Spinning disk
confocal

Autofluorescence Haug et al., 2011b

Electron microscopy TEM Uranium/immunogold Štrus et al., 2019
Uranium/lead Geiselbrecht and Melzer, 2013a
Lectin-gold Žnidaršič et al., 2018

SEM Gold Geiselbrecht and Melzer, 2014
Kaji et al., 2016
Wirkner and Richter, 2004
Wolff, 2009

Gold/palladium Haug et al., 2011a
Osmium Kaji et al., 2014
Carbon Bober et al., 2018

Brandt et al., 2014
Other Hughes and

Ahyong, 2016
Štrus et al., 2019 Kamanli et al., 2017

Riehl and De Smet,
2020

Haug et al., 2011b

FIB-SEM Gold/palladium Haug et al., 2011a

SBF-SEM Osmium/lead/gold Kaji et al., 2016

MicroCT X-ray Iodine Štrus et al., 2019 Maeno et al., 2019
None Haug et al., 2011a Nagler and Haug, 2016 Landschoff et al., 2018

Wirkner and Richter, 2004 Haug et al., 2011b
Göpel and Wirkner, 2018

Synchrotron None Betz et al., 2007
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varnish may be used for this purpose, but care must be taken that its
components do not interfere with any staining that was applied)
(Allington-Jones and Sherlock, 2007). When considering long-term
storage in non-permanent mounting media, the question of
microbial contamination potential must be also taken into
account: glycerol-based media are most resistant to
contamination, while microbes grow most easily in those
containing gelatin. Since the function of the mounting medium
requires the compounds involved to thoroughly permeate the
specimen, it needs to be extensively washed if it is required at
some later point to release it from the slide after microscopy for
some other (e.g. genetic) analysis. Common liquid mounting media
(e.g. glycerol-based) do not damage nucleic acids and can be
removed by washing, but polymerizing permanent mounting
makes isolating DNA from the sample impossible.

For transmitted light imaging, the standard procedure is to
stain the specimen with light-absorbing dyes to create contrast.
In current practice for taxonomic purposes, researchers aim to
use non-selective stains to visualize most tissue types and
structures (in crustaceans, the most important element being
usually the exoskeleton and its outgrowths, especially on the
appendages). The most commonly used dyes are hematoxylin
(which stains nucleic acids – and thus living tissue – dark blue)
(Hegna, 2010) and eosin (which stains most biological
macromolecules, including those in the extracellular matrix
and exoskeleton, pink), most often combining these two as
counterstains (Žnidarsǐč et al., 2018). Other, more selective
dyes can also be used to stain crustaceans, including azure II
(stains polysaccharides, including cuticle components), alizarin
red (stains calcium deposits in calcified carapace), chlorazol
Frontiers in Marine Science | www.frontiersin.org 15274
black (basic dye that stains anionic macromolecules, mainly
nucleic acids), alcian blue (basic dye for acidic glycans in
connective tissue), toluidine blue, lignin pink (both glycan-
selective stains with differing affinity) or even the non-selective
India ink that stains by physical interactions. Specimens stained
using these techniques are usually mounted by immobilization
on standard microscope slides, but sectioned or dissected
samples may be also prepared after staining. Image is recorded
by photographic cameras attached to standard light microscopes
or even simply by drawing (see Preparing Drawings). If a
specimen stained with a cationic dye is to be subsequently
used for DNA isolation, an additional washing step may be
included to remove the bound dye which might impact
downstream reaction efficiency. Some fluorescent DNA-
binding (intercalating) dyes (see below) are virtually impossible
to remove from DNA during isolation, but there are few reports
(from experiments on tissues of vertebrates) finding them
interfering even in complex genetic procedures (e.g. next
generation sequencing), so this should not be a critical issue in
invertebrate taxonomy.

The indisputable advantage of bright field light microscopy
imaging is the common availability of cheap instrumentation
which requires little specialist training on the part of the
researcher. Light microscopes are usually available, even on
board research vessels, and can be used for imaging of freshly
collected specimens before fixation. When combined with
staining, this technique can provide convincing basis for
quantitative measurements and rudimentary conclusions with
regard to biochemical composition of some structures (e.g.
carapace calcification). The central disadvantage is the
TABLE 4 | Advantages and disadvantages of mounting media commonly used for light-microscopy studies of peracarids.

Type of
mounting
medium

Components/
media

Advantages Disadvantages References

Non-
permanent
liquid

Water Easy application Weak optical properties, strong evaporation, very low
durability

Wittmann et al., 2016

Glycerol Good optical properties, easy application
and removal for other techniques, very low
evaporation

Need for complex sealing methods, Maybury et al., 1991;
Neuhaus et al., 2017

Chloral hydrate
(Hoyer’s)

High refractive index, strong clearing action Short-term storage, easy evaporation, difficult sealing Kodama and Kawamura,
2019

Semi-
permanent
solidifying

Gelatin Easy application Easy cracking and microbial contamination in long-term
storage

Jersabek, 2005; Neuhaus
et al., 2017

Polyvinyl alcohol
(PVA)

May include clearing and macerating agents
(lactic acid, phenol)

Possibility of microbial contamination, difficult
remounting

Koomen and von Vaupel
Klein, 1995; Neuhaus
et al., 2017

Permanent
resin-based

Euparal Long-term preservation without dehydration Time-consuming preparation, some dehydration Coleman, 2006
Canada balsam Very durable (hundred-year permanence) Impossible to remount, specimen no longer accessible

for other methods, complex specimen preparation
(dehydration)

Koomen and von Vaupel
Klein, 1995; Neuhaus
et al., 2017

Dibuthyl phthalate
(DPX)

Easy to apply, relatively durable Toxic, generates some morphological distortion of
delicate features

Geiselbrecht and Melzer,
2013b; Nagler and Haug,
2016;

Permanent
polymer-
based

Dimethylhydantoin
formaldehyde
(DMHF)

Easy to apply, concomitant maceration Crystal formation during long-term storage, damage to
nucleic acids

Steedman, 1958; Bameul,
1990; Bourque et al., 2020
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relatively poor contrast, both against the background and
internally within the imaged specimen, leading to potential
obfuscation of taxonomically important morphological
differences and features. Standard light microscopy (both in
reflected and transmitted light) is poor in rendering internal
structures of the body and requires extensive dissection to image
complex elements (like appendages). Efficiently imaging three-
dimensional structures is not possible, even though they may be
observed by stereomicroscopy (attempts have been made to
construct and publish 3D images of Amphipoda to be viewed
through red-cyan glasses, with limited success (Haug et al.,
2011a). Nevertheless, taxonomical descriptions relying on
bright field images of unstained or stained Peracarida continue
to be routinely published, e.g. new amphipod species imaged
after lignin pink staining (Hadjab et al., 2020) or new isopod
species stained with chlorazol black (Pereira et al., 2019).

