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Macrofauna-sized foraminifera
in epibenthic sledge samples
from five areas in the eastern
Clarion-Clipperton Zone
(equatorial Pacific)

Andrew J. Gooday1,2* and Brygida Wawrzyniak-Wydrowska3

1Ocean Biogeosciences, National Oceanography Centre, Southampton, United Kingdom, 2Life
Sciences Department, Natural History Museum, London, United Kingdom, 3Institute of Marine and
Environmental Sciences, University of Szczecin, Szczecin, Poland
Benthic foraminifera cannot be sampled adequately using a single device.

Smaller taxa are best collected usingmulticorers, the larger with box corers, but

towed devices (dredges, trawls and epibenthic sledges) also retain many larger

species. Here, we describe macrofaunal (>300 µm) foraminiferal assemblages

obtained using an epibenthic sledge (EBS) in the Clarion-Clipperton Zone

(eastern equatorial Pacific), a region hosting seafloor deposits of polymetallic

nodules. Twelve EBS samples were collected in four areas licenced for

exploration by the International Seabed Authority (ISA) to German, IOM,

Belgium and French contractors, and to APEI-3, one of the protected Areas

of Special Scientific Interest designated by the ISA. We recognised 280

morphospecies among 1954 specimens, with between 74 (IOM) and 121

(Belgium) in particular areas. Most (92.7%) were single-chambered

monothalamids, of which 75 species (26.8%) belonged to the Komokioidea

(‘komoki’), 47 (16.8%) to branched and unbranched tubes, 33 (11.8%) to chain-

like and 32 (11.4%) to various ‘komoki-like’ forms. Fragments of megafaunal

xenophyophores represented 21 species (7.50%), including Spiculammina

delicata, previously reported only from the Russian area. Rarefaction curves

and sample coverage completeness curves suggest that only a fraction of the

macrofaunal foraminiferal diversity had been sampled. The occurrence of

71.8% of species in 1-2 of the 12 samples and 84.9% in 1-3 of the samples

was a likely result of substantial undersampling. Dissimilarity in species

composition between areas was very high: 64.2% (German vs IOM area) to

86.9% (German area vs APEI-3). Similarity within a single area was quite low:

29.1% (German) to 45.1% (IOM). In multidimensional scaling (MDS) plots, the

APEI-3 area was clearly distinct in terms of faunal composition from all other

areas, the French area somewhat separated from the German, IOM and

Belgium areas, with the German and IOM samples being the most similar.

These patternsmay reflect the geographical separation of the French and APEI-

3 areas and their location in deeper, more oligotrophic waters. Our study

demonstrates that EBS samples from the eastern CCZ are a rich source of novel
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foraminiferal taxa, particularly light, easily resuspended komoki, providing a

valuable perspective on foraminiferal biodiversity.
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Introduction

Until the middle of the last century, much of our knowledge

of deep-sea benthic invertebrates was based on relatively coarse-

meshed dredges that are towed across the seafloor. These devices

have continued to be used for sampling larger fauna, including

some foraminifera, in the deep sea, but they are not quantitative

and do not collect smaller organisms (macro- and meiofauna).

The advent of a more quantitative approach to the study of deep-

sea faunas during the 1960s saw the deployment of new coring

devices that obtained largely undisturbed sediment containing

smaller organisms from a defined area of the seafloor. For the

macrofauna, the introduction of the USNEL box corer by

Hessler and Jumars (1974) ushered in a new age of

quantitative research and provided the basis for studies that

revealed the huge abundance and diversity of novel foraminifera

larger than 300 µm at abyssal depths (Bernstein et al., 1978). For

the meiofauna, different versions of hydraulically-dampened

multicorers, first developed by Barnett et al. (1984), have

become the instruments of choice in the deep sea.

The second half of the 20th century saw the development of

various new devices that obtain much larger numbers of benthic

organisms than core samples, as well as collecting the smaller

organisms that pass through the meshes of traditional dredges

(reviewed by Gage and Tyler, 1991; Kaiser and Brenke, 2016).

