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Benthic foraminiferal research in the North Pacific has a long history, with works
published over a century ago providing important information about the taxonomy
and distribution of morphospecies. These studies focused mainly on areas outside
the Clarion-Clipperton Zone (CCZ). Our knowledge of foraminiferal faunas within
the CCZ originates largely from recent baseline investigations related to likely future
seabed mining of the polymetallic nodule deposits. These have revealed highly
diverse assemblages of sediment-dwelling morphospecies among the meiofauna and
macrofauna, as well as megafaunal xenophyophores and nodule-attached fauna.
Morphological analyses have been complemented by metabarcoding studies that
yielded even higher numbers of molecular species (Operational Taxonomic Units
- OTUs). Monothalamids, the vast majority undescribed, constitute a substantial
proportion of both morphological and molecular datasets, with multichambered
agglutinated and calcareous foraminifera being less common. Their importance in this
abyssal (>4,000 m depth) habitat likely reflects food limitation combined with carbonate
dissolution close to and below the carbonate compensation depth. Literature records,
supported in a few cases by genetic data, suggest that many morphospecies found
in the CCZ have wide geographical distributions across the Pacific abyss and in
other oceans. At smaller spatial scales (several 100s of kilometers) there is a general
uniformity in assemblage composition. Nevertheless, many morphospecies are too
rare to conclude anything about their geographical distributions. Similarly, the part
played by benthic foraminifera in CCZ ecosystems is largely a matter of speculation,
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Benthic Foraminifera Across the CCZ

although their abundance across different size classes suggests that it is significant.
Meiofauna-sized taxa that consume freshly-deposited organic detritus may be important
in carbon cycling, particularly at the shallower, more eutrophic eastern end of the
CCZ. Megafaunal xenophyophores can provide habitat structure for other organisms,
potentially enhancing benthic biodiversity. Foraminifera of all sizes could be among the
earliest recolonisers of disturbed or redeposited sediments. Their potential contributions
in terms of both ecology and biodiversity make these protists significant members of

equatorial North Pacific Ocean, monothalamids, xenophyophores,

Gooday et al.

benthic communities in the CCZ.

Keywords: polymetallic nodules,

metabarcoding analyses, biogeography, food webs, recolonization
INTRODUCTION

Foraminifera, shell-bearing protists in the supergroup Rhizaria,
are common in all marine environments from the intertidal
zone to the deepest ocean trenches and have also adapted
to fresh water and damp terrestrial settings. They inhabit
hard and soft substrates and flourish in the virtual absence
of oxygen as well as in well-oxygenated environments. The
extraordinary success of foraminifera may be attributable to
unique physiological and ultrastructural adaptations, including
their highly mobile system of reticulated pseudopodia that is
involved in many life processes, including feeding, respiration
and movement (Travis and Bowser, 1991). These protists become
an increasingly important component of benthic communities
with increasing water depth (Thiel, 1975, 1983), and on abyssal
plains they may account for more than 50% of the meiofaunal
and macrofaunal abundance and biomass (Gooday et al., 1992;
Gooday, 2019). Interest in foraminifera is not confined to
biologists. They have an outstanding fossil record and are
widely used as indicators of seafloor conditions in ancient
oceans (Jorissen et al., 2007). As a result, much of the more
recent research on the ecology of modern deep-sea benthic
foraminifera has been driven by efforts to refine their utility in
palaeoceanography.

Foraminifera research in the Pacific Ocean has a long
history, extending back well into the 19" century. This has
generated a large body of information on species distributions,
making foraminifera one of the better documented deep-
sea benthic taxa. Much of this earlier research concerned
species with relatively robust multichambered shells, composed
either of secreted calcium carbonate or agglutinated particles.
However, the true nature of foraminifera assemblages on
Pacific abyssal plains, and the scale of their diversity, only
started to become apparent as a result of research in the
central North Pacific during the 1970s (Hessler, 1974). This
revealed that the macrofauna is dominated by agglutinated
foraminifera (Bernstein et al., 1978), many of them single-
chambered monothalamids (class Monothalamea) including
tubular forms and those with highly unusual test morphologies,
for which Tendal and Hessler (1977) established the superfamily
Komokiacea. A group of even larger monothalamids, the
xenophyophores (Tendal, 1972), make a major contribution to
the North Pacific megafauna (Gooday et al., 2017b; Simon-Lled6
et al., 2019a), while largely undescribed sessile foraminifera are

very abundant on polymetallic nodules (Veillette et al., 2007;
Gooday et al., 2015).

Here, we focus on the Clarion-Clipperton Zone (CCZ).
Spanning some 4.5 million km? of seafloor from about 115°
to 155° W and 03° to 19° N, the region hosts some of
the ocean’s richest and most extensive seabed deposits of
polymetallic nodules, a likely target for commercial mining
in the near future (Hein et al., 2013; Washburn et al., 2019;
Smith et al,, 2020). The regulating body, the International
Seabed Authority (ISA), has concluded contracts with 18 entities
(states, enterprises and consortia) for polymetallic nodule deposit
exploration in areas up to ~75,000 km?, and designated nine
Areas of Particular Environmental Interest (APEIs) that will
be protected from mining. These developments have prompted
a sharp rise in ecological and taxonomic research across the
CCZ during the last decade, aimed at assessing the present
status of biodiversity in areas designated for future nodule
extraction, and at finding potential repositories (gene banks)
of taxa capable of recolonizing mined areas. Much of this
effort has focused on the eastern CCZ (Washburn et al,
2021) and foraminifera have featured prominently in it. Our
synthesis combines information from classical taxonomic and
distributional studies of benthic foraminifera with morphological
and genetic data, both published and unpublished, obtained
during this recent phase of mining-related research. We first
consider the important earlier literature on abyssal North Pacific
foraminifera, before summarizing data on the biodiversity,
biogeography, and species ranges of foraminifera within the
CCZ. Finally, we speculate about possible ecological roles for
foraminifera and suggest some plausible scenarios for their
recovery from seabed mining impacts.

PREVIOUS RESEARCH ON MODERN
BENTHIC FORAMINIFERA IN THE CCZ
AND ADJACENT AREAS

Foraminifera have been collected at a large number of sites
across the Pacific Ocean at depths of > 3000 m. The
locations of sites sampled during some of the more important
recent studies, as well as some early reports, are shown in
Figure 1. The map is not intended to be comprehensive.
In particular, it omits the numerous Albatross and Nero
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FIGURE 1 | The location of selected studies and sampling sites in the Pacific Ocean. Apart from two Challenger stations at the western end of the CCZ, all are
located outside of the CCZ. The Clarion and Clipperton Fractures that delimit the CCZ are marked with red lines; the dark blue line outlines the Resig (1981) study

A Burmistrova et al. (2007) © Flint (1899)
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sites, which yielded many of the records summarized by
Cushman (1910-1917).

The Megafaunal Xenophyophores

Earlier records of xenophyophores from within the CCZ and
adjacent parts of the equatorial Pacific are summarized in
Supplementary Table 3 in Gooday et al. (2017b). Gooday et al.
(2020b) list the 24 described and 39 undescribed species reported
from this region. Sampling sites are shown in Figure 2a.
Xenophyophores from H.M.S. Challenger Station 270, located
just to the south of APEI 4, and Stations 271, 272 and
274 to the south of the CCZ, were studied by Haeckel
(1889), Schulze (1907a,b), and Tendal (1972). Fragments of
Aschemonella ramuliformis, later shown to be a xenophyophore,
were present in the sample from Station 272 (Brady, 1884), and
two other Challenger stations (241, 244) in the NW Pacific to
the east of Japan yielded species of Stannophyllum. Extensive
Pacific collections were made during cruises in 1891, 1899,
1904, and 1905 of the American fisheries vessel Albatross. These
included xenophyophores from sites located to the north, south
and east of the CCZ (Goés, 1892; Schulze, 1907a,b; Tendal,
1972; Gooday et al., 2017b). More recently, Tendal (1980)
described Stannophyllum setosum from a sample collected well
within the CCZ (Figure 2a), Levin et al. (1986) and Levin
and Thomas (1988) illustrated xenophyophores from seamounts
located to the east and north of the CCZ (mostly from depths
< 3000 m), Mullineaux (1987) and Veillette et al. (2007) reported
undescribed species on polymetallic nodules from, respectively,
the eastern and western CCZ, and Kamenskaya (2005) based

the description of a new genus (Spiculammina) on material
from the central CCZ. In the NW Pacific, a new species and
genus, Shinkaiya lindsayi, was described by Lecroq et al. (2009¢c)
from 5,435 m depth near the Japan Trench, and a new species,
Syringammina limosa, was described by Voltski et al. (2018) from
3,351 to 3,366 m depth in the Sea of Okhotsk.

The latest and most intensive phase of xenophyophore
research in the CCZ has been linked to mining-related baseline
studies. This has resulted in the description of four new genera
and 24 new species from the eastern (Gooday et al., 2017a,c,
2018a), central (Kamenskaya et al.,, 2015, 2017), and western
(Gooday et al., 2020a) parts of the CCZ. Efforts to amplify DNA
from xenophyophores collected in the eastern and western areas
have had a high success rate (~85% of extractions), a reflection
of the multinucleate organization of these large foraminifera. As
a result, sequence data have been obtained from 15 described
and 10 undescribed species (Table 1 in Gooday et al., 2020b),
more than for any other group of monothalamous foraminifera.
At the same time, analyses of seafloor images have revealed
xenophyophores to be a dominant component of the megafaunal
assemblages across the CCZ nodule fields (Kamenskaya et al.,
2013; Amon et al., 2016; Simon-Lled¢ et al., 2019a).