The contrast problem has led to the application of some
specialized variants of optical contrast light microscopy (which
all require technical add-on enhancements to the microscope
itself which are relatively rare in zoological laboratories). One
technique which has found use in taxonomically useful imaging
of arthropods is dark field microscopy, where incident light is
directed at the specimen in such a way that it does not pass into
the objective unless deflected (reflected, refracted or scattered) by
the specimen, leading to improved contrast against background
and higher salience of delicate surface structures (Haug et al.,
2011b). Another applicable method is polarization contrast that
can underline differences in thickness and density of thicker
homogenous structures formed by the cuticle (Fernández del Rıó
et al., 2016; Melzer et al., 2021). Finally, interference contrast
(also known as Nomarski contrast) is a powerful technique
enabling the visualization of fine ultrastructural details. It has
hitherto found application in deep-sea isopod and amphipod
species taxonomy (Bruce, 1995; Bruce, 1997; Just, 2001;
Tomikawa and Mawatari, 2006; Storey and Poore, 2009) but
also in coastal and freshwater species (Shimomura and
Mawatari, 1999; Shimomura and Mawatari, 2000; Tanaka,
2004; Jaume and Queinneck, 2007), demonstrating its power in
imaging fine morphological structure of appendages (Maruzzo
et al., 2007).

3.2.1.2 Fluorescence Microscopy
The most common solution to the contrast problem in biological
microscopy is to make use of fluorescence, the physical
phenomenon where some compounds (called fluorophores)
absorb light of higher energy (lower wavelength) and
subsequently emit light of lower energy (higher wavelength). This
difference in wavelength, called Stokes shift, makes it possible to
design microscopes which separate the incident (illumination) light
from the light emanating from the sample, and thus obtain an image
exclusively of the fluorescent elements within the sample. For most
biological specimens, fluorescence microscopy requires staining
with fluorescent dyes (fluorophore-containing compounds which
bind to specific structures in the sample). Crustaceans (and
arthropods in general), however, usually display relatively
strong fluorescence of endogenous compounds (so-called
autofluorescence) in intact specimens, allowing for easy
Frontiers in Marine Science | www.frontiersin.org 16275
fluorescence microscopy imaging and accounting for the
widespread use of this technique in taxonomy. While biochemical
studies of compounds responsible for autofluorescence in
crustaceans are still too few and this field needs further intensive
research, most parts of crustacean exoskeleton exhibit a broad-
spectrum, near UV-excited autofluorescence that is a consequence
of its highly cross-linked structure with glycan and protein
components both contributing to the resulting fluorophores.
Serendipitously, formaldehyde fixation tends to strengthen this
broad-spectrum fluorescence component, making it even easier to
image specimens fixed in this way (Hughes and Ahyong, 2016).
Another source of autofluorescence is the elastomeric protein
resilin, abundant in sites that are under strong mechanical stress
such as tegument joints or mouthpart appendages, which contains
dityrosine crosslinks that generate autofluorescence. Finally, some
metabolic compounds (flavins, pterins, porphyrins, etc.) present in
tissues also have fluorescent properties, enhancing the potential for
fluorescent imaging of unstained specimens (Riehl and De Smet,
2020). Some arthropods have evolved dedicated autofluorescent
compounds, probably important for ecological interactions, such as
in some hoplocarid mantis shrimps with markings containing a
yellow fluorescent fluorophore that are important in visual
recognition or in shallow water copepods which contain
dedicated fluorescent proteins similar to the more well-known
ones from cnidarians. This ecological ly motivated
autofluorescence is even more common in terrestrial arthropods
such as scorpions (which produce coumarin pigments) or
millipedes (which rely on pterins). However, in crustaceans from
the aphotic zone these dedicated fluorophores have not been
detected yet and the observed autofluorescence seems to be a side
effect of the biochemical structure of tissues and tegument (Glenn
et al., 2013). Fluorescent properties may be used to enhance the
visual signal generated by bioluminescence in deep-sea Peracarida
that display this property, thus being ecologically important for
visual communication within the species or between different
species. Examples include, the lanceolid amphipod Megalanceola
stephenseni (Chevreux, 1920) and amphipods from the families
Pronoidae, Scinidae and Lysianassidae (Herring, 1981; Zeidler,
2009), mysids from family Mysidae (Herring, 1981) and the
lophogastrid Neognathophausia ingens (Dohrn, 1870) (Frank
et al., 1984), the fluorescence of which seems not to originate
from the species itself, but rather to be dependent upon components
of its food (Wittmann et al., 2014). This topic needs further studies
on living specimens, preferably in situ (Macel et al., 2020). In any
case, the presence of autofluorescence does not preclude the use of
additional staining of specific structures in the crustacean body with
fluorescent dyes for taxonomic purposes, but its continued presence
needs to be taken into account for potential spectral overlap when
selecting imaging channels.