These include towed epibenthic sledges and sleds (EBSs) fitted

with one or more nets and runners to smooth their passage

across the seafloor. The work of Hessler and Sanders (1967), who

were the first to use epibenthic sledges, and earlier of Sanders

et al. (1965) using an anchor dredge, together with studies by

Russian and Danish biologists in the 1950s and 1960s based on

grab samples (cited in Sanders et al., 1965), mark the beginnings

of modern quantitative deep-sea biology and revealed high levels

of diversity among smaller-sized organisms on the ocean floor.

Since then, many different types of EBSs have been developed,

some able to operate on rough seafloors, others able to sample

organisms living just above the seabed, as well as on and below

the sediment surface (Kaiser and Brenke, 2016). One of the most

widely used was designed by Brenke (2005). It includes a lower

epibenthic net and an upper suprabenthic net, both with a mesh

size of 500 µm and fitted with a cod-end bucket equipped with a

300-µm-mesh filter. Although at best only semi-quantitative
02
(Rice et al., 1979; Rice et al., 1982), EBSs have provided a rich

source of material for taxonomic and biogeographic studies of

deep-sea macrofaunal metazoans (e.g., Brandt et al., 2007;

Brandt et al., 2014).

The major contribution that foraminifera make to deep-sea

sediment communities across all size categories is well

established (e.g., Thiel, 1975; Tendal and Hessler, 1977;

Bernstein et al., 1978; Thiel, 1983 Gooday et al., 2020a). All

the sampling gears mentioned above will collect benthic

foraminifera, albeit with different biases and degrees of

efficiency. The earliest observations on benthic species from

depths below a few hundreds of meters were based on small

sediment samples recovered with sounding devices, but bottom

samples collected using a dredge also yielded rich collections of

foraminifera, including larger-sized species, during the

pioneering campaigns of H.M.S. Lightning (1868) and

Porcupine (1869) in the NE Atlantic and Mediterranean, those

of the U.S. Coast Survey in the NW Atlantic (briefly reviewed by

Douglas and Woodruff, 1981; Gooday, 1990; Gooday et al.,

2020a), and particularly during the global expedition of H.M.S.

Challenger (1873-1876) (Brady, 1884), which laid the

foundations for the science of oceanography. Dredges

continued to provide material for important papers and

monographs on foraminifera published during the first half of

the 20th Century (Douglas and Woodruff, 1981 and publications

cited therein). More recently, epibenthic sledge samples have

proved to be an excellent source for macrofauna-sized species

(e.g., Gooday, 1983; Gooday, 1986; Gooday et al., 2007;

Cedhagen et al., 2009; Lejzerowicz et al., 2015). However,

foraminifera have usually been picked from these samples

selectively, and few if any studies describe entire assemblages.

Here, we provide an account of macrofauna-sized (>300 µm)

foraminiferal species in samples collected using a Brenke

epibenthic sledge (EBS) in four areas of the eastern Clarion-

Clipperton Zone (CCZ) licensed for polymetallic nodule

prospecting by the International Seabed Authority, and in a

nearby Area of Particular Environment Interest (APEI-3), a

protected area (Wedding et al., 2013) also located in the

eastern CCZ. Our overall objective is to characterise the

foraminiferal assemblages in these samples. Specifically, we

explore 1) their taxonomic composition and species richness,

2) the distribution of species in relation to their abundance, and
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https://doi.org/10.3389/fmars.2022.1059616
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gooday and Wawrzyniak-Wydrowska 10.3389/fmars.2022.1059616
3) patterns of assemblage composition across the study area. The