Other Foraminifera

The earliest record of benthic foraminifera in the deep Pacific
Ocean is that of Ehrenberg (1861), who recorded a few species
of “Polythalamien,” together with a long list of radiolarians
and diatoms, in two small sounding samples, one from 3,658
m and the other from 4,755 m to the north of the CCZ
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(Figure 1). However, the first important study was based on
material collected by H.M.S Challenger. She sailed south from
Hawaii and sampled in a north to south direction along a
line (approximately 150° W), crossing the western CCZ. The
dredge sample from Challenger Station 265, one of eight (263-
270) situated within the CCZ, was included in Brady’s (1884)
Challenger Report on the Foraminifera, together with samples
from the more southerly stations 271, 272, 274. Picaglia (1892)
listed planktonic and benthic species present in five samples
from the equatorial Pacific (3647-4670 m depth), mainly to the
west and east of the CCZ. Albatross samples were an important
source of Pacific foraminifera and formed the basis for a number
of papers and monographs. Goés (1896) worked on material
collected in 1891 on the Californian, Mexican and Central
American margins and the Galapagos region, to the south and
east of the CCZ; the three deepest samples were from between
3,279 and 4,081 m. Flint (1899) included foraminifera from
one North Pacific Albatross station deeper than 3,000 m in his
“descriptive catalog” of foraminifera, the first work to illustrate
foraminifera photographically. Bagg (1908) described species
in Albatross samples collected down to 2,557 m around the
Hawaiian Islands. Cushman’s major monograph of North Pacific
foraminifera, published in six parts between 1910 and 1917, was
based on samples from the 1906 Albatross campaign obtained
mainly from the NW Pacific, and those collected by the U.S.S.
Nero during a 1899-1900 cable-laying survey west of Hawaii
(Flint, 1905), together with a few other sources and literature
records (Cushman, 1910-1917). Cushman’s later monograph of
foraminifera from the tropical Pacific (Cushman, 1932, 1933,
1942; completed by Todd, 1965) utilized samples from depths
down to 4512 m in the South Pacific, as well as a few samples
from deep-water sites (maximum depth 4,804 m) to the north and
west of the CCZ. More recently, an unpublished thesis by Walch
(1978) described “live” (stained) and dead foraminifera (>63-pum
fraction) in box core subsamples from 5 sites located to the east
and south of the CCZ (3189-4583 m). Other important papers
on modern deep-sea foraminifera in areas more distant from the
CCZ include those of CCZ include those of Smith (1973; transects
running between the Aleutian Islands and the latitude of Hawaii),
Resig (1981; SE Pacific), Schroder et al. (1988; CLIMAX 1I site
north of Hawaii, material of Bernstein et al., 1978), Szarek et al.
(2007; Sulu Sea), Enge et al. (2012; Station M on the Californian
margin), and Shi et al. (2020; seamounts and abyssal plans in the
tropical western Pacific).

It is remarkable that, apart from Challenger Stations 265
and 269, none of the early studies mentioned above includes
sites within the CCZ. Saidova’s (1975) monograph on Pacific
foraminifera seems to be the first to include significant numbers
of samples from this region. The bulk of her material came
from the northeastern and particularly the northwestern margins,
but some originated from more central parts of the North
Pacific. Two transects crossed the western and central CCZ,
although foraminiferal species were apparently not recorded by
Saidova (1975) from all of the sites located between the two
fracture zones. As in earlier Pacific studies, Saidova (1975) dealt
mainly with “hard-shelled” multichambered taxa, both calcareous
and agglutinated (mainly class Globothalamea). Appendix A

(Supplementary Material) list 44 species and subspecies present
at 12 of these stations within and immediately adjacent to
the CCZ. Some have not been reported in the non-Russian
foraminiferal literature. In other papers, Saidova (1965, 1976,
1981) compiled important syntheses of the geographical and
bathymetric distribution of benthic foraminifera based on
comprehensive species-level datasets from across the Pacific.
These show large areas of the abyssal Pacific occupied
entirely by agglutinated assemblages. Saidova (1974, 2000)
also described different associations of foraminifera, related to
seafloor topography within a 23 x 23 km area at the western
end of the CCZ (Appendix B; Supplementary Material). A later
Russian contribution (Burmistrova et al., 2007) summarizes
the distribution of agglutinated species in samples from three
areas, two in the central part of the CCZ (4918-4970 m depth)
and the third to the east of the CCZ in the Guatemala Basin
(3350-4040 m). Fifty of the 68 species listed are recorded from
the two CCZ areas.

Renewed interest in seabed mining during the last two decades
has generated an upsurge of research on benthic foraminifera
within the CCZ (Figures 2b,c). The 1970s had seen the
establishment of the Komokiacea and their recognition as an
important component of the abyssal Pacific macrofauna (Tendal
and Hessler, 1977), although this unusual group of what are
presumed to be soft-bodied monothalamous foraminifera had
been known to Russian scientists since the 1950s and a few
were included in Saidova’s (1975) monograph (summarized in
Gooday et al., 2007). Most recent foraminiferal studies in the
CCZ have included these and other delicate monothalamids.
Kamenskaya et al. (2012) presented a survey of macrofauna-
sized foraminifera (> 300 wm) from the IOM contract area.
These included many komokiaceans, as well as chain-like forms,
tube fragments, and other kinds of monothalamids. Meiofaunal
assemblages (> 32 pm), again mainly monothalamids, were
analyzed by Nozawa et al. (2006) from the Kaplan East site in the
eastern CCZ, and Radziejewska et al. (2006) from the nearby IOM
contract area. Ohkawara et al. (2009) described a particularly
abundant new species of tiny agglutinated sphere that is very
common at the Kaplan Central site. More recently, Goineau
and Gooday (2017, 2019) and Gooday and Goineau (2019) have
described highly diverse monothalamid-dominated assemblages
(> 150 pm, > 63 pm fraction respectively) from the UK-1 and
OMS areas, also in the eastern CCZ.

Nodule-Encrusting Foraminifera

Although the presence of foraminifera on nodules was noted
briefly during the Challenger Expedition (Murray and Renard,
1891), they only attracted serious attention during the 1970s
(e.g., Greenslate et al., 1974). The main initial studies of these
novel faunas were those of Dugolinsky et al. (1977), based on
samples from different parts of the Pacific including the CCZ, and
Mullineaux (1987, 1988) who studied nodules from within (15°N,
125°W) and to the north (30°N, 125°W) of the CCZ (Figure 2d).
Later, Veillette et al. (2007) conducted detailed studies of nodule
assemblages in the two French contract areas located in the
western and central CCZ, and Gooday et al. (2015) added a
preliminary survey from the UK-1 contract area.
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TABLE 1 | Distribution of samples from the CCZ used for published and unpublished foraminiferal studies.

Sampling site MuC

Sieve mesh (pm) > 32 >150 > 250

EBS

Xenophyophores Nodule fauna eDNA/RNA

Eastern CCZ
UK-1

OMS

BGR

GSR

IOM

‘ENP’
IFREMER (east)
Russian
APEI-3
APEI-6

Kaplan East

Qt
Qt

Qt

Qt
Kaplan Central Qt
Western CCZ
IFREMER (west)
JET

APEI-1

APEI-4

APEI-7

Qt

65/657
66/66"
43/287

Qrt
Qrt

Taxonomy'
Taxonomy'
Ql
Ql
Ql
QP
Ql QP 3/37
Taxonomy?
Ql

Taxonomy'

Qi®

Taxonomy®
Taxonomy®
Taxonomy?

"Gooday et al. (2017a,b,c, 2018a).
2Kamenskaya et al. (2015, 2017).
SGooday et al. (2020a,b).
4Gooday et al. (2015).

SMullineaux (1987, 1988).
S\eillette et al. (2007).
7Lejzerowicz et al. (2021).

Apart from the ENP (Equatorial North Pacific) site (Mullineaux, 1987, 1988), the two Kaplan sites (Smith et al., 2008) and the JET (Japan Deep-sea Impact Experiment)
site, the sampling sites are either ISA contract areas or Areas of Particular Environmental Interest (APEIs). MuC = megacorer; EBS = epibenthic sledge; Qt = quantitative
data; QI = qualitative data. The right-hand column shows the numbers of sediment samples analyzed for eDNA and eRNA from different areas.

Other Data

In addition to published data, we have consulted a number of
theses and unpublished datasets, mainly from the eastern CCZ
(Table 1). Quantitative data (abundance, species richness etc.)
for meiofaunal foraminifera are available from the Kaplan East
(KE; Fusae Nozawa, 2005, M.Sc thesis) and Kaplan Central (KC;
Nina Ohkawara, 2011, PhD thesis) sites, and for macrofaunal
foraminifera (> 250 pwm) from the IOM contract area (Zofia
Stachowska, 2020, M.Sc thesis) (Figure 2b). Two undergraduate
theses based on samples from the Japan Deep-Sea Impact
Experiment (JET) site provide the only quantitative data from
the western CCZ (Okamoto, 1998; Nozawa, 2003). Unpublished
qualitative information (species occurrences) for macrofaunal
foraminifera (>300 pm) come from epibenthic sledge samples
obtained in the UK-1, OMS, IOM, German, Belgium, French and
Russian contract areas and APEI-3 (Kamenskaya, unpublished;
Wawrzyniak-Wydrowska, unpublished) (Figure 2¢c). Numerous
qualitative observations on sessile foraminifera encrusting
nodules from the OMS and UK-1 areas were made during cruises
ABO1 and ABO2 of the ABYSSal baseLINE (ABYSSLINE) project
(Gooday unpublished). Genetic data (SSU rRNA gene sequences)
for some meiofaunal foraminiferal species were obtained from
OMS and UK-1 samples (Voltski, Holzmann and Pawlowski,

unpublished). Finally, samples for environmental DNA and
RNA (eDNA/eRNA) metabarcoding were collected during the
AB02 cruise, with additional samples being obtained from
three parts of the BGR area (MANGAN cruise) and French
area (BIONOD cruise, Apothéloz-Perret-Gentil, unpublished)
(Lejzerowicz et al., 2021).