When using fluorescence microscopy for taxonomic
purposes, specimens are often stained with fluorescent dyes to
further enhance contrast and facilitate the imaging of structures
with defined biochemical composition. With regard to their
mode of action, these dyes can be divided into four groups:

1) Broad specificity acidic dyes, which bind mainly to
carbohydrates in the tegument. They are useful in detailed
June 2022 | Volume 9 | Article 799191

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Frutos et al. Advances in Deep-Sea Peracarida Taxonomy
imaging of appendages, exoskeleton protrusions etc., while
staining virtually the whole body of the animal to a different
extent. The most commonly used dyes from this group are
acid fuchsin (Riehl and De Smet, 2020; Kaiser et al., 2021) and
Congo red (Michels and Büntzow, 2010; Kihara and Martinez
Arbizu, 2012). An interesting example is rose bengal, a
halogenated fluorescein derivative which has the capacity to
bind cellular components as well, but in the presence of
abundant extracellular carbohydrate material binds mostly
to it. In the taxonomy of deep-sea Peracarida, its main use is
for transient staining of (usually formaldehyde-fixed) mixed
material to aid in visual sorting (due to its strong color)
(Hegna, 2010), but its fluorescent properties allow it also to be
used in whole-body fluorescence microscopy (Chim and
Tong, 2020).

2) Carbohydrate-specific dyes, mostly taken over from the textile
industry. They are i.a. Blankophor/Calcofluor (Brooker et al.,
2012b), Shirlastain or aniline blue, which bind mainly to
chitin in the exoskeleton (Riehl and De Smet, 2020).

3) Calcium binding stains, that are useful to identify calcified
parts of the skeleton, such as calcein or alizarin red (Haug
et al., 2011a).

4) Cationic dyes, which mainly bind to nucleic acids and stain
living tissues more or less uniformly. They are safranin, eosin,
DAPI or Hoechst family dyes (Kakui and Hiruta, 2017).

More specialized fluorescent probes binding to cellular
or subcellular elements with restricted distribution may
also be used, e.g. cytoskeleton-specific binders such as
phalloidin or fluorescent antibodies (this technique is called
immunofluorescence), but this is of limited usefulness in
taxonomy and more commonly found in physiological or
embryological studies. Both autofluorescence and probe/dye
fluorescence is subject to a phenomenon called photobleaching,
where long-term illumination causes a chemical reaction that
destroys fluorophore molecules, leading to decreased image
brightness. This can be slowed down by including so-called anti-
fade components in the mounting medium, but this is rarely
necessary with the bright and stable fluorophores used for
taxonomically relevant imaging of crustaceans.

With regard to instrumentation, the simplest application of
the fluorescence microscopy principle is the widefield
fluorescence microscope which uses the same optical principle
as a bright field microscope, but separates optical paths of
excitation and emission light using filters and dichroic mirrors.
Images generated in a widefield microscope can be viewed
directly through the eyepiece or recorded using photographic
or motion cameras. They can also be overlaid in-microscope with
bright field images, pinpointing the location of fluorescent
structures within the whole body of the animal. Widefield
image quality is restricted by the so-called out-of-focus blur,
i.e. light emitted from above and below the focal plane which
enters the objective and decreases the image sharpness. This can
be strongly limiting in the imaging of small taxonomically
important elements within a larger structure. Therefore, an
increasing number of taxonomic studies make use of another
Frontiers in Marine Science | www.frontiersin.org 17276
fluorescence imaging modality, so-called confocal microscopy. A
confocal microscope retains only the objective lens from a
standard optical microscope setup and images only a single
point within the sample (so-called confocal volume), using
regulated apertures (here called pinholes) to cut off out-of-
focus illumination from both excitation and emission light
paths. Therefore, a confocal microscope does not generate an
image, but measures the fluorescence intensity in a spatially
defined point within the sample. An image is subsequently
reconstructed digitally by dedicated computer software from
data collected from various confocal volumes, as the
illumination is scanned across the sample. The scan may be
effected in two ways: either by using optically deflected laser
beams (laser-scanning confocal microscopy, in zoology usually
known under the less logical name confocal laser scanning
microscopy or CLSM) or by using spinning discs (Nipkow
discs) with multiple pinholes (spinning disc confocal
microscopy). While spinning disc confocal microscopy
generates images much faster and with higher inherent
brightness, these advantages are mostly important in imaging
live specimens, which is rare for deep-sea taxonomical purposes.
The relative rarity and costliness of spinning disc microscopes
combined with their lack of versatility make them a niche tool for
crustacean taxonomy when compared to laser-scanning
microscopes (Haug et al., 2011b).

A confocal image is not “recorded” in a way that a camera
records a widefield image, but is reconstructed from individual
pixels in silico, so the native form of this image is already digital
and with no loss of quality upon digitization. Since the confocal
volume can be moved across the sample in all directions, a
confocal microscope can be used to record three-dimensional
images of specimens, making it especially useful in crustacean
taxonomy where many important features such as appendage
structure are inherently three-dimensional (Figures 3O–R).
Properties of light, however, restrict the image resolution in
the Z axis (parallel to the long axis of the objective) to ca. 2–3
times less than lateral resolution, so confocal images are never
truly 3D-isomorphic. If isomorphism is absolutely necessary for
taxonomic purposes, several images with different specimen
orientation must be recorded. Since laser scanning confocal
microscopy involves moving a small confocal volume around a
large specimen, it is notoriously slow, with a good resolution
image of an average-sized deep-sea crustacean taking more than
10 hours to record. Moreover, because for good resolution it is
necessary to use medium-magnification objectives which usually
do not allow the whole animal to fit in a single field of view,
sophisticated software must be used to reconstruct the whole
image from several adjacent scans in a procedure called tiling –
its success (the lack of visible artifacts on scan joints) depends
largely on the quality of the objective (spherical aberration
correction). When recording 3D confocal images and using
them for taxonomy, the way that they will be presented and
disseminated in the literature must be considered, because the
original files are usually too large to include even as
supplementary information in published articles. A number of
2D projections (most common being maximum intensity
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projection and surface projection) have been developed to help
present 3D data.

