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Abstract

There is a growing interest in the exploitation of deep-sea mineral deposits, particularly on the abyssal
seafloor of the central Pacific Clarion-Clipperton Zone (CCZ), which is rich in polymetallic nodules. In
order to effectively manage potential exploitation activities, a thorough understanding of the biodiversity,
community structure, species ranges, connectivity, and ecosystem functions across a range of scales is
needed. The benthic megafauna plays an important role in the functioning of deep-sea ecosystems and
represents an important component of the biodiversity. While megafaunal surveys using video and still
images have provided insight into CCZ biodiversity, the collection of faunal samples is needed to confirm
species identifications to accurately estimate species richness and species ranges, but faunal collections
are very rarely carried out. Using a Remotely Operated Vehicle, 55 specimens of benthic megafauna were

Copyright Guadalupe Bribiesca-Contreras et al. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.


mailto:l.bribiesca-contreras@nhm.ac.uk
http://zoobank.org/F503CB11-01EF-40D8-998C-135E8E8E44CE
https://doi.org/10.3897/zookeys.1113.82172
https://zookeys.pensoft.net
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

2 Guadalupe Bribiesca-Contreras et al. / ZooKeys 1113: 1-110 (2022)

collected from seamounts and abyssal plains in three Areas of Particular Environmental Interest (APEI 1,
APEI 4, and APEI 7) at 3100-5100 m depth in the western CCZ. Using both morphological and molecu-
lar evidence, 48 different morphotypes belonging to five phyla were found, only nine referrable to known
species, and 39 species potentially new to science. This work highlights the need for detailed taxonomic
studies incorporating genetic data, not only within the CCZ, but in other bathyal, abyssal, and hadal re-
gions, as representative genetic reference libraries that could facilitate the generation of species inventories.
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Introduction

The Clarion-Clipperton Zone (CCZ) in the central abyssal Pacific has become of
great interest for deep-sea mineral extraction. This large area of abyssal seafloor, ap-
proximately 6 million km? (Wedding et al. 2013), has the largest concentrations of
high-grade polymetallic nodules, representing a vast source of commercially valuable
metals such as nickel, copper, and cobalt, many of which are currently used in high-
tech and green industries (Hein et al. 2020). Although new technological advances are
taking deep-sea mining closer to reality, the impacts of mining activities on deep-sea
ecosystems remain of concern and are still poorly understood (Jones et al. 2017). To
date, the International Seabed Authority (ISA), which governs seabed mining in this
area, has granted 17 exploration contracts to permit baseline surveys and resource as-
sessment (but not commercial mining) in the CCZ, and has adopted an environmen-
tal management plan establishing 13 areas where exploitation is currently prohibited
(called Areas of Particular Environmental Interest, or APEIs) (Smith et al. 2021). Four
of these were recently implemented, but the representativity of the APEI network still
needs to be assessed.

During the last few decades, there has been a dramatic increase in the scientific
exploration of the CCZ, but our knowledge of the faunal communities associated with
nodule fields is still limited, and taxonomic records for the area are scarce (Glover et
al. 2018). Although the CCZ was first explored in 1875 by the H.M.S. Challenger
(Thomson and Murray 1885), relatively little taxonomic work has been carried out
in this vast area and hence very little biogeographic information is available (Simon-
Lled$ et al. 2020). This is particularly problematic as such information is critical to
characterise the biodiversity, biogeographic ranges, and connectivity patterns across
the entire CCZ in order to make better predictions about the potential impacts of
deep-sea mining. In addition, the APEIs designated to preserve regional biodiversity
are severely understudied (Glover et al. 2016a; International Seabed Authority 2020;
Jones et al. 2021).

The CCZ abyssal seafloor is rich in topographic features such as hills, troughs,
fracture zones, and seamounts (Kaiser et al. 2017). It encompasses many habitats with
a range of different environmental conditions such as depth, nodule coverage, sedi-
ment composition, bathymetric relief, flow intensification on seamounts, and particu-
late organic carbon (POC) flux (Wedding et al. 2013; International Seabed Authority
2020; McQuaid et al. 2020; Washburn et al. 2021b). Benthic assemblages have been
found to change across the CCZ (Wilson 2017; Bonifdcio et al. 2020; Simon-Lled¢ et
al. 2020), with POC flux influencing regional megafaunal community patterns, and
local environmental factors (i.e., nodule coverage) and bathymetric features having
an effect at local scales (Amon et al. 2016; Simon-Lledé et al. 2019¢c). Seamounts are
abundant in the CCZ, most commonly in the eastern and western ends of the area,
with elevations of > 1000 m above the plain, and are a major source of hard-substrate
habitat (Wedding et al. 2013). Even though seamounts were hypothesised to provide
a potential refugia and to be larval sources of nodule-associated fauna that could aid
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in recolonising nodule fields, of similar depths, disturbed by mining activities, a recent
study suggested that the seamounts sampled in the CCZ appear inadequate as refuge
areas (Cuvelier et al. 2020). Nonetheless, the biodiversity of the CCZ seamounts re-
mains largely unknown, with only few having been explored on the eastern (Cuvelier
et al. 20205 Jones et al. 2021) and western (Durden et al. 2021) margins.