GENERAL OBSERVATIONS ON ABYSSAL
PACIFIC ASSEMBLAGES

Smith et al. (1983) reported much lower Rose-Bengal-stained
foraminiferal densities on central (5,755 to 5,904 m depth)
and NE Pacific (4,392 to ~4,800 m) abyssal plains than at
shallower sites (1,300 and 3,815 m) on the Californian margin.
Early studies also noted that foraminifera are very sparse in
the deep North Pacific. Cushman (1910, p. 15 therein) found
very few foraminifera (“practically nil”) in “very deep water
in red clay areas” sampled by the U.S.S. Nero during 1899
and 1900. More than half (51.5%) of the 466 Nero soundings
between Midway atoll and Guam were deeper than 5,000 m
(Flint, 1905). Cushman (1910) also concluded (p. 16) that,
with a very few exceptions, “almost no” calcareous foraminifera
were present at depths below 2,500 fathoms’ (4,572 m) in the
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FIGURE 2 | Location of study sites within and in the vicinity of the Clarion-Clipperton Zone. (a) Xenophyophores. (b) Quantitative studies. (c) Qualitative studies.

(d) Nodule-attached faunas.

North Pacific generally, although some agglutinated taxa were
present. Similarly, Saidova (1966) found Pacific foraminiferal
assemblages to be almost entirely agglutinated below 3,500-
4,500 m depth. Maps based on her comprehensive dataset
showed large areas of the central North and South Pacific,
including much of the western CCZ, devoid of calcareous
foraminifera (Saidova, 1976, 1981). Within the area (0°-
20°N, 115°-155° W) that encompasses the CCZ, Figure 1 in
Saidova (1965) shows calcareous benthic foraminifera confined
to the southeastern part. This reflects the influence of the
carbonate compensation depth (CCD), below which calcareous
foraminifera cannot easily maintain their tests in a corrosive
environment. The CCD is situated around 4,500 m depth
in the southern North Pacific, deepening to ~5,000 m near
the equator (Lisitzin, 1996). The shallower eastern end of
the CCZ, where calcareous foraminifera are a minor but
consistent faunal component (Goineau and Gooday, 2017, 2019),
is located somewhat above the CCD. At the western end,
Brady (1884) found no calcareous foraminifera, apart from 2-
3 miliolids and a few globigerinids, in reddish-brown siliceous
mud at Challenger Station 265, located at 5,304 m depth, well
below the CCD just to the east of the area now covered
by APEI-1. He reports miliolids from stations deeper than
5000 m elsewhere in the North Pacific, but their calcareous

shells were either completely dissolved (Challenger Station 238;
7,224 m) or very thin (Challenger Stations 245 and 253;
5,073 m and 5,715 m, respectively). Other calcareous taxa
(rotaliids and lageniids) were present at shallower Challenger
stations (241, 242, 271, 272, 276; 4,206-4,758 m) in the Pacific
(Brady, 1884). Saidova (1974) reports that 80-90% of benthic
foraminiferal tests in sediments containing 10-23% carbonate
on the crests of hills at 4,780-4,790 m depth at the western
end of the CCZ (Figure 2b) were calcareous. Elsewhere in
the North Pacific, “live” (stained) calcareous foraminifera are
found occasionally at depths as great as 6,560 m and 7,230 m
(Smith, 1973).

BIODIVERSITY AND ASSEMBLAGE
COMPOSITION

Morphological Data

Recent studies have shown foraminifera to be much more
abundant and diverse in the CCZ than earlier data suggested.
Eleven megacorer samples (0-1 cm layer, >150-pum size
fraction) from three 30 x 30 km “strata” in the eastern CCZ,
two in the UK-1 contract area and one in the OMS area,
yielded a grand total of 580 meiofauna-sized morphospecies,

Frontiers in Marine Science | www.frontiersin.org

June 2021 | Volume 8 | Article 634726


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

Gooday et al.

Benthic Foraminifera Across the CCZ

including live and dead tests and fragments (Goineau and
Gooday, 2019). Between 310 and 411 species were found in
particular strata and 132-228 in individual cores or core splits
(Table 2). The combined dataset included a few relatively
common (>100 specimens) morphospecies but the majority
were uncommon and 29% were represented by singletons
(Supplementary Figure 1), a pattern that is typical for the
deep sea (Rex and Etter, 2010; McClain, 2021), including for
benthic foraminifera (Douglas and Woodruff, 1981). Species
were still being added after 11 samples (Figure 3), and
rarefaction curves for individual cores did not reach an
asymptote (Supplementary Figure 2), suggesting that the total

number of species (>150 pwm) was higher. Estimates ranged
from 690 (abundance-based estimator ACE) to 877 (incidence-
based estimator Jacknife 2) (Goineau and Gooday, 2019).
A subset of 5 samples sieved on a 63-um mesh yielded
462 morphospecies, of which 170 were absent in the >150-
pm fractions (Gooday and Goineau, 2019). The number in
individual cores ranged from 133 to 209 (Table 2). Finally,
158-252 morphospecies were recognized in the fine fractions
(all foraminifera larger than 32 pm) of small subsamples from
megacores taken at the Kaplan East (KE), Kaplan Central (KC)
and JET sites. Between 18 and 100 were picked from single
subcores (Table 2).

TABLE 2 | Species richness in core samples from the CCZ.

Sieve Cores Layer (cm) Sample Species References
mesh size (subcores) split
Live Dead Live Dead Total Total per % Mono
frags frags core/subcore
UK-1A 150 um 5 0-1 8/8,3/8 340 149 87 58 411 140-228 75.9 Goineau and Gooday, 2019
UK-1B 150 um 3 0-1 4/8 224 138 55 51 324 132-197 75.6 Goineau and Gooday, 2019
OMS 150 um 3 0-1 7/8,3/8 218 148 59 67 310 1560-195 69.4 Goineau and Gooday, 2019
UK-1/0MS 63 um 5 0-1 1/8 271 215 82 84 462 133-209 75.3 Gooday and Goineau, 2019
Kaplan E 32 um 3(7) 0-1 - 168 - 84 - 252 66-100 75.6 Nozawa et al., 2006
Kaplan C 32 um 1(2) 0-0.5 - 109 - 49 - 158 44, 84 88.6  Ohkawara, 2006
Kaplan C 32 um 2(6) 0-1 - 202 - - - 208 51-70 83.7 Ohkawara, 2011
JET 32 um 9(9) 0-3 - 179 - 33 - 196 18-87 80.6 Nozawa, 2003

The UK-1 and OMS data are from the 0—1 cm layer of complete megacores (10-cm internal diameter tubes; surface area 78.5 cm?) or megacore splits. The Kaplan
and JET data are from subcores taken with a cut-off 50-mi syringe (surface area 6.6 cm?). The majority of species (particularly monothalamids) were either obviously

undescribed, or could not be easily assigned to a described species.
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FIGURE 3 | Species accumulation curve (solid line; left-hand axis) showing the increase in the number of species with the addition of new samples from Strata A and
B in the UK-1 contract area and the single Stratum in the OMS area (the ‘strata’ are 30 x 30 km study areas). The dotted line shows the number of new species
added with each new sample (right-hand axis). Redrawn from Deep-Sea Research |, vol. 149, A. Goineau and A.J. Gooday, Diversity and spatial patterns of
foraminiferal assemblages in the eastern Clarion—Clipperton zone (abyssal eastern equatorial Pacific), Article 103036, 2019, with permission from Elsevier.
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FIGURE 4 | Rarefaction curves with 95% confidence limits for foraminifera
from the Kaplan East (~15°N, 119°W; ~4100 m depth) and JET (09° 14’ N,
146° 15" W; 5300 m depth) sites. The curves are based on data from the

0-1 cm layer of subsamples (6.6 cm? surface area) of megacores, sieved on a
32-um screen (Nozawa, 2003, 2005).

Monothalamids are always a dominant element of these
meiofauna-sized assemblages, accounting for ~75% of species
in the two UK-1 strata and the nearby KE site, and almost
70% in the OMS stratum, irrespective of the size fraction
analyzed (Table 2). They contribute an even higher proportion
of species (>80%) in the fine fractions (larger than 32 pm) at
the KC and JET sites. Most other complete foraminiferal tests
in these samples belong to multichambered agglutinated taxa.
The inclusion of this important monothalamid component is the
main difference between these recent and earlier foraminiferal
studies in the Pacific.

The comparison of data across wider areas of the CCZ is
hampered by inconsistencies in the sizes and methods used to
analyze the samples (notably sieve mesh sizes) (Table 2), as well as
the research bias toward the eastern CCZ (Washburn et al., 2021).
The only quantitative samples that can be compared directly are
those obtained at the KE (4000 m, eastern CCZ) and JET (5300 m,
western CCZ) sites, which were analyzed by the same person
using the same methods (Nozawa, 2003, 2005; Table 2). At the
JET site, a total of 179 species (mean 46.1 £ 20.5 per subcore)
was recognized among 1,702 specimens (excluding fragments)
compared to 168 species among 983 specimens (mean 53.4 & 9.36
per sample) at the KE site. The rarefied species richness is slightly
higher at KE than at JET (Figure 4).