3.2.2 Electron Microscopy
Electron microscopy is a group of imaging techniques which use
physical effects which happen when the sample is illuminated
with a stream of high-energy electrons: usually, transmitted,
scattered or secondary electrons are detected. The main
advantage of electron microscopy in biological imaging is the
potential to generate images of much higher inherent resolution
than light microscopy, since the electron beam is equivalent to
radiation with a very short wavelength compared to visible light.
However, for purposes of taxonomy of macroscopic
invertebrates, this aspect rarely comes into play, since
subcellular features (and generally features of submicrometric
size) are not often used as taxonomically defining. The variant of
this technique that is most often used by taxonomists is scanning
electron microscopy (SEM), where the sample is illuminated by a
narrow electron beam which moves across its surface and
secondary electrons emitted from every spot on the way (only
from the surface since they have too low energies to escape from
lower layers of material) are measured using an array of
detectors, recreating in real time a spatial map of the surface
relief. The main advantages of this method which make it so
attractive for imaging for taxonomic purposes are: high
sensitivity to small changes in surface geometry which makes it
possible to efficiently image surface texture and generate high-
resolution images of delicate and complex structures such as
those abounding on crustacean exoskeletons and appendages;
high depth of field which retains in focus structures that are far
away from each other along the z axis, generating a realistic and
sharp image of the whole macroscopic specimen while retaining
sub-microscopic resolution; the ability to modify magnification
in a wide range (from several-fold to tens of thousands-fold) in a
contiguous, real-time manner while conducting observations;
and the possibility to easily reconstruct three-dimensional
measurements from images or generate true 3D images of the
specimen by recording images from two different angles.
However, the method has also significant disadvantages,
mostly related to the onerous and highly invasive sample
preparation required for imaging in a typical SEM instrument:
since both the high-energy illumination electrons and the low-
energy secondary electrons that are being imaged can be
deflected by interactions with air molecules, low-pressure
vacuum environment is needed around the sample, which
means it cannot contain water (so, biological samples must be
dehydrated before imaging); since atoms contained in organic
compounds do not interact with high-energy electrons efficiently
and do not generate many secondary electrons, it is often
necessary to coat the specimen surface with a layer of higher
atomic number atoms which will produce a brighter image; the
absorption of electrons by the specimen generates a high static
electrical charge which would quickly lead to scanning artifacts,
discharges and specimen destruction if not removed, thus the
specimen must be electrically conductive or coated with a
material which conducts electricity. For these reasons, SEM is
a destructive technique and specimens of Peracarida prepared for
Frontiers in Marine Science | www.frontiersin.org 18277
SEM imaging cannot usually be used subsequently for any
further preparation or analysis using other methods. The
sample preparation process for deep-sea crustaceans for SEM
imaging has several important steps at which different
approaches may be taken depending on specific needs of the
researcher. Due to the high energies and harsh treatment
involved, the specimen needs to be fixed in a strong fixating
agent, usually glutaraldehyde or a mixture of glutaraldehyde and
formaldehyde. Dehydration cannot be achieved by air drying as
this would destroy delicate surface structures, so water is first
replaced by an organic solvent (e.g. ethanol or acetone), and this
solvent with higher vapor pressure may be either evaporated
directly with less damage to the specimen or it may be replaced
with liquid carbon dioxide which then evaporates in conditions
around its phase transition critical point (where gas and liquid
densities are equal, removing the damaging surface tension - so-
called critical point drying). For imaging, the specimen may then
be coated with a thin layer of metal (such as gold, platinum,
palladium or their mixtures) which provides both better
secondary electron emission and electrical conductance, or
with a layer of powdered carbon (graphite) which only
increases conductance. Another useful metal with unique
properties is osmium – its tetroxide is an efficient fixative due
to the ability to bind lipids (see the chapter on fixation), coating
with osmium itself provides conductivity, and both treatments
strongly increase contrast due to efficient secondary
electron generation.

Apart from standard SEM, other electron microscopy
techniques have been used to image aquatic crustaceans,
including deep-sea Peracarida. Environmental SEM (ESEM) is
a variation of SEM where differential pumping and pressure-
limiting apertures allow the placement of the specimen in a
gaseous environment. While this still requires a low-pressure
environment, water vapor pressure may be kept at saturation
levels, allowing the imaging of water-containing (non-
dehydrated) specimens (Drumm, 2005). This is of high
importance for potential taxonomic usage as imaging is thus
non-destructive and the specimen may be re-used in studies
using other methods (however, the pressures used in ESEM are
usually low enough to cause the sample to freeze, and the freeze-
thaw cycle may break up longer DNA molecules, so the sample
may be no longer ideal for e.g. nanopore sequencing). The
gaseous environment requires low electron beam energies and
specialized detectors, which has both practical advantages (most
importantly there is no need to coat the sample in conductive
material as there is no static electricity build-up, confirming the
non-destructive characteristics of this methodology) and
disadvantages (the depth of field is severely limited, making
low magnification imaging of large specimens difficult). While
for terrestrial arthropods, this has allowed the imaging of even
live individuals, the applicability of ESEM for aquatic animals is
less apparent due to imaging artifacts from liquid droplets at fine
structures, but the technological advances in recent years will
probably remove this impediment. While SEM is usually used to
image the specimen surface, it can be modified for three-
dimensional imaging of deeper tissue layers, which is of special
interest for crustacean taxonomists as it allows to recreate high-
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resolution images of small appendages with complex structure
(e.g. mouthparts). One such modification is serial block-face
SEM (SBF-SEM) where the animal is stained with heavy metals
(osmium, gold, uranium or lead), embedded in a block of epoxy
resin and placed in the imaging chamber of a SEM microscope.
The top layers of the block are subsequently serially removed
with an ultramicrotome which is contained within the imaging
chamber itself, and SEM images of the surface at each cutting
depth are combined into a 3D image (Kaji et al., 2016).
Alternatively, top layers of biological material (e.g. exoskeleton)
may be removed by so-called ion beam milling (abrasion by
bombardment with a focused stream of high-energy ions) in a
technique called focused ion beam SEM (FIB-SEM) (Haug et al.,
2011a). The advantage of FIB-SEM in comparison to SBF-SEM is
that location of in-depth imaging is determined by the
researcher, the 3D image resolution is uniform in all
dimensions and the sample does not require embedding, while
SBF-SEM is significantly faster (and having the resolution in the
vertical dimension limited by the thickness of ultramicrotome
slice is usually not a problem for taxonomically relevant features
of crustacean bodies). Finally, traditional transmission electron
microscopy (TEM), which involves preparing ultra-thin slices of
the sample and treating them with heavy metal stains or probes,
has also been applied in proof-of-concept studies to image the
fine structure of tissue of some peracarids, but its applicability in
taxonomy is not related to morphological studies, but limited to
determination of differences in molecular composition of
proteins, e.g. by immunogold staining, or carbohydrates, e.g.
by lectin-gold staining (this potential has not yet been practically
applied for taxonomic purposes in Peracarida).