Large benthic organisms (benthic megafauna) have been prioritised for monitor-
ing deep-sea ecosystems because they can be studied from seabed imagery (Dano-
varo et al. 2020), provide inferences on trophic interactions, ecosystem functioning
(Rex and Etter 2010), and processes of disturbances (Jones et al. 2017) and recovery
(Simon-Lledé et al. 2019a). In the CCZ, megafaunal benthic assemblages have been
studied almost exclusively from video and still images (e.g., Amon et al. 2016; Simon-
Lledé et al. 2019c¢, 2020; Cuvelier et al. 2020; Durden et al. 2021). While these studies
have vastly increased our understanding of biodiversity and community structure, un-
certainty remains as to the identity of operational taxonomic units (unique identifiers
for different morphospecies) recognised in imaged-based survey, and whether they are
conspecific with other known species from elsewhere in the deep sea. It is thus criti-
cal to complement spatial/temporal analyses with detailed morphological and DNA-
sequence analyses of collected specimens (Amon et al. 2016, 2017b).

The DeepCCZ project was conceived to increase our understanding of faunal as-
semblages and biodiversity in the western CCZ, targeting both unexplored seamounts
and APEIs. Here, we provide the first taxonomic synthesis of western CCZ megafauna,
which is also the largest megafaunal faunistic study from anywhere in the CCZ based
on collected specimens. We provide morphological descriptions, genetic data, and
high-resolution imagery for all megafauna specimens collected, including specimens
from both the abyssal plains and seamount habitats. It complements similar studies
of the high diversity of megafaunal xenophyophores (Gooday et al. 2020a, b), and
imagery-based community analysis of the megafauna in this area (Durden et al. 2021).

Materials and methods

The DeepCCZ expedition, aboard the RV Kilo Moana, from 14 May to 16 June 2018,
surveyed seamounts and abyssal plains in three Areas of Particular Environmental
Interest (APEIs 1, 4, and 7) located in the western Clarion-Clipperton Zone (CCZ;
Fig. 1). All material presented here was collected during this expedition using the
Remotely Operated Vehicle (ROV) Lu’ukai, and specimens were processed following
the DNA taxonomy pipeline described in Glover et al. (2015).

Data resources

Sequences generated for this study have been deposited on GenBank: ON400681—
ON400730 (COI), ON406602-ON406622 (16S), ON406623-ON406643 (18S),
ON406596-ON406601 (28S), and ON411254-ON411256 (ALG11).


http://www.ncbi.nlm.nih.gov/nuccore/ON400681
http://www.ncbi.nlm.nih.gov/nuccore/ON400730
http://www.ncbi.nlm.nih.gov/nuccore/ON406602
http://www.ncbi.nlm.nih.gov/nuccore/ON406622
http://www.ncbi.nlm.nih.gov/nuccore/ON406623
http://www.ncbi.nlm.nih.gov/nuccore/ON406643
http://www.ncbi.nlm.nih.gov/nuccore/ON406596
http://www.ncbi.nlm.nih.gov/nuccore/ON406601
http://www.ncbi.nlm.nih.gov/nuccore/ON411254
http://www.ncbi.nlm.nih.gov/nuccore/ON411256
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Figure 1. Map of the Clarion-Clipperton Zone (top left) indicating the nine Areas of Particular
Environmental Interest (APEIs) in red, exploration areas in green, and reserved areas in orange.
Shapefiles were sourced from https://www.naturalearthdata.com/downloads/10m-physical-vectors/10m-
bathymetry/, and https://www.isa.org.jm/minerals/maps. Detailed maps of the study areas: APEIs 1
(top right), 4 (bottom left), and 7 (bottom right) show bathymetry from satellite values for the entire
APEI, and multibeam values obtained during the DeepCCZ expedition. Sites, and specific geoform,
where megafauna samples were collected are indicated as yellow stars in abyssal plains, green triangles in
seamounts, and pink hexagons in seamount slopes.