Macrofauna-sized (> 300 pwm) monothalamids are very
common in qualitative epibenthic sledge residues from the
CCZ. Samples from five sites in the eastern CCZ (German,
IOM, Belgium, French contract areas and APEI-3), sorted
by the same people using consistent methods, yielded 224
monothalamid morphospecies (Wawrzyniak-Wydrowska and
Gooday, unpublished). At least 30 additional forms have been
recognized in samples analyzed by Kamenskaya (unpublished)
from the French, German and Russian areas. Nine megacorer

samples (> 250-pm fraction) from the IOM area have also
yielded diverse foraminiferal assemblages, comprising more
than 220 morphospecies, of which 78% are monothalamids
(Stachowska, unpublished).

The eastern equatorial Pacific is notable for hosting diverse
assemblages of megafaunal xenophyophores (Schulze, 1907a;
Tendal, 1996; Gooday et al., 2017b). In total, 35 described species
(>40% of the global total) have been reported from this region,
of which 24 occur in the CCZ, where an additional 39 species
have been recognized but not formally described (Gooday et al.,
2020b). Most (52) of these 63 described and undescribed species
have been found only in the eastern CCZ (i.e., east of 140° W),
8 only in the western CCZ, while three (Aschemonella monilis,
Moanammina semicircularis, and Stannophyllum zonarium) span
both sectors. Many xenophyophores species live attached to
polymetallic nodules, suggesting that nodule occurrence may be
a key driver of their diversity. However, since xenophyophores
can colonize soft as well as hard substrates, the potential role of
nodules in this respect has yet to be tested.

Other kinds of sessile foraminifera are also common on
nodules (Table 3). Two early studies reported 28 (Dugolinsky
etal., 1977) and 46 (Mullineaux, 1987, 1988) morphospecies from
the CCZ and nearby areas (Figure 2d). In the eastern and western
French contract areas, Veillette et al. (2007) distinguished 68
species attached to nodules, with a further 5 loosely associated
species. In the UK-1 area seven nodules yielded a total of
75 attached species, with another eleven recognized during
shipboard observations (Gooday et al., 2015). Further studies of
nodule-attached foraminifera from the OMS area, as well as UK-1
area, would certainly increase this number further.

Based on these limited morphological analyses from a
relatively small number of study sites, we estimate that the total
number of foraminiferal morphospecies across all size fractions
and substrates could easily exceed 1,000. Samples from sites in
other parts of the CCZ will probably yield additional species.
In the western CCZ, Saidova (1974, 2000) reported species-
level variations in foraminiferal assemblages at a 10-km scale,
particularly in relation to topographic features (abyssal hills).
Heterogeneity of this kind would undoubtedly inflate species
numbers further.

Environmental DNA and RNA

Metabarcoding Data

Metabarcoding studies based on samples from the UK-1, OMS,
BGR and eastern French (IFREMER) contract areas (Lejzerowicz
et al., 2021), as well as previous studies in other regions (Lecroq
et al., 2011; Lejzerowicz et al., 2014; Shi et al., 2020), provide
further evidence that deep-sea foraminifera are highly diverse
and include a substantial proportion of monothalamids. The
Operational Taxonomic Units (OTUs) recognized in the CCZ
encompass most of the existing monothalamid clades, some
known only from environmental samples (Lejzerowicz et al,
2021). Environmental DNA (eDNA) and RNA (eRNA) was
extracted from 166 sediment samples collected according to a
nested design in four areas. Only 3 samples were processed
for the French site, which is situated in the more central
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TABLE 3 | Number of foraminiferal morphospecies associated with nodules within, and to the north of the CCZ.

Study area Position Depth (m) Nodules Morphospecies References
UK-1 contract area 13° 50’N, 116° 37'W 4053-4160 7 75 Gooday et al., 2015
French area: East site A 14°N, 130°W 4955 15 47 Veillette et al., 2007
French area: East site B 14°N, 130°W 4974-5036 50 63 Veillette et al., 2007
French area: East site C 14°N, 130°W 4904-4954 39 66 Veillette et al., 2007
French area: West site 14°N, 130°W 5043-5059 131 63 Veillette et al., 2007
CCz 15°N, 125°W 4500 65 46 Mullineaux, 1987
Central N. Pacific 30°N, 157°W 5800 64 25 Mullineaux, 1987
NE. eq. Pacific 02° 50'-19° 42’N, 116° 05'-154° 05'W 4500-5200 ? 28 Dugolinsky et al., 1977

At the French East site, A, B, and C refer to nodule facies, differentiated by the shape, size and surface morphology of the nodules and their degree of burial in the

sediment (Velllette et al., 2007).

part of the CCZ. Hence, the scope of the eDNA analyses is
currently limited to faunal patterns in the UK-1 and OMS
regions, which are relatively homogeneous in terms of nodule
abundance and POC flux.

The processing of foraminiferal metabarcoding data was
tailored for quality by using PCR replicates, cross-contamination
filtering, four sequence assignment methods and compositional
data analyses (Lejzerowicz et al, 2021). The eDNA and
eRNA sequences clustered into 6,425 OTUs, including 21.7%
assigned to the Monothalamea and 3.7% assigned to the
multichambered Globothalamea (Figure 5). On average, the
number of monothalamid OTUs obtained from samples at
each site was 7.2 (£ 3 standard deviation) times the number
assigned to the Globothalamea. For both groups, the UK-1 and
OMS areas yielded significantly higher richness than the well-
sampled BGR South area (MANGANI16 cruise) (72 samples,
Figure 5), and this is also true after normalizing sequencing read
depths with rarefaction [Figure 6 in Lejzerowicz et al. (2021)].
Nevertheless, the majority of OTUs remained unassigned at
lower taxonomic levels, suggesting that the foraminiferal genetic
diversity in the CCZ is largely unknown and more effort is
needed to complete the reference database necessary to assign the
foraminiferal metabarcodes.

We first identified localized OTUs that occurred in only one
of the CCZ areas, and then investigated those area-specific OTUs
that a) also occurred at only one station per area and/or b) in
only one sediment core per station (Table 4). More than half
(3457 = 53.8%) of the 6,425 OTUs met the first criterion. In
the OMS and UK-1 areas, a large majority (82.0% and 84.9%,
respectively) of these area-specific OTUs do tend to occur at
only one station; this proportion approaches 100% for BGR- and
IFREMER-specific OTUs. Since OTUs associated with very few
sequence reads are necessarily rare and strongly contribute to
localized occurrences, we also determined these single-station
and single-core occurrences for the 685 OTUs (19.8% of the
localized OTUs and 10.7% of all OTUs) that include at least 1%
of the total read count for each sample (Table 5). This reveals
that even these more highly-sequenced OTUs tend to be found
locally. This is notably the case for 2 and 4 OTUs assigned
to Textulariida and 2 and 5 assigned to the Rotaliida in the
OMS and UKI areas, respectively. Some of these were genus-
or species-level assignments (Pullenia subcarinata, Cibicidoides

wuellerstorfi, Eggerella sp., and Reophax sp.). Even more striking
is the fact that a large majority of these highly-sequenced OTUs
are also found in one of the two sediment cores taken at each
station (100% in column D of Table 5), suggesting a higher degree
of local patchiness.

FAUNAL TRENDS AND SPECIES
DISTRIBUTIONS ACROSS THE CCZ

Overall Trends

Across the CCZ, latitudinal and longitudinal gradients in surface
productivity and food flux to the seafloor (Smith et al., 2019),
together with the east to west increase in water depth and
carbonate dissolution, are likely to influence faunal composition
and therefore species ranges. The scarcity of data from the
western CCZ means that longitudinal trends in foraminiferal
assemblage composition are not well known. Saidova (1981)
recognized a number of assemblages on Pacific abyssal plains
that were linked partly to productivity. In the southern part of
the CCZ, a Cribrostomoides profundum assemblage in the east
gives way to a Recurvoidatus spiculotestus assemblage in the west,
while the northern part is occupied by a Rhabdammina inordita
assemblage. Our only across-CCZ data based on consistent sieve
fractions (> 32 pm) come from three Japanese studies at the
Kaplan East (KE), Kaplan Central (KC) and Japan Deep-Sea
Impact Experiment (JET) sites, a total east to west distance of
more than 3,000 km (Table 6). These reveal similar proportions
of major groups. Monothalamids (which we interpret to include
Lagenammina species and Nodellum-like forms) are dominant,
particularly at the KE and KC sites (>80%). If monothalamids
are excluded, then the main groups are hormosinids, and at the
JET site, other textulariids. Calcareous rotaliids, which might be
expected to be less common in the deeper and less productive
western CCZ, represent the highest proportion (22%) of the
monothalamid-free assemblages at the KC site, and the lowest
proportion (8.2%) at the JET site. However, they are relatively
more important at the JET (8.53%) compared to the KC and KE
(4.54 and 4.29%, respectively) sites when all foraminiferal groups
are included. Rotaliids persist at depths below the CCD, despite
the fact that their tests are often dissolved, presumably as a result
of carbonate dissolution on the seafloor.
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At smaller spatial scales, all samples from UK-1 and OMS
fall within 95% confidence limits in MDS plots (data not
shown), indicating a high degree of assemblage uniformity at
the contract-area scale (Goineau and Gooday, 2019). A decay-
distance analysis based on Bray-Curtis similarity vs distance
showed only minor differences in the species composition of
UK-1 and OMS samples separated by increasing distances of
up to ~220 km (Figure 6). However, there was a general
tendency for differences in species composition to increase with
distance, and this overall trend was significant (p = 0.006).
Thus, although particular morphospecies may have wide ranges,
there seem to be gradual shifts in the species composition
of foraminiferal assemblages in relation to environmental
gradients within the CCZ.