3.2.3 X-Ray Microtomography
Computed tomography refers to any technique that allows three-
dimensional imaging of internal structure by techniques that do
not require physical dissection/slicing of the specimen (such as
magnetic resonance imaging or positron emission tomography).
However, in practical usage in zoology, this term (and the
subordinate term microcomputed tomography, or µCT, when
applied to microscopic objects) is understood exclusively as
applying to imaging via X-ray illumination and multi-point
detection of transmitted and scattered X-rays (more properly
known as X-ray tomography). The principle is the three-
dimensional analogue of standard medical X-ray imaging of
tissue, with pixel size in the micrometric range. This allows the
non-destructive imaging of internal structure of zoological
specimens and has become one of mainstays of morphology
studies of deep-sea crustaceans for taxonomic purposes
(Gutiérrez et al., 2018) and specially for treatment of fossil
records (Jauvion et al, 2016; Jauvion, 2020; see Figure 3S).
Specimen preparation is simple: while the samples may be
unfixed (e.g. flash-frozen), it is usual to use specimens fixed in
the standard manner (since µCT allows for subsequent use of the
same specimen in any other analysis or imaging protocol). Both
ethanol and formaldehyde fixatives work fine, with some studies
recommending the use of acidic coagulants (in the form of
Bouin’s fixative) to yield higher image contrast (this is,
however, not necessary for crustacean taxonomy in most cases,
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as the inherent contrast between soft and hard tissue is sufficient
anyway) (Wirkner and Richter, 2004). Image quality may be
enhanced by stains (in this technique idiosyncratically called
“contrast agents”), with the most common ones (providing
superior X-ray scattering capabilities) containing atoms of
iodine (e.g. Lugol’s solution) or osmium (e.g. osmium
tetroxide) (Grams and Richter, 2021). This staining helps
especially to differentiate between soft tissues with different fat
content, but it has not hitherto been shown to be important for
crustacean taxonomy, with enough endogenous contrast present
in virtually all cases. While the specimens do not need to be dry
for imaging itself to be successful, the lengthy scanning process
often leads to spontaneous evaporation (air-drying) and
consequential morphological artifacts, which makes many
researchers opt for specimen dehydration (usually by critical
point drying) before µCT imaging. It must be reminded that this
makes the sample unsuitable for some potential downstream
analysis, including some optical microscopy methods (e.g.
immunofluorescence) or nucleic acid isolation for long-chain
sequencing. In some studies where precise discrimination
between small internal features was necessary (e.g. in
neuroanatomy of arthropods), higher energies of X-ray
illumination (derived from a large device known as a
synchrotron) have been used (Betz et al., 2007). However, for
taxonomically important morphological features laboratory-
scale µCT (which uses fully shielded bench-size X-ray sources)
is fully sufficient. The main advantages of µCT for imaging
morphological features of deep-sea Peracarida is the non-
destructive character of imaging (thus, it can be used even for
the most valuable type samples), the ease of sample preparation
and the isomorphic resolution of three-dimensional images
(allowing reliable measurement of spatial features).
Disadvantages are limited to low access to relevant equipment
in some academic centers (although this is currently changing
with increasing affordability of µCT equipment) and lack of
obvious links between physico-chemical composition of
biological tissues and structures and contrast features of the
image (which is , however , usua l ly not important
for taxonomists).

3.3 Species Descriptions
The naming of species according to defined standards serves to
link new information with existing knowledge. The purpose of
formal species descriptions is therefore to show how a species is
characterized, how it differs from other known species, and
ultimately to make the name available for biogeographical,
conservational, or phylogenetic studies amongst others. In the
past, species descriptions consisted only of the name and
diagnosis of the most important segregating features, later
detailed descriptions followed, which are extensive, time
consuming and (arguably) not necessary (Riedel et al., 2013;
Renner, 2016).

A detailed morphological description clearly contradicts
ongoing efforts to accelerate taxonomic work. New
methodologies and integrative approaches also do not
contribute much to the goal of making taxonomy faster, on the
contrary, they tend to increase complexity. This is also due to the
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fact that with increasing use of molecular tools in taxonomy,
often more (new) species are discovered than being described
(Pante et al., 2015), a condition that is also observed in studies of
deep-sea peracarids (Jennings et al., 2018; Brix et al., 2020; Kaiser
et al., 2021; Mohrbeck et al., 2021). Reasons for this gap are
manifold: for instance, definitive (morphological and molecular)
evidence of a new species is absent, the authors lack taxonomic
expertise or there is not enough time to describe all the species in
the duration of a (post doc) project (Pante et al., 2015; Brix et al.,
2020; Malyutina et al., 2020; Kaiser et al., 2021).