majority of species are undescribed. We illustrate many of the

abundant species, together with a selection of those that are

interesting but less common. It is hoped that this study will

increase awareness of the value of deep-sea samples obtained by

towed devices, and particularly epibenthic sledges, in studies of

deep-sea foraminiferal diversity.
Study areas

The CCZ covers a total area of around 6 million km2,

extending for some 4,650 km across the equatorial Pacific

(McQuaid et al., 2021). Water depth generally increases from

east to west, while surface productivity and Particulate Organic

Matter (POM) fluxes increase from south to north and west to

east and surface productivity from south to north (Morgan,

2012). Washburn et al. (2021b) present a comprehensive

compilation of environmental data from across the CCZ, with

mean values for different parameters given for each of nine

subregions and the nine APEIs. Our samples were collected at

twelve stations within the areas assigned to the contractors BGR

(German), Interoceanmetal Joint Organization (IOM), DEME/

GSR (Belgium) and IFREMER (France) as well as APEI-3

(Figure 1; Table 1). The French and Belgium stations lie

within the Central East (CE), the IOM and German stations

lie, respectively, to the north and the south of the boundary

between the CE and South East (SE) subregions (Washburn

et al., 2021b).

Distances between the mean positions of the 2-3 EBS sites in

each of our five areas vary from 256 km (German to IOM) to

1440 km (German to APEI-3). APEI-3 shows the greatest
Frontiers in Marine Science 03
separation from the other sites, with the exception of the

French, which is located closer to APEI-3 (578 km) than it is

to the other sites (minimum 740 km from French to Belgium).

Data for some key environmental parameters obtained

during cruise SO239 from close to our sampling sites are

summarised in Table 2. The more northerly APEI-3 site is

clearly more oligotrophic than the four license areas, as

indicated by lower estimated POC flux to the seafloor,

sed iment TOC values , and chloroplast i c pigment

concentrations. The highest values for these parameters were

in the German area. Actual POC flux values at APEI-3 may have

been overestimated since increased degradation of organic

matter resulting from the weaker oxygen minimum zone in

the overlying water column probably decreased the amount of

organic matter reaching the seafloor (Volz et al., 2018).

Sedimentation rates at APEI-3 are also lower and the

sediments different, with a higher proportion of clay. Nodule

density is very variable across the CCZ at scales varying from less

than 1 km to 100 km (Washburn et al., 2021b). At our sites they

are high at the German-PA, Belgium and French sites, much

lower at the German-RA and APEI-3 sites, and particularly the

IOM site. Bottom-water oxygen concentrations are fully oxic,

although somewhat higher in the deeper French area and

APEI-3.
Methods

Sample collection and processing

Samples were collected in the four license areas and APEI-3

using an epibenthic sledge (Brenke, 2005). Those used for
FIGURE 1

Map of the Clarion-Clipperton Zone showing the general location of sampling sites in the German, IOM, Belgium, and French areas and APEI-3.
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foraminiferal analyses originated from 12 deployments (2-3 in

each area) ranging between 4093 and 5028 m in depth (Table 1).

As soon as possible after the sledge arrived on deck, the supra-

and epi-net cod ends were removed. In the cold room, the

samples were carefully elutriated with cold (+4°C) sea water,

then sieved through a 300-µm mesh and immediately

transferred to pre-cooled (-20°C) 96% ethanol (EtOH). These

samples were stored at -20°C for at least 48 h, and during the first

12 hours, they were gently rotated every three hours to ensure

thorough preservation and avoid freezing. After 12-24 hours the

EtOH was replaced and samples again stored at -20° until

further processing.
Frontiers in Marine Science 04
The samples for foraminiferal analysis was obtained

opportunistically as follows. First, part of the material collected

during each EBS deployment (‘German 20’, ‘IOM 81’ etc.) was

sorted on the ship for metazoan macrofauna by other cruise

participants. Several subsamples of the sorted residue where then

taken at random from each deployment for foraminiferal

analyses and preserved in separate vials in 96% EtOH. These

subsamples cannot be considered as replicates because they

come from one EBS deployment. The combined residues in

these vials constituted our working material and are referred to

hereafter as ‘samples’. Their volumes (the sum of the residues in

each vial) are given in Table 1. Either two or three such samples
TABLE 2 Environmental data based on samples obtained during RV Sonne Cruise SO239 from sites close to EBS deployments. Sed. rate =
Sedimentation rate.