Sampling

Specimens were selected from across as many taxonomic groups as possible, with du-
plicates of similar morphotypes avoided; thus, the aim was to increase our understand-
ing of megafaunal diversity. A total of 55 specimens were collected during different
dives in three APEIs and three different geoforms (abyssal plain, seamount, and sea-
mount slope), 14 specimens were collected from abyssal seafloor in APEI 1; 13 from
abyssal seafloor, two from the seamount slope and six from a seamount in APEI 4; and
nine from abyssal seafloor and 11 from a seamount in APEI 7 (Fig. 1). In situ photo-
graphs and/or video frame grabs of each specimen were captured, with parallel lasers
for scale at 15 cm spacing. Megafaunal specimens were collected with the manipula-
tor (‘Orion’), suction sampler, or push cores, depending on the characteristics of each
specimen in order to best preserve morphological characters. Specimens collected with
the manipulator were placed into the biobox receptacle, while those collected with the
suction sampler were stored in a suction box. Collection data were recorded at the time


https://www.naturalearthdata.com/downloads/10m-physical-vectors/10m-bathymetry/
https://www.naturalearthdata.com/downloads/10m-physical-vectors/10m-bathymetry/
https://www.isa.org.jm/minerals/maps
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of capture (e.g., date and time, ROV latitude/longitude, seabed water depth, ROV
waypoint name).

After ROV recovery, specimens were transferred and maintained in cold (2—4 °C),
filtered seawater until processed. Following Glover et al. (2015), all specimens were
photographed, given a preliminary identification and assigned a unique voucher code
(e.g., CCZ_020). A tissue sample was taken from each specimen for downstream mo-
lecular analyses, and stored in 95% non-denatured ethanol at -20 °C. Specimens were
fixed in 10% borax-buffered formalin and transferred to 70% non-denatured ethanol
after 48 h, except for sponges, which were kept frozen at -80 °C. After the expedi-
tion, specimens and tissue sub-samples were sent to the University of Hawai'i Manoa.
Specimens were archived at the Natural History Museum, London (NHMUK), and
the Western Australian Museum (WAM), following taxonomic inspection.

DNA extraction, amplification, and sequencing

DNA extraction was performed using the DNeasy Blood and Tissue Kit (Qiagen). The
barcode gene cytochrome oxidase I (COI) was the main target because this gene has
been used in previous studies on megafauna in the CCZ (e.g., Dahlgren et al. 2016;
Glover et al. 2016b). Additional markers for specific taxa (16S, 18S, 28S, and ALG11)
were amplified when either COI amplification was unsuccessful or to improve identi-
fication or phylogenetic inference. The PCR mix for each reaction contained 10.5 pl
of Red Taqg DNA Polymerase 1.1X MasterMix (VWR), 0.5 pl of each primer (10 uM),
and 1 pl of DNA template. PCR protocols and primers used for COI, 16S, and 18S
were following Glover et al. (2016b) and Dahlgren et al. (2016), and Hestetun et al.
(2016) for ALG11 and 28S. The PCR products were purified and sequenced at the
NHM Sequencing Facilities using a Millipore Multiscreen 96-well PCR Purification
System and ABI 3730XL DNA Analyser (Applied Biosystems), respectively. Sequenc-
ing primers used were the same as those for the PCR reactions, with the addition of
internal primers for 18S and only using primers from the second PCR for the ALG11
gene. DNA sequences were analysed using Geneious 7.0.6 (https://www.geneious.
com), with contigs assembled from both forward and reverse sequences and ambiguous
base calls corrected manually. DNA sequences generated in this study were submitted
to GenBank, with accession numbers ON400681-ON400730 for COI, ON406602—
ON406622 for 16S, ON406623-ON406643 for 18S, ON406596-ON406601 for
28S, and ON411254-ON411256 for ALG11.

Phylogenetic assignments

Phylogenetic relationships of the western CCZ megafauna were explored by estimating
phylogenetic trees for all taxa at different taxonomic levels: phylum Annelida: family
Aphroditidae; phylum Arthropoda: order Scalpellomorpha; phylum Cnidaria:
order Actiniaria, subclass Ceriantharia, subclass Octocorallia, and class Scyphozoa;
phylum Echinodermata: class Asteroidea, class Crinoidea, class Echinoidea, class


https://www.geneious.com
https://www.geneious.com
http://www.ncbi.nlm.nih.gov/nuccore/ON400681
http://www.ncbi.nlm.nih.gov/nuccore/ON400730
http://www.ncbi.nlm.nih.gov/nuccore/ON406602
http://www.ncbi.nlm.nih.gov/nuccore/ON406622
http://www.ncbi.nlm.nih.gov/nuccore/ON406623
http://www.ncbi.nlm.nih.gov/nuccore/ON406643
http://www.ncbi.nlm.nih.gov/nuccore/ON406596
http://www.ncbi.nlm.nih.gov/nuccore/ON406601
http://www.ncbi.nlm.nih.gov/nuccore/ON411254
http://www.ncbi.nlm.nih.gov/nuccore/ON411256
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Holothuroidea, and class Ophiuroidea; and phylum Porifera. Different sets of genes
were used depending on published phylogenies and publicly available sequences for
each taxon, considering both nuclear and mitochondrial genes if available. For each
taxon, sequences were obtained from GenBank (Suppl. material 1: Table S1), except
for Porifera as a published alignment was used (Dohrmann 2018). Protein-coding
genes (COI, cytochrome oxidase III: COX3, mtMutS homolog: mshl, NADH-
dehydrogenase subunit 2 gene: ND2) were aligned using MUSCLE in MEGA-X. Non-
protein-coding genes (125, 16S, 188, 28S) were aligned using MAFFT v. 7 (Katoh
et al. 2019) using the auto strategy, and unalignable regions filtered in GBLOCKS
(Castresana 2000), allowing gap positions within final blocks and less strict flanking
positions. Individual gene-alignments were concatenated in Geneious, and the best
substitution model for each partition was determined using PartitionFinder 2 (Lanfear
et al. 2017). For Porifera, we manually aligned our sequences for the 18S, 28S, 168,
and COI genes with the alignment provided in Dohrmann (2018).