From a peracarid study point of view, there arguably has hardly
been any progress in deviating from the so-called taxonomic
impediment, i.e. the description of the many, especially small-
sized taxa by declining number of taxonomists (Convention on
Biological Diversity [CBD], 2010; Mora et al., 2011; Coleman, 2015;
Engel et al., 2021). Over the past decades, novel tools have been
introduced to put taxonomy into the fast lane, from automated
species descriptions (e.g., using DELTA - DEscriptive Language for
TAxonomy, Dallwitz et al., 2000), turbo- (Riedel et al., 2013) and
cybertaxonomy (Zhang, 2008), to descriptions based exclusively on
DNA sequences as diagnostic characters (Jörger and Schrödl, 2013).
Turbotaxonomy, for example, describes the approach of linking
molecular sequences, morphological descriptions, and high-
resolution digital imaging to enable the rapid formal description
of a relatively large number of new species (Riedel et al., 2013).
While the appropriateness of some new approaches is certainly
controversial (e.g., DNA sequences as diagnostic characters, Meier
et al., 2022), so far only a few of the modern endeavors mentioned
above have been translated into the description of new deep-sea
peracarid species (e.g., Lowry and Myers, 2012; Sittrop et al., 2015).

The task of describing all peracarid species from the deep sea
is enormous. Hundreds of species are already known within the
Peracarida from there, especially within the Isopoda and
Tanaidacea (Brandt et al., 2012; Błażewicz-Paszkowycz et al.,
2012). Yet, the number of undescribed species is probably much
larger, although robust estimates are scarce (Wilson, 2017). From
the central abyssal Pacific, for example, 187 and 98 supposedly
new species within Isopoda and Tanaidacea, respectively, could
be identified from a single sample campaign (Błażewicz et al.,
2019; Brix et al., 2020). Add to this, the need of taxonomic
revisions and redescriptions of earlier works, which is crucial, but
also leads to a step backwards in the description and assessment
of deep-sea peracarid biodiversity (Brandt et al., 2012).

For the hypothetical case that around 10,000 deep-sea species
within the Isopoda and Tanaidacea still have to be described,
existing taxonomists would need around 1,000-2,500 years with a
current average rate of 4–9 descriptions per year (Figure 4).
However, this also requires that sufficient taxonomic expertise
remains available and that its number do not decrease any
further. Therefore, taxonomic intercalibration exercises in the
form of the exchange of sketches and informal taxonomic
information were encouraged in order to compare undescribed
biodiversity between different regions (International Seabed
Authority ISA, 2020; Lins et al., 2021; Washburn et al., 2021).
Furthermore, lengthy morphometric investigations and
descriptions of new species have already been replaced by
proteomic profiles (Yeom et al., 2021). In addition, molecular
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methods such as e-DNA metabarcoding approaches are
propagated, which record biodiversity in a certain area by
circumventing formal species descriptions (Dell’Anno et al.,
2015; Pawlowski et al., 2018).

Despite the urgency to describe deep-sea fauna in the wake
of augmented human impacts, we believe that species should
still be formally named and described. Furthermore,
descriptions should adhere to common standards, such as
according to the Internat ional Code of Zoological
Nomenclature (ICZN). Species descriptions take time to be
accurate and robust, but they could become standardized and
more automated (e.g., using programs such as DELTA or
MANTIS; Dallwitz et al., 2000; Naskrecki, 2008; Brown,
2013). In addition, experts for a specific group could agree on
the lowest common denominator of diagnostic features
necessary for the delineation and identification of species,
while supplementary microscopic images (such as CLSM see
above) provide further taxonomically important information,
as well as biogeography, environmental parameters, or DNA
barcoding. Overall, we agree with Glover et al. (2018) that only
through a comprehensive study of deep-sea species can we gain
a better understanding of their function and value for the for
deep-sea ecosystems.
FIGURE 4 | Rate of deep-sea species descriptions within Isopoda (top) and
Tanaidacea (below); the line indicates the cumulative number of species
(corresponding left y-axis), and the scatter plot indicates the actual number of
species described (right y-axis) per year. The average description rate in the
last ten years was ~4 and 9 species for tanaidaceans and isopods
respectively. Data retrieved from WoRDSS (Glover et al., 2021) and updated
through WoRMS (WoRMS Editorial Board, 2021). According to WoRDSS
(Glover et al., 2021) only species described from below 500 m are included.
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4 DISCUSSION

Undoubtedly, peracarids are an integral part of deep-sea benthic
ecosystems (Hessler and Wilson, 1983; Błażewicz-Paszkowycz
et al., 2012; Frutos et al., 2017a). Within the particularly species-
rich groups, isopods and tanaidaceans, so far around 2,000
species have been described (Figure 4), and that should be
only a fraction of what is actually present. While well-
established traditional methods are often still in use to describe
and classify deep-sea Peracarida, new methodologies, notably
molecular and microscopic imaging tools, have taken their
taxonomic analysis to a new (integrative) level. Specifically,
these methods have helped solve some common issues in
peracarid taxonomy, including, but not limited to, the
delineation of morphologically the same or similar species
(Havermans et al., 2013; Brandt et al., 2014; Brix et al., 2015;
Jakiel et al., 2020; Kaiser et al., 2021), those with strong sexual or
ontogenetic dimorphism (Riehl et al., 2012; Błażewicz-
Paszkowycz et al., 2014; Riehl and Kühn, 2020), polymorphism
(Larsen, 2001) or incomplete, damaged specimens (Kaiser et al.,
2018). The latter is more the rule than the exception. In
particular, fragile peracarid crustaceans are damaged when
taking samples from greater depths or during sample
processing. In addition, fixatives, especially ethanol, although
the latter being still first choice, also make the specimens brittle,
so they tend to lose their legs or antennae (even if the latter may
be mitigated by using small amounts of glycerol (Wilson and
Humphrey, 2020). The ability to identify damaged specimens is
therefore certainly an advantage of molecular methods over
traditional morphological identification (Mohrbeck et al., 2015).

While the methodologies considered here are focused on
deep-sea peracarids, they can be applied, in the same way, to
the study of other benthic small-sized crustaceans, i.e. ostracods
and copepods. With special requirements for efficient sampling
(<300 mm mesh-size nets or multi-corer; see Narayanaswamy
et al., 2016), the identification of specimens of meiofaunal
harpacticoid copepods often demands the dissection of their
smallest appendages (Kihara and Martinez Arbizu, 2012; Rossel
and Martıńez Arbizu, 2018). They are studied in a similar
workflow using modern imaging tools under an integrative
approach for species identification (Easton and Thistle, 2016;
Khodami et al., 2020), however, special techniques adapted to
their tiny size (i.e. mass spectrometry) are also suitable for their
identification (Rossel and Martıńez Arbizu, 2018; Rossel and
Martinez Arbizu, 2019).