Depth POC Flux TOC CPE Sed. rate O2 Nod. den. Clay

m mgCorg.m
2.d-1 Wet wt.% ug mL-1 cm kyr-1 µM Kg m-2 %

German-RA 4330 ~6.9 0.43 ± 0.12 0.20 ± 0.09 ~0.53
144

3.20 ± 4.23 11.21 ± 0.89

German-PA 4093 1.99 0.58 ± 0.08 0.28 ± 0.11 0.65 21.80 ± 1.15 21.21 ± 0.65

IOM 4346–4401 1.54 0.53 ± 0.12 0.17 ± 0.03 1.15 147 0.70 ± 0.44 10.74 ± 0.47

Belgium 4496–4513 1.51 0.47 ± 0.11 0.11 ± 0.05 0.21 144 26.15 ± 1.10 15.64 ± 1.66

French1 4946–5030 1.47 0.40 ± 0.07 0.08 ± 0.02 0.64 153 19.97 ± 4.05 15.41 ± 1.77

APEI-3 4700–4805 1.07 0.29 ± 0.02 0.06 ± 0.00 0.20 156 3.65 ± 2.34 35.48 ± 5.40

Data source 1 3 4 4 3 2 4 4
fr
1 IFREMER I site (with nodules) of Volz et al. (2018).
Data sources: 1 = Martıńez Arbizu & Haeckel (2015); 2 = Volz et al. (2018); between '1 = Martinez Arbizu & Haeckel (2015)' and '4 = Harquier et al. (2019) 3 = Volz et al. (2020); 4 =
Hauquier et al (2019).
TABLE 1 Station data, based on Table 7.2.6.7 in Martıńez Arbizu and Haeckel (2015).

Area Station Latitude °
N

Longitude °
W

Latitude°
N

Longitude°
W

Depth
(m) Distance (m) Volume (cm3)

On bottom Off bottom

German PA 20 11° 49.74' 117° 0.47' 11° 49.99' 116° 59.54' 4144-4093 2769 4.13

German PA 24 11° 51.51' 117° 1.18' 11° 51.76' 117° 0.16' 4137-4118 2619 5.05

German
RA

50 11° 49.6' 117° 30.81' 11° 49.8' 117° 29.81' 4360-4328 2469 2.26

IOM 81 11° 3.900' 119° 37.812' 11° 4.171' 119° 36.661' 4365-4346 2739 10.2

IOM 99 11° 2.296' 119° 40.825' 11° 2.612' 119° 39.512' 4398-4402 2529 5.63

Belgium 118 13° 52.317' 119° 40.825' 13° 52.622' 123°14.263' 4498-4521 3129 8.78

Belgium 133 13° 50.751' 123° 15.649' 13° 51.126' 123° 14.131' 4516-4427 2289 6.05

French 157 14° 3.411' 130° 7.989' 14° 3.813' 130° 6.481' 4946-4978 3789 6.24

French 171 14° 2.687' 130° 5.951' 14° 3.205' 130° 4.606' 5024-5017 2979 3.7

APEI-3 192 18° 44.807' 128° 21.874' 18° 45.338' 128° 20.418' 4821-4820 2799 2.95

APEI-3 197 18° 48.659' 128° 22.753' 18° 49.088' 128° 21.289' 4805-4823 2529 3.53

APEI-3 210 18° 49.271' 128° 25.804' 18° 49.926' 128° 24.401' 4700-4740 3399 7.91
The depths and distances are those across which the EBS was towed. Volume refers to the volume of EBS residue from each sample that was sorted for foraminifera.
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were obtained from separate EBS deployments in each of the five