Species Distributions

Relatively little is known about species ranges across the
CCZ. Saidova (1974, 2000) provides some information on
species found at R/V Vityaz Station 5996, located at the

western extremity of the CCZ (153-154° W; Figure 2c,
Appendices A and B in Supplementary Material). Although
different names are sometimes used in Russian and
non-Russian literature, a number of species reported by
Saidova from this western site are probably the same as
those found in the eastern CCZ (Goineau and Gooday,
2017, 2019). They include Adercotryma  glomeratum,
Cyclammina  trullissata  [=  Cyclammina.  subtrullissata
(Parr, 1950) of Saidova, 1975], Globocassidulina subglobosa
[= Bradynella subglobosa] and Nuttallides umbonatus
(likely Osangulariella  bradyi]. Some meiofauna-sized
monothalamid morphospecies that span similar distances
within the CCZ (146°-150° W to ~116°-117° W) are illustrated
in Figure 7.

Five of the macrofaunal komokiacean morphospecies
from epibenthic sledge samples taken in the German,
IOM, Belgium, French, and APEI-3 areas (Wawrzyniak-
Wydrowska and Gooday, unpublished) were originally
described, either from the central North Pacific (30°N
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TABLE 4 | Number of OTUs that are confined to one CCZ area, station or single core. Data are arranged according to foraminiferal orders or clades and include only
QOTUs that are confined to the CCZ. A = number of OTUs found only in this area; B = total number of OTUs in the full dataset; C = percent of ‘A’ found at only one
station; D = percent of ‘A’ found in only one core from this station. Note that a dash in column D indicates that only one core was sampled for metabarcoding. Two cores
per station were always sampled in the OMS and UK-1 areas, but only one core was sampled per station in the IFREMER area and at some of the BGR stations.

Class Order/Clade BGR IFREMER OMS UK-1

A B C% D% A B C% D% A B C% D% A B C% D%
Unassigned 198 988 934 606 89 274 944 - 1331 3272 837 950 1096 3058 815 974
Globothalamea Unassigned 7 30 100 85.7 1 7 100 - 18 67 72 94.4 24 70 91.7 100
Rotaliida 3 21 100  66.7 0 0 0 0 17 60 765 824 12 50 91.7 100
Textulariida 1 16 100 - 1 7 100 - 20 51 90.0 100 9 41 77.8 100
Tubulothalamea Miliolida 0 0 0 0 0 0 0 0 0 0 0 0 2 2 100 100
Monothalamea Unassigned 4 38 100 50.0 2 11 100 - 18 75 722 944 32 88 75.0 96.9
Clade A 6 22 83.3 100 2 4 100 - 39 88.9 100 10 42 70.0 100
Clade B 2 9 100 - 0 0 0 0 3 16 100  66.7 7 18 100 100
Clade BM 0 0 0 0 0 0 0 0 0 0 0 0 3 15 100 100
Clade C 22 58 77.3 86.4 0 0 0 0 41 95 80.5 78 48 103 81.2 100
Clade D 1 4 100 100 0 0 0 0 0 0 0 0 2 10 100  50.0
Clade E 0 0 0 0 0 0 0 0 0 0 0 0 1 1 100 100
Clade F 1 24 100 100 9 20 100 - 15 70 66.7  80.0 15 72 93.3 933
Clade G 10 87 100  70.0 2 12 100 - 63 193 81.0 905 69 205 71.0 100
Clade | 0 0 0 0 0 0 0 0 0 0 0 2 50.0 100

Clade M1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Clade M2 8 50 100 87.5 1 17 100 0 15 86 73.3 933 19 92 68.4 100
Clade M3 0 0 0 0 0 0 0 0 15 50.0 50.0 4 17 100 100

Clade TIN 1 2 100 - 0 0 0 0 1 4 100 100 0 0 0 0
Clade V 1 19 100 100 0 0 0 0 5 29 80.0 80.0 6 31 100 100
ENFOR 1 5 52 100  80.0 1 4 100 - 45 161 80.0 844 38 157 789 974
ENFOR 2 2 14 100 100 1 8 100 - 4 24 75.0 100 6 26 50.0 833
ENFOR 5 1 38 100 - 3 19 100 - 21 101 71.4 100 19 98 89.5 94.7

ENFOR 6 0 0 0 0 0 0 0 0 1 3 100 100 0 0 0 0
ENFOR 7 0 0 0 0 0 0 0 0 3 24 100 100 6 27 100 100

ENFOR 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mono._X 0 0 0 0 1 2 100 - 3 17 100  66.7 6 20 83.3 100

156°W; 6070 m depth) (Tendal and Hessler, 1977) or
the North Atlantic (Shires et al, 1994), indicating wide
distributions.  Similarly, some of the nodule-encrusting
macrofaunal morphospecies in the UK-1 and OMS areas
(Gooday et al, 2015; unpublished data) are also reported
from the eastern and western CCZ sites of Veillette et al.
(2007). These include two species of the komokiacean genus
Chrondrodapsis, originally described from within the CCZ
(15°N, 125°W) (Mullineaux, 1988). Delicate net-like formations
assigned to the genus Telammina have been found growing
on firm substrates in the CCZ and North Atlantic (Gooday
et al, 2015), as well as the Indian Ocean (Figure 6D in
Aranda da Silva and Gooday, 2009). However, there are no
reliable genetic data for any komokiaceans or indeed for any
nodule-encrusting species.

Previous studies have provided a wealth of information on
the distribution of foraminiferal morphospecies, mainly hard-
shelled, at abyssal depths in the wider Pacific Ocean. Table 7
summarizes Pacific records for meiofauna-sized species, most of
them with easily recognizable multichambered tests, recorded by
Goineau and Gooday (2017, 2019) from the eastern CCZ. They

all have wide geographical ranges at abyssal depths in the Pacific.
There are also records of many of these species in other oceans,
and some are considered to have “cosmopolitan” distributions
(e.g., Holbourn et al., 2013).

Genetic studies (SSU rRNA sequences) provide some support
for wide ranges. Those of two rotaliids, Cibicidoides wuellerstorfi
and Epistominella exigua, span 17,000 km from the Arctic to the
Southern Ocean (Pawlowski et al., 2007), extending into the NW
Pacific in the case of E. exigua (Lecroq et al., 2009b) and the
NE Pacific in the case of C. wuellerstorfi (Burkett et al., 2020).
Sequences derived from E. exigua specimens collected in
the UK-1 and OMS contract areas during the ABYSSLINE
project were identical to those of Pawlowski et al. (2007)
and Lecroq et al. (2009b) from the NW Pacific and other
oceans. A SW Atlantic specimen of Nuttallides umbonatus
was genetically identical to several from the UK-1 and OMS
areas, where this is the most common rotaliid species. The
greater degree of genetic differentiation reported in Arctic
and Antarctic populations of other rotaliid species, Oridorsalis
umbonatus (Pawlowski et al., 2007), however, suggests that
some “cosmopolitan” morphospecies, particularly those found
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across a wide depth range, may encompass a number of
cryptic species.

Many xenophyophores species (described and undescribed)
are represented in the CCZ by 1-2 specimens and are
known from a single site, so nothing can be said about
their wider distributions (Gooday et al., 2020b). Psammina
limbata, described morphologically from the Russian area
in the central CCZ (Kamenskaya et al, 2015), may also
be present in the UK-1 and OMS areas, although without
genetic data from Russian specimens this cannot be confirmed
(Gooday et al., 2018a). However, wide ranges across a distance
of 3,800 km (from APEI-4 to UK-1/OMS sites) have been
confirmed genetically for two xenophyophore species (Gooday
et al,, 2020a). One of these (Moanammina semicircularis) is
illustrated in Figure 7LJ. The other, Aschemonella monilis,
is known from the Russian area (Gooday et al, 2017a)
and APEI-6 (Simon-Lledé et al, 2019a), in addition to UK-
1, OMS and APEI-4.

Undersampling, Patchiness and Rarity
Biogeographic patterns, including endemism, can be discerned
with some confidence among benthic foraminiferal species

living in coastal and shelf environments (Culver and Buzas,
1999; Murray, 2013; Hayward et al, 2021). However, limited
sampling, combined with small-scale faunal patchiness, makes
establishing geographical ranges and recognizing species with
restricted distributions a much more difficult task in the
deep ocean. The problem is compounded, particularly in
the abyss, by the vast extent of the environment and the
apparent rarity of many species. Around 60% of the 547
unfragmented species (> 150-um fraction) in UK-1 and
OMS samples are found at only 1 or 2 out of 11 sites but
are represented by a relatively small proportion (16.7%) of
specimens (Figure 8). Many species confined to one site are
singletons. On the other hand, the few species (4.2%) that
are recorded across 10 or 11 sites account for a relatively
large proportion (35.9%) of specimens. Similarly, > 80% of
macrofaunal foraminiferal species in epibenthic sledge samples
from the Belgian, German, IOM, and French areas and APEI-
3 are confined to one area, and 74% are confined to one of
the 2 replicate samples analyzed from each area (Wawrzyniak-
Wydrowska and Gooday, unpublished). The metabarcoding
data summarized above (Table 4) also indicate that many
OTUs are confined to one station and in some cases to

TABLE 5 | Number of OTUs that are confined to one CCZ area, station or single core. Data are arranged according to foraminiferal orders or clades and include only
OTUs that are specific to CCZ areas and present in samples with >1% of sequence reads. A = number of OTUs found only in this area. B = total number of OTUs in the
full dataset. C = percent of ‘A’ found at only one station. D = percent of ‘A’ found in only one core from this station. Note that a dash in column D indicates that only one
core was sampled for metabarcoding. Two cores per station were always sampled in the OMS and UK-1 areas, but only one core was sampled per station in the

IFREMER area and at some of the BGR stations.