Overall, the introduction of new taxonomic methods for
application to deep-sea specimens seems to be delayed
compared to those in shallow waters or on land. ‘Omic’
approaches, for instance, are increasingly being utilized for
classification and identification of species (Bourlat et al., 2013;
Raupach et al., 2016; Rossel and Martinez Arbizu, 2019). Whole-
genome data, that are already used to separate prokaryote strains,
may also be applied to eukaryote taxonomy in the future
(Raupach et al., 2016). Yet, in the marine realm and even more
so in the deep sea, the application of genomics is still in its
infancy. In recent years, genomes have been published for a
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number of marine species (Wilson et al., 2005; Ritchie et al.,
2017; Li et al., 2019), here in particular for amphipods, but also
genomes from a number of tanaidacean species have been now
analyzed (Kakui and Kano, 2021). For deep-sea isopods and
tanaidaceans this is still pending though. Another promising
approach is proteomic fingerprinting, which has already been
used successfully in the identification of deep-sea isopods
(Paulus et al., 2021; Kürzel et al., 2022). The advantages are the
faster and cheaper application of proteomics, for example
compared to the molecular genetic approach. Yet, it requires a
library of protein mass spectra and, overall, the technology is not
yet mature enough to reliably delineate species from an unknown
deep-sea sample from one another and thus needs further
evaluation (Kürzel et al., 2022).

The ‘hesitation’ in testing new methods is probably partly due
to the challenges of deep-sea sampling itself, as fauna densities
are typically low especially at greater depths (Frutos and Sorbe,
2014; Wilson, 2017; Malyutina et al., 2018) and therefore the
number of organisms usually needed for any kind of molecular
analysis may not be achieved. In addition, most deep-sea
peracarids, with the exception of a few giant isopods and
amphipods, are small, and often only a few millimetres in size,
which makes it difficult to extract DNA from these specimens
while keeping a whole animal as a voucher. Finally, many of
these methods come at a price, require special facilities and
equipment as well as expertise (e.g. Pinu et al., 2019, but see Le
et al., 2021). Yet, there is no question that now is the time to look
more closely than ever before into describing deep-sea
biodiversity, which also means to delve deeper into these new
approaches, but also to critically evaluate those that have been
applied so far (e.g. with respect to long-term preservation of
samples and slides, Table 4). The deep-sea environment could be
used to a greater extent for its resources in the future and is
already affected by deep-sea fisheries (e.g. Clark et al., 2016),
environmental pollution (Chiba et al., 2018) and climate change
(Sweetman et al., 2017). So, time is of the essence to describe
more species rather quickly in order to better understand these
impacts and their consequences for deep-sea ecosystems.

Despite all the advances, taxonomy has probably never been
as challenging as it is today. It starts with the fact that the
importance of taxonomic research is not recognized and in turn
not well promoted or funded (e.g. Wägele et al., 2011; Saunders,
2020; Britz et al., 2020). In part, this is because the quality of
scientific progress is measured by the Impact Factor of journals,
with taxonomic journals often falling behind (Wägele et al.,
2011). Chairs with a purely taxonomic focus have become a
rarity, and taxonomy has become often only a sub-area of
otherwise molecular or ecological subjects (e.g., Lester et al.,
2014). Since taxonomic research appears to have no future, only
a few young scientists can get enthusiastic about the topic, and
there is already a shortage of well-trained taxonomists evident
today. This taxonomic impediment mentioned above, in which a
decreasing number of taxonomists are faced with a high
undescribed diversity, is also noticeable among (deep-sea)
peracarid taxonomists (Błażewicz-Paszkowycz et al., 2012).
Within the last ten years there have been seven and 16 active
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taxonomists (only first authors counted), who have described
deep-sea species within the Tanaidacea and Isopoda,
respectively, but only few of them holding a permanent
position (Glover et al., 2021). For amphipods, Coleman (2015)
counted nine active taxonomists, although these include the
entire diversity of this speciose group - from freshwater to
marine. Yet, with regard to the methods and techniques
presented in this review, we show how diverse and demanding
the taxonomic work is, which not only includes the time-
consuming work of describing new species, but often also
dealing with unsolved phylogenetic histories including species’
redescription and assessment of museum’s type material. Among
other things, this not only requires a taxonomist to have
profound theoretical knowledge of species concepts and
phylogenetic analytical methods but also methodical skills, for
example in the application of various microscopy techniques or
imaging processes as well as relevant molecular methods, while at
the same time having to keep up with the pace of how the latter
are developing.

It is not a new topic that taxonomic work is highly
underrated, and at the same time it is not an individual
problem that taxonomists do not get recognition for their
work, but that is placed in a broader context and ultimately
linked to how society values biodiversity and nature. In our
opinion, this is exactly where we have to start, namely to convey
taxonomic research and thus the diversity of life to other
scientists, but also the wider public. New methods can play a
special role here, because the application of the new imaging
processes opens up a new world not only to taxonomists, but also
to other scientists. SEM let us recognize surfaces that were
previously invisible and provides information about the
hardness of the tegument; CLSM or computed tomography
help to recognize internal structures and thus contribute to the
understanding of the functional morphology, embryology or
even to the recognition of the material quality that defines the
respective structures. All of this not only gives us the opportunity
to learn what type of animal we are seeing, but also how it is
constructed and how it functions. Thus, these new techniques
(including imaging), which are primarily geared towards
taxonomy, are an important link to other sciences thus making
taxonomy a highly integrative field of science. For laypeople, of
course, this only plays a subordinate role; instead, ethical and
aesthetic reasons to value or reject something are often in the
foreground (cf. Jamieson et al., 2021). Analogous to Haeckel’s
drawings, the art factor (microscopic images) could be used to
reach the public and convince them of the beauty of deep-sea life,
and thus also to raise their awareness of how biodiverse the deep
sea is and that this diversity is threatened.
5 CONCLUSIONS