Phylogenetic trees were estimated using partitioned maximum-likelihood (RAxML
v8.2.10; Stamatakis 2006) and Bayesian inference (BEAST v. 2.4.7; Bouckaert et al.
2014), with the best inferred substitution model for each partition. In RAxML, the
most common substitution model for each taxon was selected. RNA secondary struc-
ture, as in Dohrmann (2018), was also considered for Porifera, using the S16+G sub-
stitution model to paired sites of 18S and 28S. BEAST analyses were performed with
trees and clock models linked, a Yule tree model, and relaxed clock log normal. Two
independent runs of a maximum 100 M steps were combined after discarding 20%
as burn-in. Runs were checked for convergence and a median consensus tree was esti-
mated from the combined post-burn-in samples.

Taxonomic assignments

Taxonomic assignments considered information drawn from both molecular and mor-
phological analyses. For the latter, the collected specimens were sent to expert taxonomists
for morphological assignments. We assigned every specimen to the lowest Operational
Taxonomic Unit (OTU), each representing a species. However, we took a precautionary
approach when assigning species names (Dahlgren et al. 2016; Glover et al. 2016b; Hor-
ton et al. 2021), therefore recording species as ‘cf.” when uncertain about their identity
based on (i) differences in morphological characters, (ii) missing type locality DNA data,
or (iii) when type localities are at significantly different depths or vast distances from the
western CCZ. Also, those species that could not be identified as a described species were
given a unique identifier using the lowest taxonomic level confidently identified and the
voucher code (assigned at sea; i.e., CCZ_060). In cases where more than one specimen
represented a species with a unique identifier, this only included the voucher code of
the best-preserved voucher specimen of that species. Additionally, open taxonomic no-
menclature signs were used to indicate that the specimen was not identified any further
(‘stet’; e.g., ‘Laetmonice stet. CCZ_060’), or when the identification is still uncertain
(‘inc’; e.g., Bathymetrinae inc. CCZ_176), and ‘sp.” was only used for potentially new
species (e.g., Psychronaetes sp. CCZ_101) after Glover et al. (2016b).
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Current records available on OBIS, at a minimum depth of 3000 m, were re-
covered for each taxon on January 12, 2022 (robis::occurrence; Provoost and Bosch
2020). Records within a box defined by 13°N, 158°W; 18°N, 118°W; 10°N, 112°Wj;
2°N, 155°W were considered as occurring within the CCZ (Glover et al. 2015).

Comeparison with seabed-imagery database

To gain preliminary insight into connectivity and distributions, morphology of speci-
mens was compared to and, where possible, aligned with a standardised megafauna
morphotype catalogue developed from in situ seabed imagery from across the north
Pacific abyss, mostly eastern CCZ (Simon-Lledé et al., pers. obs.). The catalogue aligns
invertebrate morphotypes, only for specimens larger than 1 ¢m, encountered in quan-
titative megafaunal assessments. At the time of writing, the survey areas so far encom-
passed in the standardised megafauna catalogue are, from east to west: UK-1 (Amon
et al. 2016); BGR, GSR, and APEI 3 (Cuvelier et al. 2020); APEI 6 (Simon-Lledé et
al. 2019b); TOML areas B, C, and D (Simon-Lledé et al. 2020); APEIs 1, 4, and 7
(this study; Durden et al. 2021); and the EEZ of Kiribati (Simon-Lledé et al. 2019d).
The catalogue assigns each documented taxon a 7-character, unique morphotype code
(e.g., POR_001) that differs from unique identifiers used for the species in this study.
The level of taxonomic precision achieved in each catalogued taxon is indicated using
the open taxonomic nomenclature signs recommended for image-based identifications
by Horton et al. (2021). A sufhix is added to each morphotype identification specifying
the taxonomic rank (e.g., "fam.", "family"; "gen.", "genus" or "sp.", "species") and the
signs "indet."or "inc.". The "indet." (indeterminabilis) indicates that further identifica-
tion was not possible as diagnostic features are not typically visible in images, while
the "inc." (incerta) indicates that despite diagnostic features being visible in images,
the identification still has some uncertainty, needing further comparable material for
validation.