Class Order/Clade BGR IFREMER OoMSs UK-1
A B C% D% A B C% D% A B C% D% A B C% D%
Unassigned 66 988 894 833 23 274 100 - 196 3272 8.7 974 218 3058 87.2 986
Globothalamea Unassigned 2 30 50 100 67 100 100 4 70 75.0 100
Rotaliida 60 50.0 100 5 50 80.0 100
Textulariida 51 100 100 4 41 100 100
Tubulothalamea Miliolida
Monothalamea Unassigned 2 38 100 50.0 8 75 87.5 100 4 88 25.0 100
Clade A 1 22 0 100 3 39 100 100 2 42 100 100
Clade B 1 18 100 100
Clade BM 1 15 100 100
Clade C 4 58 100 75.0 10 95 70.0  80.0 8 103 75.0 100
Clade D
Clade E
Clade F 2 70 50.0 100 1 72 100 100
Clade G 10 87 100 60.0 22 193 90.0  90.9 29 205 79.3 100
Clade |
Clade M1
Clade M2 1 50 100 -
Clade V 2 19 50.0 100 2 29 100 100 1 31 0 100
ENFOR 1 2 52 100 100 161 889 889 19 157 94.7 100
ENFOR 2 1 14 100 100 1 8 100 - 1 26 0 100
ENFOR 5 1 38 100 100 7 101 100 100 3 98 66.7 100
ENFOR 6
ENFOR 7
ENFOR 8
Monoth._X 2 20 50.0 100
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TABLE 6 | Proportions of major foraminiferal groupings in > 32-pum fraction of
subsamples (0-1 cm layer) from Kaplan East (KE), Kaplan Central (KC) and JET
sites.

KE KC JET

N % N % N %
Including monothalamids
Hormosinids 98 2.24 334 5.16 95 10.39
Other textulariids 47 1.07 93 1.44 93 10.18
Rotaliids 27 0.62 125 1.93 17 1.86
Miliolids 2 0.05 12 0.19 0 0
Ammodiscus 1 0.02 2 0.03 2 0.219
Nodellum-like 150 3.42 271 4.19 49 5.361
Lagenammina 188 4.29 294 4.54 78 8.534
Monothalamids 3871 88.3 5345 82.6 580 63.46
Total numbers 4384 6470 914
Excluding monothalamids
Hormosinids 98 56.0 334 59.0 95 45.9
Other textulariids 47 26.9 93 16.3 93 44.9
Rotaliids 27 15.4 125 22.1 17 8.21
Miliolids 2 1.14 12 2.12 0 0
Ammodiscus 1 0.57 2 0.35 2 0.97
Total numbers 127 566 207

Data are from Nozawa et al. (2006; KE), Nozawa (2003; JET), Ohkawara (2011,
KC). The monothalamids from the KE and KC sites include a large proportion of
tiny spheres. The most common form at the KC site was described as Saccammina
minimus by Ohkawara et al. (2009), but others from both Kaplan sites could not be
easily differentiated into species (Nozawa et al., 2006; Ohkawara et al., 2009).

one core. These OTUs are often rare (represented by few
reads) and this, together with patchiness and under-sampling,

most likely accounts for their localized occurrence. A minority
of OTUs found only at one station or in one core are
represented by > 1% of reads (Table 5) and therefore are not
particularly rare. In these cases, under-sampling and a patchy
distribution could still explain why they are only found in
one place. The unique sequences that are combined to create
OTUs may exhibit even more localized spatial distributions.
These morphological andmetabarcoding studies highlight the
likely prevalence of ‘pseudo-endemism’ and the need for
more sampling.

Broad biogeographic patterns undoubtedly exist across the
Pacific abyss. Several abyssal benthic provinces have been
proposed for this ocean, most recently by Watling et al
(2013), while Saidova (1981) recognized a series of foraminiferal
communities on Pacific abyssal plains related to surface
productivity, combined with carbonate dissolution and bottom-
water currents. Recent, metagenomic studies have revealed high
number of OTUs that are confined to the CCZ (Lejzerowicz
et al.,, 2021). However, whether some foraminiferal species are
confined to smaller areas of the Pacific, including parts of the
CCZ, and occur nowhere else in the global ocean, is difficult
to establish. At present, it is not possible to distinguish strictly
endemic distributions of this kind from artifacts resulting from
rarity combined with under-sampling (i.e., ‘pseudo-endemism’).
It is worth noting that the ability of foraminiferal species to
reproduce asexually may allow them to persist at very low
population densities (Murray, 2013) over large, oligotrophic areas
of the deep sea, without the need for propagules to be introduced
from more productive areas, as postulated for some metazoan
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FIGURE 6 | Similarity between samples compared across increasing distances in the UK-1 and OMS contract areas. Based on Bray-Curtis similarity indices
computed with species presence-absence data. The cluster of symbols at the left-hand side refers to comparisons of samples within each of the 30 x 30 km ‘strata’
(UK-1A, UK-1B, and OMS; 5, 3, and 3 samples, respectively); the other clusters refer to comparisons between these three strata. Similarity values within and
between strata are significantly different (t-test, p = 0.012) only when the two most widely spaced strata, UK-1A and OMS, are compared (cluster of purple triangles
on right-hand side). However, the overall trend indicated by the dotted line is significant (Spearman’s rank correlation, rs = 0.373, p = 0.006). Redrawn from
Deep-Sea Research |, vol. 149, A. Goineau and A.J. Gooday, Diversity and spatial patterns of foraminiferal assemblages in the eastern Clarion—Clipperton zone
(abyssal eastern equatorial Pacific), Article 103036, 2019, with permission from Elsevier.
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2020a).

FIGURE 7 | Morphospecies occurring at the western (A,C,E,G,l) and eastern (B,D,F,H,J) ends of the CCZ. (A,B) Resigella moniliforme (Resig, 1982) from the JET

site (A) and UK-1 contract area (B). (C,D) Bilocular Resigella sp. from the JET (C) and KE (D) sites. (E,F) Saccamminid with terminal apertures from the JET site (E)
and UK-1 contract area (F). (G,H) Lagenammina sp. from the JET site (G) and OMS contract area. (H) Moanammina semicircularis Gooday and Holzmann, 2020 in
Gooday et al. (2020a) from APEI4 (I) and the OMS contract area (J); in this case, genetic data confirm that these two specimens are conspecific (Gooday et al.,

macrofaunal taxa (“source-sink hypothesis”; Rex et al., 2005;
Hardy et al., 2015). This may enable even rare species to maintain
wide geographical ranges.

GENETIC CONNECTIVITY

As indicated above, there is genetic evidence that some
foraminiferal species have wide ranges across the CCZ and
beyond. Lecroq et al. (2009b) analyzed the population genetics
of Epistominella exigua (a calcareous species found in the UK-
1 and OMS areas) from sites in the Arctic, North Atlantic,
Southern Ocean, and the western Pacific off Japan, based on the
complete ITS rDNA sequences. They found very little divergence
between ITS haplotypes from different oceans. Whether or not
these results for E. exigua, which is an unusually opportunistic

species that exploits phytodetritus deposits (Gooday, 1988), are
typical for other foraminifera living in the CCZ is an important
question for the future.

POSSIBLE ECOLOGICAL ROLES FOR
BENTHIC FORAMINIFERA IN THE CCZ

The abundance and diversity of foraminifera across different
size classes and microhabitats in the CCZ suggest that they
play an important ecological role in benthic communities
(reviewed by Gooday, 2019; Gooday et al, 2020b). As a
group, deep-sea foraminifera have a wide range of diets
(Gooday et al, 1992, 2008; Nomaki et al., 2006). Species
of Globothalamea and Tubothalamea, notably the calcareous
rotaliids and miliolids, respectively, probably depend more on
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TABLE 7 | Literature records from the Pacific Ocean of selected foraminiferal species that occur in the UK-1 and OMS contract areas.

Area or site Sulu Sea'’ North South Gulf of North SE Pacific 35° 09’ N, ~29°N, Guatemala

Pacific? Pacific® Panama* Pacific® Abyssal 123° 00°'W7 155°W8 Basin®
assemblage®

Depth (m) 534-4635 3749-7224 3338-5353 1412-3436 2410-4810 >4,100 3953 5597-6036  3350-4040

Resigella moniliformis 1053-4074 X

Lag. difflugiformis 534-4635 4206-7224  1957-4435  2070-3436  4170-7230 X 3350-4040

Thurammina papillata 4435 X X X 3350-3785

T. albicans 3749

Sorosphaera confusa 3749, 5304

Hyperammina cylindrica 2055-4635 4650-5400

Hyperammina laevigata 3059 3565-3785

Saccorhiza ramosa 534-4635 1564-2196 X 3350-4040

Rhizammina algaeformis 534-4635 3429-5304 2196-3436

Hormosina ovicula 4206-7224  1957-3383  1443-3436 X 3350-4040

Hormosinella guttifera 534-4635 X X X

Hormosinella distans 3059-4635 4206 1957-2515  1412-3182  4650-5230 X X 3350-3735

Pseudo. nodulosa 3383-5715  1957-4252 2196 5500-7000 X 3600-4040

Reophax scorpiurus 534-4635 5394-7224  4343-4435 4650-7000 X

Adercotryma glomeratum 2055-4635 4343 4435 443-7230 X X 3350-4040

Ammobac. agglutinans 1053 4650-5160 X X X 3350-4040

Cribro. subglobosa 534-4635 3383-7224  1957-4435  1207-3436  4170-7230 X X X 3350-4040

Veleroninoides scitulus 5404 7000-7230

Cyclammina trullissata 4206-7224  3458-4435  1789-2227  4170-5610 X 3350-4040

Cystammina galeatea 3383 3338 4170-5500 X X

C. pauciloculata 1053-2055 3383-7224  1957-4435  1845-2196 X 3350-4040

Glomospira gordialis 1053-4635 4206-5715  1957-4435 4210-5610 X 3350-4040

Epistominella exigua 534-1053 2227 4650-5160

Nuttallides umbonatus 4650

Globocassid. subglobosa 534-1053 4810 X X

Cibicidoides mundulus 4650

Hoeglundina elegans 534 2410-4810

Pyrgoella irregularis X

Pyrgo murrhyna 1053 X

Depth ranges (m) are given for species where information from particular areas is available. Crosses (x) indicate occurrences within the depth range of the study. Note
the wide bathymetric ranges for some species in the Sulu Sea. The 7 sites sampled in this semi-enclosed western Pacific basin were characterized by uniformly warm
temperatures (10-11°C) and oxygen-depleted bottom water (2.06 mi/L from 534 to 2055 m; ~1 ml/L at 3059 m and deeper) (Szarek et al., 2007). Lag. = Lagenammina;
Pseudo = Pseudonodosinella; Ammo = Ammobaculites; Cribro = Cribrostomoides; Globocassid. = Globocassidulina.