Learning more about the deep sea and its inhabitants is an
urgent need, and taxonomy will play an important role in this
Frontiers in Marine Science | www.frontiersin.org 22281
endeavor. Therefore, changes must be addressed here too, in
order to describe deep-sea species and thus biodiversity more
quickly and at the same time to ensure high-quality taxonomic
work. Although great advances have been made in microscopy
and imaging tools, it has been shown that relying on
morphology alone to describe species poses a number of
pitfalls. Therefore, integrative taxonomy in describing deep-
sea species is the way forward, as it provides multiple lines of
evidence to reliably differentiate species from one another. So,
whenever possible, both morphological and molecular (if
fixation allows), as well as possibly a description of the
environment among others should be sought when describing
species. In this paper we have also discussed a number of
methods that have not yet or only rarely been so far used in
peracarid taxonomy, but that may become more important in
the future. Here, particular mention should be made of (non-
destructive) microscopic techniques such as CLSM, ESEM or
µCT or ‘omic’ approaches including genomics and proteomics.
Above all, however, taxonomic work is to be recognized as what
it is, i.e. a multidisciplinary science that makes an essential part
of research into deep-sea biodiversity and thus a significant
contribution to its conservation.
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Melzer, R. R., Spitzner, F., Šargač, Z., Hörnig, M. K., Krieger, J., Haug, C., et al.
(2021). Methods to Study Organogenesis in Decapod Crustacean Larvae II:
Analysing Cells and Tissues. Helgol. Mar. Res. 75, 2. doi: 10.1186/s10152-021-
00547-y

Menzel, L. (2011). First Descriptions of Copepodid Stages, Sexual Dimorphism
and Intraspecific Variability of Mesocletodes Sars 1909 (Copepoda,
Harpacticoida, Argestidae), Including the Description of a New Species
With Broad Abyssal Distribution. ZooKeys 96, 39–80. doi: 10.3897/
zookeys.96.1496

Michels, J. (2007). Confocal Laser Scanning Microscopy: Using Cuticular
Autofluorescence for High Resolution Morphological Imaging in Small
Crustaceans. J . Microsc. Oxford 227, 1–7. doi: 10.1111/j .1365-
2818.2007.01787.x
June 2022 | Volume 9 | Article 799191

https://doi.org/10.3389/fmars.2021.795196
https://doi.org/10.1046/j.1365-2699.2003.00843.x
https://doi.org/10.1371/journal.pone.0203107
https://doi.org/10.1371/journal.pone.0203107
https://doi.org/10.3389/fmars.2017.00083
https://doi.org/10.1111/j.1096-3642.2001.tb02241.x
https://doi.org/10.1111/j.1365-3113.2008.00451.x
https://doi.org/10.1111/j.1365-3113.2008.00451.x
https://doi.org/10.1002/ieam.4466
https://doi.org/10.1080/00779962.2014.861789
https://doi.org/10.1093/sysbio/syr030
https://doi.org/10.1016/j.pocean.2020.102273
https://doi.org/10.1002/lom3.10448
https://doi.org/10.1016/j.ijbiomac.2019.09.050
https://doi.org/10.3897/zookeys.1031.62391
https://doi.org/10.11646/zootaxa.3546.1.6
https://doi.org/10.1098/rspb.2019.1863
https://doi.org/10.1126/sciadv.abj5689
https://doi.org/10.1186/s40851-020-00161-9
https://doi.org/10.1016/j.dsr2.2013.08.017
https://doi.org/10.3791/59161
https://doi.org/10.1016/j.dsr2.2017.11.003
https://doi.org/10.1007/s12526-020-01061-z
https://doi.org/10.3897/rio.3.e14850
https://doi.org/10.7717/peerj.10799
https://doi.org/10.1163/1937240X-00002436
https://doi.org/10.1007/s12526-016-0627-6
https://doi.org/10.1139/z93-244
https://doi.org/10.1651/S-2756.1
https://doi.org/10.1038/357278a0
https://doi.org/10.1038/357278a0
https://doi.org/10.1144/jm.9.2.172
https://doi.org/10.1163/1937240X-00002192
https://doi.org/10.1163/1937240X-00002192
https://doi.org/10.1111/zoj.12468
https://doi.org/10.1111/cla.12489
https://doi.org/10.1186/s10152-021-00547-y
https://doi.org/10.1186/s10152-021-00547-y
https://doi.org/10.3897/zookeys.96.1496
https://doi.org/10.3897/zookeys.96.1496
https://doi.org/10.1111/j.1365-2818.2007.01787.x
https://doi.org/10.1111/j.1365-2818.2007.01787.x
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Frutos et al. Advances in Deep-Sea Peracarida Taxonomy
Michels, J., and Büntzow, M. (2010). Assessment of Congo Red as a
Fluorescence Marker for the Exoskeleton of Small Crustaceans and the
Cuticle of Polychaetes. J. Microsc. 238 (2), 95–101. doi: 10.1111/j.1365-
2818.2009.03360.x
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Mrak, P., Žnidarsǐč, N., Tusěk-Žnidarič, M., Klepal, W., Gruber, D., and Strus, J.
(2012). Egg Envelopes and Cuticle Renewal in Porcellio Embryos and
Marsupial Mancas. ZooKeys 176, 55–72. doi: 10.3897/zookeys.176.2418

Murray, J., and Renard, A. F. (1891). Report on Deep-Sea Deposits Based on the
Specimens Collected During the Voyage of HMS Challenger in the Years 1872 to
1876 (HM Stationery Office).

Nagler, C., and Haug, J. T. (2016). Functional Morphology of Parasitic Isopods:
Understanding Morphological Adaptations of Attachment and Feeding
Structures in Nerocila as a Pre-Requisite for Reconstructing the Evolution of
Cymothoidae. PeerJ 4, e2188. doi: 10.7717/peerj.2188
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