Results

A total of 55 specimens was collected in the western CCZ (Table 1). Based on mo-
lecular data these represent 48 species of invertebrate megafauna (43 singletons, four
doubletons, and a single species with four representatives) belonging to ten classes in
five phyla. However, for three of the doubletons, each specimen was collected in a dif-
ferent APEI, but all were consistently found in the same geoform (i.e., abyssal plain,
seamount, or seamount slope). Most of the taxa were collected on the abyssal seafloor
(36 specimens from 33 species) > 4800 m deep, followed by seamounts (17 specimens
from 13 species) between 3095-3562 m deep, and only two specimens from two spe-
cies collected on a seamount slope at 4125 m deep. Out of the 48 taxa, only nine were
assigned to previously described species, all from adjacent regions such as the Kuril-
Kamchatka, Mariana, and Izu-Bonin Trenches, the South China Sea, and other areas
of the Northwest and Southwest Pacific.
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Only two of these nine species had been previously found in the CCZ.
Juveniles of the brittle star Ophiocymbium tanyae Martynov, 2010 were collected
in the eastern IFREMER contract area and in APEI 3, but due to their early life
stage, they lacked taxonomically informative characters and were only assigned
to family level using DNA barcoding data (Christodoulou et al. 2020). In this
study, genetic data confirmed the taxonomic identity of these specimens. The other
species previously known from the CCZ is the sea cucumber Peniagone leander
Pawson & Foell, 1986, which also occurs in the Mariana Trench (Gong et al. 2020).
Additionally, ten species were assigned as ‘cf.” based on morphological differences
from similar described species, or because prior collections were in other ocean
basins or different bathymetric ranges. These, and the remaining 30 taxa, likely
represent undescribed species. Based on morphological and genetic evidence, two
of these undescribed taxa have also been previously reported for the eastern CCZ
(Freyastera cf. benthophila and Crinoidea sp. NHM_055 from Glover et al. (2016b)
and (Amon et al. 2017b), referred to herein as Freyastera cf. tuberculata and cf.
Porphyrocrinus sp. CCZ_165, respectively).

The in situ images taken for 53 specimens were classified into a total of 45 mor-
photypes using the standardised megafauna imagery catalogue (Simon-Lledé et al.,
pers. obs.). From these, 11 (24%) were new additions to the existing catalogue, thus
representing morphotypes exclusively (to-date) encountered in the western CCZ (i.e.,
APElIs 1, 4 and 7), while 27 (60%) had already been encountered in other areas. More
specifically, nine (20%) of the 45 morphotypes encountered in the western CCZ have
also previously been found both in abyssal areas of the Kiribati EEZ (west of the areas
studied) and in the eastern CCZ. Two (4%) of the morphotypes encountered in the
western CCZ have been found in Kiribati (but not in eastern CCZ locations), whereas
16 (36%) of the western CCZ morphotypes have been encountered in the eastern
CCZ, but not in Kiribati.

Descriptions

Phylum Annelida Lamarck, 1809

Class Polychaeta Grube, 1850

Subclass Errantia Audouin & H Milne Edwards, 1832
Order Phyllodocida Dales, 1962

Suborder Aphroditiformia Levinsen, 1883

Family Aphroditidae Malmgren, 1867

Genus Laetmonice Kinberg, 1856

Currently, there are no records from > 3000 m depth for the genus Laetmonice Kin-
berg, 1856, in the Clarion-Clipperton Zone (OBIS 2022). A single polychaete speci-
men was collected, for which the genetic sequence of the COI gene was generated and
used to estimate a COlI-only phylogenetic tree (Fig. 2).
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Figure 2. Rooted Bayesian phylogeny for the family Aphroditidae. COI-only BEAST median consensus
tree with posterior probability (PP) and bootstrap (BS) values indicated for each node. Only values of
PP > 0.70 and BS > 50 are shown, with values of PP > 0.95 and BS > 90 indicated with a circle. Nodes
not recovered on the RAXML tree are indicated with a hyphen. Sequences generated in this study are
highlighted in violet.

Laetmonice stet. CCZ_060
Fig. 3

Material. CLARION-CLIPPERTON ZONE ® 1 specimen; APEI 7; 4.8897°N, 141.75°W;;
3096 m deep; 27 May. 2018; Smith & Durden leg.; GenBank: ON400687 (COI);
NHMUK 2022.76; Voucher code: CCZ_060.