study areas, 12 samples in total (Table 1). Since the samples from

within one area came from separate EBS deployments they are

regarded as replicates for that area.
Laboratory methods

In the laboratory at the University of Szczecin, the residues

were sorted for benthic foraminifera under either a Nikon SMZ

1500 or Nikon AZ100 stereo microscope and each complete and

fragmentary specimen photographed using a Nikon DS-Fi2

camera. In principal, all specimens were picked, but in practice

it was not possible to take every small fragment, particularly of

abundant tubular taxa, notably Rhizammina and some

Komokioidea, for example, the tangles of fine Lana tubules

that were often emeshed with detritus. Many abyssal

monothalamids have sparse cytoplasm do not stain well with

Rose Bengal (Kuhnt and Collins, 1995). As a result, no attempt

was made to distinguish specimens that were living when

collected from those that were dead. An effort was made to

distinguish intact specimens from fragments, although this was

not always easy. Based on their morphological characteristics,

specimens are either assigned to know species or to

working morphotypes.
Data treatment

As explained above, the sampling at each station (German 20

etc.) was conducted without replication since the material

originated from a single EBS deployment. It was not possible,

therefore, to perform reliable statistical tests based on samples

from one station. However, data from separate stations within

one area (e.g., APEI-3 192, 197, 210) could be treated as

replicates from that area. These area-level data were suitable

for non-metric multi-dimensional scaling (nMDS) in order to

identify similarities/dissimilarities in the distribution of

foraminifera within the area, based on their taxonomic

structure (presence/absence) or specimen counts (number of

specimens per species). For this purpose, nMDS was performed

with PRIMER v. 7 (Plymouth Routines In Multivariate

Ecological Research; Clarke et al., 2014; Clarke and Gorley,

2015). Software modules that performed ordination in the

form of similarity/dissimilarity analysis (SIMPER), as well as

MDS, were applied. Results were based on all data (complete

specimens plus fragments) in order to ensure the maximum

geographical coverage, as well as on species presence/absence,

since this is most appropriate for our semi-quantitative data.

SIMPER implements a ‘similarity percentage’ routine that

decomposes average Bray-Curtis dissimilarities between all

pairs of samples (one from each group), or all similarities

among samples within each group, into the percentage
Frontiers in Marine Science 05
contributions of each species; these are then listed in

decreasing order of their contributions. In order to limit the

list of species that contributed to similarity or dissimilarity (i.e.,

within stations and between areas, respectively), the list was

confined to those accounting for more than 50% of intragroup

similarity and more than 50% of dissimilarity between groups.

The significance of differences in species composition across the

twelve stations was tested using the analysis of similarity,

implemented in the PRIMER module ANOSIM.

A major limitation in deep-sea foraminiferal studies that

include the highly diverse monothalamids is the number and

size of the samples required to capture their entire taxonomic

richness. We used rarefaction curves, specifically sample-size-

based rarefaction and extrapolation (R/E) sampling curves, in

order to estimate sampling completeness (the differences

between the observed richness and the estimated asymptotic

richness). This approach estimates diversity with confidence

intervals as a function of the sample size up to double the

reference sample size (Chao et al., 2014). By extrapolating the

estimated rarefaction curves, the additional number of sampled

individuals needed to detect the total estimated species richness

in the sampling areas can be estimated. Sample completeness

curves were also constructed by taking the known species

richness at actual sample sizes and then determining

how much the species richness would increase if entire

foraminiferal assemblages were sampled. The Shannon-Wiener

index was calculated assuming full sample coverage. These

analyses were performed using the R package iNEXT for the

interpolation (rarefaction) and extrapolation of the Hill

numbers, representing an intuitive and statistically rigorous

diversity measure (Hill, 1973; Chao et al., 2014; Hsieh

et al., 2016).
Results

Composition of EBS assemblages

We picked a total of 1954 foraminiferal specimens from the

12 samples, of which 1147 were considered to be complete and

811 were considered to be fragments (Table 3). These spanned a

wide range of morphotypes that we grouped into a pragmatic

mixture of formal taxa and informal, morphology-based

groupings (Table 3). Only 27 specimens (1.38%) were

multichambered members of the classes Globothalamea,

Tubulothalamea and Nodosariata (‘lagenids’), the remaining

1931 (98.6%) being single-chambered Monothalamea

(‘monothalamids’). The most common group was the

Komokiidae (586 specimens = 29.9%), a member of the

superfamily Komokioidea (‘komoki’), followed by fragments of

the tubular genus Rhizammina (368 = 18.8%, all fragments), the

komoki family Baculellidae (326 = 16.6%), and finally other

tubular forms, the majority of them branched (218 = 11.1%).
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Among this material we recognised 280 morphospecies and

morphotypes (hereafter, ‘species’), some based on fragments

rather than complete specimens (Table 3). A selection of the

more important or interesting species are illustrated in

Figures 2-6 and Supplementary Figures S1–16, with brief

descriptions and taxonomic notes being given in the

taxonomic appendix (Supplementary Material). Only 33

(11.9%) species have been scientifically described. These

include many of the komoki species established by Tendal and

Hessler (1977), based on material from the central North Pacific,

but also some species that have been reported from other oceans.