1Szarek et al. (2007); 23Brady (1884); 4Goés (1896); °Smith (1973); 6Resig (1981); ”Enge et al. (2012); 8Schréder et al. (1988); °Burmistrova et al. (2007).

inputs of labile organic matter derived from surface production
than most abyssal monothalamids, particularly those that
accumulate stercomata, the likely waste products of feeding
on sedimentary particles and detritus. Many rotaliids have
smooth test morphologies consistent with movement through
the sediment and are probably relatively active metabolically,
whereas deep-sea monothalamids often have test morphologies
that must make movement difficult or impossible, suggesting
relatively low metabolic rates. Foraminiferal ecology is complex
and this distinction is certainly too simplistic. Not all deep-
sea monothalamids accumulate stercomata (Turley et al., 1993;
Gooday et al,, 2004) and some rotaliids ingest sediment and
associated bacteria (Goldstein and Corliss, 1994); some small
monothalamids are quite mobile (Groos, 2000) while some
rotaliids are sessile (Mullineaux, 1987). However, it may be useful
to bear this distinction in mind, particularly in abyssal settings

where food limitation, combined with carbonate dissolution,
favours stercomata-bearing monothalamids.

Role in Food-Webs and Carbon Cycling

Research conducted since the 1970s has documented the
potentially important contribution of foraminifera to deep-sea
food webs and carbon cycling. By typically feeding at a low
trophic level and being consumed by specialist and incidental
predators, foraminifera represent an important trophic link at the
base of deep-sea foodwebs (Lipps and Valentine, 1970; Gooday
et al., 1992; Nomaki et al., 2008; Wiirzberg et al., 2011). Feeding
and reproductive responses to phytodetritus are reported in
the bathyal and abyssal NE Atlantic (Gooday, 1988; Gooday
and Lambshead, 1989; Gooday and Hughes, 2002), the bathyal
western Pacific (Kitazato et al., 2003), and at Station M (4000
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FIGURE 8 | The percentage abundance of species (total = 548) represented
by complete tests and specimens (total = 7072) occurring at different
numbers of sites (from a single site on the left of the x axis to all 11 sites on
the right) within the UK-1 and OMS areas in the eastern CCZ. On the left-hand
side, 60.2% of species are confined to 1 or 2 sites but these represent only
16.6% of specimens (i.e., species confined to 1 or 2 sites tend to be rare). In
contrast, only 4.2% of species occur at 10 or 11 sites, but these represent
35.9% of specimens (i.e., widely-distributed species tend to be abundant).
The relatively high percentage (10.7%) of specimens occurring at 2 sites
(second point on x axis) reflects the high abundance (n = 296) of a single
species. If this is removed, then the contribution of species confined to 1 or 2
sites decreases from 16.6% to 13.0% of specimens and that of species
occurring at 10 or 11 sites increases 35.9 to 37.5%. Based on data from
Goineau and Gooday (2019).

m depth) on the Californian margin to the north of the CCZ
(Drazen et al., 1998). In situ “pulse-chase” experiments using '*C-
labelled diatoms as tracers of food uptake have likewise suggested
a significant role for foraminifera in the short-term processing
of fresh organic matter in the bathyal NW and NE Atlantic
(Levin et al., 1999; Moodley et al., 2002), the bathyal NW Pacific
(Nomaki et al., 2005), and at Station M (Enge et al,, 2011).
At the level of individual foraminifera, shipboard experiments
and transmission electron microscopy have demonstrated the
ingestion of fresh phytoplankton and zooplankton detritus, along
with increases in the cellular carbon content and metabolic and
enzymatic activity within days of artificial and natural food pulses
(Heeger, 1990; Altenbach, 1992; Linke, 1992; Graf and Linke,
1992; Linke et al., 1995). Koster et al. (1991) found high levels
of enzymatic activity associated with agglutinated foraminifera
(Hyperammina and Reophax) in the Norwegian-Greenland Sea.
They concluded that foraminifera can dominate the enzymatic
hydrolysis of organic matter in areas where they are abundant.
How far are these observations, made mainly on eutrophic
continental margins, applicable in the oligotrophic CCZ, where
there is much less evidence for seasonality in food supply?
Sweetman et al. (2018) carried out pulse-chase experiments to
determine the uptake of '*C-labeled diatoms by bacteria and
macrofauna (>300 pm) in the UK-1 and OMS areas. Uptake
was dominated by bacteria, with macrofaunal foraminifera
contributing very little. This is not surprising since this size
fraction in the abyssal Pacific comprises mainly low-biomass,
stercomata-bearing monothalamids (Tendal and Hessler,
1977; Bernstein et al,, 1978). Nevertheless, phytodetritus
deposition events have been observed occasionally in the
CCZ (Radziejewska, 2002) and are likely to evoke a response
from small species such as Epistominella exigua, which occurs

in the eastern CCZ (Gooday and Goineau, 2019). This and
other rotaliids, including the most common calcareous species
Nuttallides umbonatus, contain green cytoplasm, an indication
of feeding on fresh phytoplankton-derived material. Moreover,
the macrofaunal fraction in this area includes some large species
(miliolids, the textulariid Cribrostomoides subglobosa, and the
monothalamous Crithionina hispida), which were among those
to respond strongly to food pulses on the Norwegian margin
(Heeger, 1990; Thies, 1991; Altenbach, 1992; Linke, 1992; Linke
etal,, 1995). According to Enge et al. (2011), Saccorhiza ramosa, a
common nodule-attached species across the CCZ (Gooday et al.,
2015), was responsible for 61 and 99% of tracer uptake in the 1-2
and 2-3 cm layers, respectively, at Station M. These observations
suggest that foraminifera play some role in the processing
of organic carbon in the CCZ, although the contribution of
calcareous taxa will probably be greater at the shallower eastern
end where carbonate dissolution is less of an issue.

Limited knowledge about the ecology of abyssal foraminifera,
and monothalamids in particular, hampers understanding of the
overall contribution that these benthic protists make to carbon
cycling in the CCZ. Although saccamminids (flask-shaped, soft-
walled monothalamids) were a major component of foraminiferal
assemblages at Station M, their contribution to carbon uptake in
13C-tracer experiments was almost zero (Enge et al., 2011). Some
small, organic-walled monothalamids have relatively featureless
cytoplasm (Supplementary Figure 9A-C in Gooday and Goineau,
2019) and may consume bacteria (Turley et al., 1993), while
gromiids are packed with waste pellets (stercomata) and often
ingest cysts, fragments of other organisms, or mineral grains
(Figures 3A,B in Renaud-Mornant and Gourbault, 1990). The
storage of stercomata, which comprise mainly clay minerals, is
typical of many abyssal monothalamids and probably reflects
the ingestion of sediment and degraded organic matter. Lipid
analyses suggest that bacteria may also be consumed by
xenophyophores (Laureillard et al., 2004). Stercomata-retaining
groups such as komokiaceans and xenophyophores, often have
large tests but sparse cytoplasm. As a result, their biomass is
much less than their macro- or mega-faunal sizes would suggest
(Tendal, 1979; Levin and Gooday, 1992; Shires et al., 1994;
Gooday et al., 2018b), a likely adaptation to severely energy-
limited abyssal environments. This kind of organization also
makes distinguishing “live” from dead specimens in fixed samples
using Rose Bengal staining problematic, possibly leading to the
over-estimation of “live” abundances. All of these factors suggest
that the contribution of monothalamids to carbon cycling in the
CCZ does not match their abundance and diversity although,
given their large contribution to benthic communities, it may
still be considerable. However, there are very few reliable data
about their biomass or rates of metabolic activity, which are
crucial parameters if foraminifera are to be included in carbon-
based, food-web modeling studies (van Oevelen et al., 2011;
de Jonge et al., 2020).

Provision of Heterogeneity

Gooday et al. (2020b) review the role of xenophyophores as a
potentially important source of seafloor heterogeneity in parts
of the deep sea where they are an abundant component of the
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megafauna. Briefly, their tests, whether alive or dead, may (1)
enhance the deposition of fine sediment and labile material in
their immediate vicinity, creating food-rich hotspots (a likely
reason why ophiuroids are often seen coiled around test bases;
Levin and Thomas, 1988); (2) provide habitat structure that is
utilized for multiple purposes by a wide range of meiofaunal
and macrofaunal metazoans (e.g., Levin et al., 1986; Levin, 1991;
Levin and Gooday, 1992), foraminifera (Hughes and Gooday,
2004), and even fish (Levin and Rouse, 2019), and (3) host an
enhanced and distinctive microflora (Hori et al., 2013). These
heterogeneity-enhancing attributes are either known or likely to
apply in the CCZ.