Description. Single specimen (Fig. 3A). Body short, ovoid, flattened ventrally
and somewhat arched dorsally. Specimen ~ 1 ¢m at widest point and 2 cm long, with
31 chaetigers. Dorsal felt not present. Specimen caked dorsally in dense layer of pale
sediment (Fig. 3B, E), easily removed from dorsum but adhering to prostomium,
parapodia, chaetae, and pygidium, obscuring respective features. Elytra 15 pairs,
semi-translucent, smooth, and overlapping to cover dorsum (Fig. 3C). Dorsal cirri
long, fine and tapering, extending beyond parapodia. Ventrum smooth. Ventral cirri,
short, mostly broken off, not extending to base of neurochaetae. Parapodia biramous.
Notochaetae include long, dark, brassy spines (Fig. 3E) with simple, tapered tips or
with harpoon-shaped tips bearing four or five recurved fangs (Fig. 3D); both types of
notochaetae with tuberculated shafts (Fig. 3G); neurochaetae include finer, shorter,
paler chaetae with subdistal lateral spur and distal fringe of filamentous hairs (Fig. 3F),
tips frequently broken off or covered in sediment.


http://www.ncbi.nlm.nih.gov/nuccore/ON400687
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Remarks. The presence of harpoon-shaped notochaetae supports the placement of
this specimen within the genus Laetmonice (Fauchald 1977). Forms a monophyletic
clade with other species of the genus Laetmonice based on COI sequences. Genetically
distinct from Laetmonice stet. CCZ_060, the closest match is with Laetmonice filicornis
Kinberg, 1856 (90.8% similarity). Laetmonice filicornis is described from shelf depths
near Sweden in the North Atlantic.

Ecology. This specimen was observed crawling on the sedimented seafloor on the
seamount of APEI 7 at 3096 m depth.

Comparison with image-based catalogue. No exactly identical Aphroditiformia
morphotypes have been so far catalogued from seabed imagery collected in the eastern
CCZ or in abyssal areas of the Kiribati EEZ. Consequently, the in situ image of
Laetmonice stet. CCZ_060 was added as a new morphotype (i.e., Laetmonice sp. indet.,
ANN_019) in the megafauna imagery catalogue. Only one other Aphroditiformia
morphotype (i.e., Aphroditidae gen. indet., ANN_022; with much larger spines
and no sediment coating), was catalogued from seabed imagery in the eastern CCZ,
also found on a seamount. In vertically-facing seabed images, Aphroditiformia

Figure 3. Lactmonice stet. CCZ_060 A in situ image B ventral surface C elytra on dorsal surface D har-

poon-shaped chaeta E dorsal surface F neurochaeta with fringed tips G notochaetal spine shafts. Scale
bars: 2cm (A); 0.5 cm (B, E). Image attribution: Durden and Smith (A), Wiklund, Durden, Drennan,
and McQuaid (B, E), Drennan (C, D, F, G).
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morphotypes could potentially be confused with plate-shaped Xenophyophore tests
(e.g., Psamminidae), particularly a dense layer of sediment is found coating specimens,

as observed in Laetmonice stet. CCZ_060 (Fig. 3A).

Phylum Arthropoda von Siebold, 1848

Subphylum Crustacea Briinnich, 1772

Superclass Multicrustacea Regier, Shultz, Zwick, Hussey, Ball, Wetzer, Martin &
Cunningham, 2010

Class Thecostraca Gruvel, 1905

Subclass Cirripedia Burmeister, 1834

Infraclass Thoracica Darwin, 1854

Superorder Thoracicalcarea Gale, 2015

Order Scalpellomorpha Buckeridge & Newman, 2006

Family Scalpellidae Pilsbry, 1907

To date, there is a single record at > 3,000 m depth for the order Scalpellomorpha in
the CCZ (OBIS 2022), but no collected material. Three specimens were collected dur-
ing the DeepCCZ expedition; these belong to three different species from which only
one was confidently assigned to a previously described species. Sequences for the COI
and 18S genes were generated for the three specimens and included in a phylogenetic
tree estimated from 18S and COI sequences (Fig. 4).

Scalpellomorpha have been commonly found in image-based megafauna surveys
across the north Pacific abyss, usually attached to sponge stalks or nodules. However,
their classification beyond family level (e.g., Scalpellidae) from seabed imagery is con-
strained by their generally small size; only large specimens (> 3 cm) which are rarely
encountered can sometimes be classified to genus level from in situ images. Conse-
quently, scalpellid specimens usually are collated into a single, generic morphotype
(i.e., Scalpellidae gen. indet., ART_010) in image-based quantitative analyses.

Genus Trianguloscalpellum Zevina, 1978

Trianguloscalpellum gigas (Hoek, 1883)
Fig. 5

Material. CLARION-CLIPPERTON ZONE * 1 specimen; APEI 7; 5.0442°N, 141.8165°W;
4874 m deep; 28 May. 2018; Smith & Durden leg.; GenBank: ON400698 (COI),
ON406624 (18S); WAM C74110; Voucher code: CCZ_074.