Twenty (7.14%) of the 280 species were multichambered

(Table 3). These comprised 11 members of the Globothalamea

(mainly agglutinated textulariids), 7 Tubulothalamea (miliolids)

and 2 ‘lagenids’ (Supplementary Figures S1C–F). All other

species were monothalamids. The main groups were the

komoki (Figures 2, 3F, 4, 5; Supplementary Figures S5E, F; S8–

S14), which included 37 species assigned to the family
Frontiers in Marine Science 06
Baculel l idae, 36 to the Komokiidae, and 2 to the

Normaninidae (13.2%, 12.9%, 0.71%, respectively, total 26.8%),

a variety of chains-like (33 = 11.9%) (Figure 3E; Supplementary

Figures S2D–G), and ‘komoki-like’ (32 = 11.4%) (Figures 3A, B)

forms, and branched and unbranched tubes (33 = 11.8%, 14 =

5.0%, respectively, excluding Rhizammina) (Figure 3C;

Supplementary Figures S2C, S4C–F, S5A–C, S6, S7C–F).

The remaining 73 monothalamid species were distributed

among different agglutinated groups (Table 3). They included

various astrorhiziids with mud-walled tests, assigned to Pelosina

spp., Globipelorhiza spp., and a branched stellate form somewhat

similar to the genus Radicula (Supplementary Figures S3A–D,

G), species with spherical tests identified as Crithionina,

Storthosphaera, and Thurammina (Supplementary Figures

S1A,B, S2A, B), three species of Rhizammina (Supplementary

Figure S4A, B), fragments of Saccorhiza (Supplementary Figures

S5D) and Hyperammina species, and two species of

Vanhoeffenella. A variety of forms that are difficult to classify
TABLE 3 Numbers of species assigned to major groupings in the four license areas and APEI-3.

Group German IOM Belgium French APEI-3 TOTAL % Fragments

S (N) S (N) S (N) S (N) S (N) S (N)