Although the large test sizes of many xenophyophores makes
them especially important in this regard, smaller meio- and
macro-faunal foraminifera can also create habitat structure
that is relevant to smaller organisms (Thistle, 1979, 1982).
A genetic analysis of komokiacean tests (Normanina conferta
and Septuma ocotillo) from the Weddell Sea revealed an
extraordinary diversity of fungal and protistan sequences (Lecroq
et al,, 2009a), suggesting that these structures are hotspots
of microbial diversity. An X-ray radiograph of a core from
the eastern equatorial Pacific Panama Basin (3912 m depth)
shows the sediment permeated by a network of fine burrows
attributed to Reophax (Kaminski et al., 1988), the most common
multichambered agglutinated genus in the eastern CCZ (Goineau
and Gooday, 2017, 2019). Based on an analysis of “vegematic”
box cores (i.e., partitioned into subcores) at the CLIMAX II
site north of Hawaii, Bernstein et al. (1978) found that certain
groups of foraminifera exhibited possible correlations with
biological variables, such as prevalence of surface or subsurface
deposit feeders and carnivores. These examples suggest that
the diverse agglutinated foraminifera, including morphologically
complex komokiaceans, mudballs, branching tubes, and chain-
like formations that are common in CCZ samples, may help to
structure sedimentary habitats and serve as microhabitats for
other organisms.

Possible Recolonization Scenarios

Some clues to possible foraminiferal responses to the blanketing
of the seafloor by sediment redeposited from the plume created
by mining may be gleaned from studies in the South China
Sea, where a large area was covered by a layer of volcanic ash
(1 to 90 mm thick at sampled sites) following an eruption in
the Philippines in 1991. Different parts of the impacted area
(2338-3322 m depth) were sampled on 5 occasions: April
1994, June 1996, November/December 1996 and June/July
1998, and April 1999 (Hess and Kuhnt, 1996; Hess et al,
2001; Kuhnt et al, 2005). Among the observations that may
be relevant to seabed mining impacts were the following.
(1) Impact of the ash layer depended on its thickness. All
foraminifera were killed where it was 60-80 mm thick; mobile
infaunal species were significantly reduced where it was 20 mm
thick, and epifaunal suspension feeders were eliminated by
ash deposits <10 mm thick. (2) Twenty agglutinated species
survived the ash fall at a site where the thickness was 15 mm,
as shown by their use of quartz grains and biogenic particles
in early chambers (pre-dating ash fall) and ash particles in

later chambers. Most were considered to be mobile infaunal
species. Some (Ammobaculites agglutinans, Cribrostomoides
subglobosum, Hormosinella distans, Hyperammina elongata,
Reophax  scorpiurus, Rhizammina algaeformis, Saccorhiza
ramosa) have been identified in the eastern CCZ. 3) A first
wave of pioneer recolonizing species was recognized in 1994
samples. These were followed by a second wave that dominated
in 1996. Suspension feeders, including large xenophyophores,
appeared in the 1998 samples. Xenophyophores not reliant on
nodules as an attachment substrate could therefore be among
the first large immobile organisms to reappear in areas where
seabed mining has destroyed the fauna (Gooday et al., 2020b),
although there is no evidence of this having happened yet at
experimental disturbance sites such as DISCOL (Figure 1 in de
Jonge et al., 2020). 4) The earliest recolonizers were small, mobile,
agglutinated forms, mainly R. dentaliniformis and Textularia sp.,
that were not present in the original pre-eruption assemblage or
in control samples from unaffected areas. They were succeeded
by two other Reophax species (R. bilocularis, R. scorpiurus) and
the miliolid Quinqueloculina seminula.

The ash-fall observations are suggestive, but the South China
Sea is a very different environment from the CCZ and they should
be extrapolated only with considerable caution. Apart from
being shallower, the South China Sea experiences monsoonal
winds, leading to seasonal changes in productivity, as well
as much stronger current activity than the CCZ. The ash
substrate is very different geochemically and mineralogically
from CCZ sediments, and is much coarser-grained (Kuhnt
et al., 2005). Nevertheless, in the absence of any real evidence
for how foraminiferal recolonization will proceed following
mining impacts, these observations could provide pointers
for what might happen. They are also consistent with other
observations. Two species of Reophax (R. dentaliniformis, R.
excentricus), a genus that included some of the pioneer ash-fall
recolonizers, were the most common foraminifera after 9 months
in 30 x 30 cm trays of defaunated sediments deployed at a
3,912-m-deep site in the Panama Basin (> 297-um fraction;
Kaminski et al., 1988). Reophax dentaliniformis also recolonized
disturbed sediments at 1,478 m in the axis of the Cap Breton
Canyon in the NE Atlantic (Duros et al., 2017). We suggest that
members of this important uniserial genus, which is the most
abundant multichambered foraminiferal taxon in the eastern
CCZ (Goineau and Gooday, 2017, 2019), may be among the
earliest to reappear following direct or indirect mining impacts.
They might be accompanied by small biserial agglutinated taxa,
notably Textularia spp. and Spiroplectammina spp., that also
occur in the CCZ. Dispersal of such species could be mediated by
the transport of propagules (tiny 1-2 chambered juveniles) (Alve
and Goldstein, 2003, 2010), although very low current speeds in
the CCZ suggest that recolonization would proceed at a slower
rate than in the South China Sea.

CONCLUDING REMARKS

Foraminifera are unique among marine eukaryotes, and protists
generally, in spanning a size range from meiofauna to megafauna.
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They are also by far the most abundant benthic organisms
to be preserved in the oceanic fossil record and important
palaeoceanographic indicators of ancient seafloor environments.
As a result, many deep-sea species have been described
based on test morphology, and numerous publications record
their distribution in modern oceans, making them one of
the best documented of deep-sea benthic taxa and potential
models for understanding biogeographic patterns in the abyss.
The well-known, mainly multichambered foraminifera occur
alongside delicate, monothalamous forms that have very little
fossilization potential and include many undescribed species.
In the CCZ and other parts of the abyssal Pacific, oligotrophic
conditions, combined with increasing carbonate dissolution close
to and below the carbonate compensation depth, favour the
development of monothalamid-dominated assemblages. Some
belong to known genera and species, or can be assigned to higher
taxa like the Komokioidea and Xenophyophoroidea. However,
other abyssal monothalamids are difficult to accommodate within
current morphology-based taxonomic systems for agglutinated
foraminifera (e.g., Kaminski, 2014).

The monothalamid component of CCZ assemblages poses
further challenges. 1) Some tests, notably komokiaceans and
tubular morphotypes, have a strong tendency to fragment, and
are therefore difficult to quantify. The best solution is to count
fragments separately from intact specimens (Bernstein et al.,
1978; Nozawa et al.,, 2006) and include fragmented species in
species numbers but not in calculations of species diversity. 2)
Ecological studies of modern foraminifera need to distinguish
between specimens that were living when collected and those
that were dead. The simplest and most common method is
Rose Bengal staining, but stercomata-bearing monothalamids
have sparse cytoplasm and do not stain well, often making
it difficult to discriminate between “live” and dead tests. 3)
Although DNA sequences can be obtained easily from the
megafaunal xenophyophores and smaller, more typical deep-sea
monothalamids, including saccamminids (e.g., Conqueria) and
allogromiids (e.g., Bathyallogromia, Micrometula), attempts to
sequence the stercomata-bearing forms, such as komokiaceans,
have often proved unsuccessful (e.g., Lecroq et al., 2009a). These
difficulties limit understanding of the phylogenetic position
and diversity of these problematic organisms, as well as
hampering the description of new species. 4) Finally, although we
can speculate that morphologically-complex, stercomata-bearing
monothalamids probably consume sediment, degraded organic
matter, and perhaps bacteria, and have lower energetic demands
(metabolism) than multichambered foraminifera, we have very
little direct information regarding their ecology. Experimental
studies could help to address this important limitation. Because
of difficulties such as these, there is a temptation to disregard
monothalamids in surveys of the CCZ fauna. Given their
importance, we would argue that they should be included,
at least in assessments of seafloor biodiversity. As shown by
several studies (Lecroq et al., 2011; Lejzerowicz et al., 2014;
Cordier et al., 2019), metabarcoding of sediment DNA appears
to be the best way to incorporate the smaller monothalamids in
monitoring surveys. However, the biodiversity of komokiaceans
and other enigmatic forms, which often dominate the abyssal

Pacific macrofauna (Tendal and Hessler, 1977; Bernstein et al.,
1978) and to a lesser extent the meiofauna (Goineau and Gooday,
2017, 2019), may still have to be evaluated morphologically.

In terms of data gaps, the most obvious is the scarcity
of foraminiferal studies in the western CCZ. Apart from
some species records, mainly in the works of Kh. Saidova
(Supplementary Material), we have only some quantitative
data from the JET site, some information on nodule-encrusting
foraminifera from the western French site, and small collections
of xenophyophores from APEIs 1, 4, 6 and 7. A transect
of foraminiferal samples along east to west gradients of
increasing depth and carbonate dissolution and decreasing
surface productivity could prove very informative. Although
xenophyophores have been collected (Gooday et al., 2017b,
2020a), and analyzed in seafloor images (Simon-Lled6 et al.,
2019a,b) in several APEIs, there are currently no quantitative
morphological or metabarcoding data for foraminifera in
samples from any of the nine present protected areas. This is
an important gap to address given the importance of APEIs in
protecting biodiversity and ecosystem functioning in the CCZ
from future mining impacts. Finally, we agree with de Jonge
etal. (2020) on the pressing need for more information about the
biomass, metabolic activity, and ecology of abyssal foraminifera,
particularly xenophyophores and other monothalamids, in order
to include them in efforts to construct comprehensive carbon-
flow models for the CCZ. Understanding the role of these
remarkable protists in the functioning of deep-sea benthic
ecosystems in the CCZ and across the globe remains a major
challenge for the future.
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