Description. Single specimen, found attached to a glass sponge stalk (Fig. 5A).
Capitulum elongated, longer than wide (L = 8 mm, W = 5 mm), white, with short
peduncle (2 mm) covered by large scales (Fig. 5B, C). Capitulum is formed by 14
capitular plates, and growth lines are not visible. Carina is simply bowed, narrowing
distally but being approx. the same breath proximally. The tergum is somewhat oval-
shaped, long, - 2x as long as wide, with pointed basal angle, carinal margin arched,
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Figure 4. Rooted Bayesian phylogeny of Scalpellomorpha. Concatenated (18S, and COI) BEAST me-
dian consensus tree with posterior probability (PP) and bootstrap (BS) values indicated. Only values of
PP > 0.70 and BS > 50 are shown, with values of PP > 0.95 and BS > 90 indicated with a circle. Nodes
not recovered on the RAXML tree are indicated with a hyphen. Sequences generated in this study are
highlighted in violet.



Benthic megafauna of the Clarion-Clipperton Zone 19

and occludent margin straight. Scutum is somewhat quadrangular, broad, 1.5x as long
as wide, with occludent margin much longer than the lateral margin. Inframedian
latus is triangular, reaching upper latus. Carinolatus triangular, umbo apical, higher
than rostrolatus.

Remarks. The specimen appears to be a juvenile of the species 7. gigas based on
the plate arrangement, although diagnostic characters are not fully developed. There
are no sequences available on public databases for 7. gigas, but the 18S gene sequence is
very similar (> 99%) to other species within the family Scalpellidae, mostly within the
subfamily Arcoscalpellinae. However, the COI sequence is highly divergent (> 15%
nucleotide divergence and > 3% amino-acid divergence) from published sequences
of other species within the subfamily. The phylogenetic tree from concatenated data
for COI and 18S recovered a well-supported clade of species of Anguloscalpellum and
Trianguloscalpellum, but did not recover the genera as monophyletic. The type material
for T” gigas was collected during the H.M.S. Challenger expedition in the middle of the
North Pacific (Station 246: 36.1667°N, 178.0°E) at 3749 m depth (Hoek 1883). The
species has been recorded from the Northwest and Southwest Pacific, and the Indian
Ocean, from 3310 to 4820 m depth (Shalaeva and Boxshall 2014).

Ecology. The specimen was collected in the sedimented abyssal plain of APEI 7,
at 4874 m depth. It was attached to a glass sponge stalk, along with another barnacle
(Catherinum cf. albatrossianum; specimen CCZ_073), and an anemone (Metridioidea
stet. CCZ_072; specimen CCZ_072).

Comparison with image-based catalogue. No exactly similar Scalpellidae
morphotypes have been so far catalogued from seabed imagery collected in the eastern

Figure 5. Trianguloscalpellum gigas (Hoek, 1883). Specimen CCZ_074: A in situ photograph, attached

to a glass sponge stalk B left € and right lateral views. Scale bars: 5 cm (A); 1 mm (B, C€). Image attribu-
tion: Durden and Smith (A), Hosie (B, C). Arrows indicate position of 7. gigas (specimen CCZ_074;
lower, yellow) and Catherinum cf. albatrossianum (specimen CCZ_073; upper, green).
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CCZ or in abyssal areas of the Kiribati EEZ. Consequently, the in situ image of
Trianguloscalpellum gigas was catalogued as a new morphotype (i.e., Trianguloscalpellum
gigas sp. inc., ART_033). However, given the small size of specimen CCZ_074, this
morphotype could have easily been i.e., undetected in seabed image surveys conducted
in other areas of the CCZ.

Genus Catherinum Zevina, 1978

Catherinum cf. albatrossianum (Pilsbry, 1907)
Fig. 6

Material. CLARION-CLIPPERTON ZONE * 1 specimen; APEI 7; 5.0442°N, 141.8165°W;
4875 m deep; 28 May. 2018; Smith & Durden leg.; GenBank: ON400697 (COI),
ON406623 (18S); WAM C74109; Voucher code: CCZ_073.

Description. Single specimen 21 mm long, attached to glass sponge stalk
(Fig. 5A; upper, green arrow). Capitulum elongated, white, ~ 2x as long as wide
(L = 16 mm, W = 8 mm); widest in the middle, tapering towards summit and base;
short peduncle (4 mm) with small scales (Fig. 6A, B). Fourteen capitular plates
fully calcified, showing growth lines, and separated by very narrow chitinous spaces.
Carina is strongly arched in the distal half, tapering proximally, with flat roof and
apical umbo. Tergum is almost a right triangle, longer than wide, with slightly convex
occludent margin. Scutum is more than twice as wide as long, with arcuate occludent
margin, with a distal indent on the lateral margin for the reception of the apex of the
upper latus; baso-lateral margin rounded and next to the infra-median latus. Upper
latus is pentagonal; with apical umbo projecting into notch on the scutum; scutal
margin in concave; very short basal margin and carinolateral margin longer than
carinal margin. Rostrolatus has an umbo projecting from the rostral margin. Rostrum
minute. Large carinolatus, - 2x as long as wide, umbo sub-basal, abutting base of
carina, apex slightly extending approximately one fifth of the carina. Inframedian
latus is > 2x as long as the widest section, widest distally and with rostral and carinal
margins concave, with umbo sub-basal.