Multichambered taxa

Globothalamea 1 (1) 2 (2) 5 (6) 4 (5) 0 11 (14) 21.4

Tubulothalamea 0 2 (2) 5 (6) 2 (2) 0 7 (10) 10.0

Lageniida 0 1 (1) 0 1 (2) 0 2 (3) 0

Monothalamid groups

Vanhoeffenella 0 0 2 (2) 1 (1) 0 2 (3) 0

Spheres1 7 (21) 3 (11) 5 (12) 0 0 8 (44) 2.27

Hyperamminidae 2 (7) 2 (4) 5 (12) 2 (2) 2 (2) 7 (27) 74.1

Unbranched tubes 4 (6) 3 (3) 8 (17) 5 (8) 2 (3) 14 (37) 56.8

Branched tubes2 6 (6) 5 (14) 11 (33) 15 (48) 17 (81) 33 (179) 70.7

Rhizammina 2 (91) 2 (48) 2 (176) 3 (53) 0 3 (368) 100

Chain-like 4 (9) 7 (12) 15 (34) 7 (10) 12 (19) 33 (84) 22.6

Xenophyophoroidea 9 (13) 4 (6) 10 (15) 8 (20) 1 (4) 21 (58) 100

Astrorhiziidae 7 (13) 5 (18) 3 (21) 1 (2) 1 (1) 11 (55) 27.3

Komokioidea - Komokiidae 13 (48) 16 (72) 14 (96) 11 (85) 20 (285) 36 (586) 16.7

Komokioidea - Baculellidae 13 (48) 6 (74) 17 (87) 18 (58) 13 (57) 37 (324) 16.6

Komokioidea - Normaninidae 1 (2) 1 (8) 1 (1) 1 (3) 2 (8) 2 (22) 0

‘Komoki-like’ 9 (11) 11 (19) 10 (28) 4 (11) 4 (2) 32 (91) 18.7

Unassigned 3 (8) 4 (5) 8 (17) 7 (9) 6 (10) 21 (49) 18.4

TOTAL 81 (281) 74 (299) 121 (563) 90 (319) 88 (492) 280 (1954) 41.5
1Crithionina, Storthosphaera, Thurammina.
2Including Rhizammina-like tubes.
The numbers of specimens (fragments and complete combined) are shown in brackets.
The bold entries in the final row are totals for the numbers of species and specimens.
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morphologically are grouped together as ‘other monothalamids’.

Finally, the samples yielded a small but diverse collection

of xenophyophores, comprising a total of 21 (7.50%)

morphologically distinct forms, all of them represented by one

or a few fragments (Figure 6; Supplementary Figures S15, S16).

The only xenophyophore species that could be confidently

identified were Aschemonella ramuliformis Brady, 1884

and Spiculammina delicata Kamenskaya, 2005, but another is

morphologically identical to Occultammina sp. of Gooday et al.

(2017a), while two others are possibly the same as Psammina

multiloculata Kamenskaya, 2005 and Xenophyophore
Frontiers in Marine Science 07
sp. 2 of Gooday et al. (2017a). The others appear to be

previously unreported.

Corresponding data based on complete specimens only

and fragments only are summarised in Supplementary

Tables,32] ?> S1 and S2, respectively. Komoki (families

Baculellidae, Komokiidae, Normaninidae) account for the

majority (68.2%) of complete specimens and a substantial

minority (30.7%) of complete species. A somewhat lower

proportion of both fragments (64.4%) and fragmented

species (28.0%) were assigned to branched and unbranched

tubes and Rhizammina.
FIGURE 2

Komoki. (A) Edgertonia argillispherula Tendal & Hessler, 1977; Belgium area, sample 118. (B) Edgertonia tolerans Tendal & Hessler, 1977; IOM
area, sample 99. (C) Reticulum conical; Belgium area, sample 118. (D) Reticulum pad-like; IOM area, sample 99. (E) Septuma brachyramosa
Kamenskaya, 1993; Belgium area, sample 118. (F) Mudball with dotted surface; German area, sample 50.
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Species richness and diversity

Between 74 (IOM) and 121 (Belgium) species occurred in

particular areas (Table 3) and 38 (German 20) to 84 (Belgium

118) in individual samples. The Belgium samples also yielded

the largest numbers of specimens, 2.00 and 1.14 times more

than the German and APEI-3 samples, respectively (Table 3).

We used rare fac t ion curves and sample coverage

completeness curves (Figures 7, 8) in order to estimate the

completeness of sampling (differences between the observed

and the estimated asymptotic richness). Considering the

current levels of coverage achieved based on existing
Frontiers in Marine Science 08
sample sizes (German area 84%, French area 86%, IOM

area 88%, Belgium area 90%, APEI-3 94%), it would

require an increase in sample size by a factor ranging from

3.5 (Belgium area) to approximately 7 (German area) in

order to achieve 100% coverage (Figure 8). Table 4

summaries the species richness and diversity values based

on existing samples (actual data) compared to predicted

values based on ‘complete’ sampling. Increasing the sample

to approximately 2000 specimens would result in an increase

in species richness by up to almost threefold (1.74 to 2.94),

but lower increases in diversity indices, particularly the

Simpson index.
FIGURE 3

Various monothalamids. (A) Cerebrum-like form; French area, sample 158. (B) Cluster of wide tubes; Belgium area, sample 133. (C) Dichotomously
branching tree A; APEI-3, sample 192. (D) Mudball with big chambers; German area, sample 50. (E) Chain with prominent tubercles; APEI-3,
sample 192. (F) ? Edgertonia sp. 5; French area, sample 171.
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Abundance and relationship to
species distributions

The majority of species in our samples are rare. A total of 117

are singletons represented by one complete specimen or fragment,

and 49 are doubletons represented by two specimens or fragments.