Remarks. Morphological characters are in accordance with the description of
C. albatrossianum. The 18S sequence matches three genera within the subfamily
Arcoscalpellinae Zevina, 1978, while the closest match (85% similarity) for the COI
sequence is to another species of Catherinum. Like, C. cf. novaezelandiae it differs
morphologically from C. zortilum, reported from the CCZ by Poltarukha and Mel’Nik
(2012), in the form of the inframedian latus. The type locality of C. albatrossianum
is off Cape Hatteras, in the northwest Atlantic, at -~ 3740 m depth, but it has been
reported for the North Atlantic, Gulf of Mexico, and Indian Ocean between 760 and
4180 m depth (Zevina and Poltarukha 2014). The original description states that the
species lacks a rostrum, however, a minute rostrum is present in the specimen examined
herein. This in addition to the documented range of this species is the reason for the
use of cf. in the identification.
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Figure 6. Catherinum cf. albatrossianum (Pilsbry, 1907). Specimen CCZ_073: A left B right lateral

views. Scale bars: 2 mm. Image attribution: Hosie (A, B).

Ecology. Specimen was collected in a muddy abyssal area of APEI 7, at 4874 m
depth. It was attached to a glass sponge stalk (Fig. 5A; upper, green arrow), along with
another barnacle (7rianguloscalpellum gigas, specimen CCZ_074; lower, yellow arrow),
and an anemone (Metridioidea stet. CCZ_072; specimen CCZ_072). It had hydrozo-
ans and two serpulid polychaetes attached to it.

Comparison with image-based catalogue. A very similar morphotype
(Catherinum sp. indet., ART_032) has been encountered (e.g., large specimens > 3 cm
in length) in seabed image surveys conducted across the eastern CCZ and in abyssal
areas of the Kiribati EEZ.

Catherinum cf. novaezelandiae (Hoek, 1883)
Fig. 7

Material. CLARION-CLIPPERTON ZONE ® 1 specimen; APEI 1;11.2751°N, 153.7444°W/;
5241 m deep; 09 Jun. 2018; Smith & Durden leg.; GenBank: ON400722 (COI),
ON406625 (18S); WAM C74111; Voucher code: CCZ_185.

Description. Single specimen 14 mm long; with elongated, white capitulum,
> 2x as long as wide (L = 12 mm, W = 5 mm), and short peduncle (2 mm) with
small scales (Fig. 7). Capitulum consists of 14 fully calcified capitular plates with
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growth lines, separated from each other by narrow chitinous sutures. Carina is sim-
ply bowed, with flat roof. Tergum is triangular, shorter on the occludent margin,
with apical umbo; apical angle is similar to angle between the carinal and scutal mar-
gins. Upper latus somewhat pentagonal, with lower edge truncated, and apical edge
reaching over the scutum; with apical umbo. Rostrolatus with umbo apical on the
rostral margin, and arched lateral margin. Inframedian latus irregular in shape, nar-
row, almost 3x as long as the widest part, with umbo sub-medial; rostral and carinal
margins concave. Carinolatus is large, - 2x as long as wide, with umbo sub-carinal,
above basal angle.

Remarks. Morphological characters of the capitulum conform to the description
of the genus Catherinum. The sequence for the 18S gene is similar to sequences from
other species within the same family. Another species within the genus, C. rortilum
(Zevina, 1973), originally described from the Indian Ocean at 2760 m depth has
also been recorded for the CCZ at similar depths (4872—-4877 m depth; Poltarukha
and Mel'Nik 2012). In C. tortilum, the inframedian latus’ umbo is conspicuously dis-
placed laterally away from the midline. The species C. novaezelandiae is distributed in
the Western and Eastern Indian Ocean, Western Central and Southwest Pacific, from
depths 455-4800 m (Shalaeva and Boxshall 2014), but was originally described from
East Cape, New Zealand (Southwest Pacific), at 1280 m.

Ecology. The specimen was collected in the sedimented abyssal plain of APEI 1
at 5241 m depth. It was attached to a glass sponge stalk, along with a crinoid (Bathy-
metrinae inc. CCZ_176; specimen CCZ_186), a polychaete, and anemones, that was
anchored in the mud.

Figure 7. Catherinum cf. novaezelandiae (Hoek, 1883). Specimen CCZ_185: A in situ photograph

B right C left lateral views. Scale bars: 1 cm (A); 1 mm (B, C). Image attribution: Durden and Smith
(A), Hosie (B, C).
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Comparison with image-based catalogue. Relatively large abundances of a very
similar morphotype (Catherinum sp. indet., ART_031) were observed in seabed image-
ry collected within abyssal areas of the Kiribati EEZ, but not in eastern CCZ surveys.

Phylum Cnidaria Hatschek, 1888
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