The singletons are, by definition, confined to one sample, while 33

doubletons also occur in one sample, with the remaining 16

occurring in 2 samples. These 166 species represent 59.3% of all

species but only 11.0% of all specimens and fragments. The total

number of species occurring in only one or two samples (i.e., those

represented by ≥3 specimens as well as singletons and doubletons)

is 201 (71.8% of total), and these account for 385 specimens (19.7%

of total). In contrast, only a few species are widely distributed in our

samples (Table 5). Two (0.71%) were found in 11 samples, five

(1.79%) in 10-11 samples, seven (2.50%) in 9-11 samples and nine

(3.21%) in 8-11 samples. However, although these widely
Frontiers in Marine Science 09
distributed species represent only a small fraction of all species,

they include a much greater proportion of all specimens,

respectively 13.0%, 18.4%, 22.6% and 36.2%. A similar pattern

emerges at the area level. Twelve species (4.29%) that occur in all

five areas and 20 (7.27%) that occur in 4-5 areas account for 25.0%

and 38.4%, respectively, of specimens, whereas the much larger

number of species (188 = 67.1%) that are confined to one area

account for 28.0% of specimens. Of those confined to one area, 150

(53.6% of total species numbers) are singletons and doubletons that

represent only 9.37% of all specimens.

Clearly, species that are widely distributed across our

samples represent a disproportionally high number of

specimens, compared to those that are confined to one or a

few samples. However, not all common species are widely

distributed (Table 5). Of the 79 species represented by 5 or

more specimens, 17 (21.5%) are found in only one area, and 16

of these, including Komokia-like sp. (107 specimens, ranked 4th)
FIGURE 4

Komokia-like komoki from APEI-3. (A) Sample 210. (B Sample, D–F) Sample 192. (C) Sample 197.
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and Indeterminate Komokiidae (43 specimens, ranked 6th), are

restricted to APEI-3 (Supplementary Table S3).
Spatial patterns in the eastern CCZ

SIMPER results based on the presence/absence of species,

including those represented by fragments as well as complete

specimens, show that the overall Bray-Curtis dissimilarity in

species composition between areas was quite high, ranging from

86.9% (German area vs APEI-3) to 64.2% (German vs IOM area),

while similarity between samples within an area ranged from

29.1% (German) to 45.1% (APEI-3) (Table 6). Relatively few

species are responsible for the taxonomic similarity of samples

from the same area, while the dissimilarity between areas or groups

of areas reflects the influence of a larger suite of species, many of
Frontiers in Marine Science 10
them rare. The corresponding MDS plot (Figure 9) reveals a close

relationship between the IOM and German areas with the Belgium

and French area being progressively more distinct from the

German/IOM grouping. The APEI-3 area is clearly well

separated from these other four areas.

SIMPER analysis, based again on all data but incorporating the

numbers of complete specimens and fragments, yielded a similar

result; dissimilarity between areas ranged from 91.9% (German vs

APEI-3) to 64.7% (IOM vs Belgium) while similarity within areas

ranged from 28.1% (French) to 56.5% (Belgium) (Supplementary

Table S4). The corresponding MDS plot (Supplementary Figure

S17) shows a similar pattern to that based on presence/absence. In

order to check the consistency of these patterns we obtained

additional MDS plots using different databases (complete

specimens only, complete + 1 fragment, fragments only, all data

combined) and based on either presence/absence or specimens
FIGURE 5

Indeterminate Komokiidae from APEI-3. (A–D) Sample 210. (E, F) Same species from Sample 197.
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counts. These are again broadly comparable (Supplementary

Figures S18–20). The APEI-3 area is always well separated from

other areas. The French area is always somewhat distinct, but

much closer to the German, IOM and Belgium areas than to APEI-

3. The German and IOM samples are usually the most closely

related and the Belgium area usually located nearby (but see
Frontiers in Marine Science 11
Supplementary Figure S18A). In general, all areas except APEI-3

tend to be more closely related when species counts are included.

The general faunal pattern revealed by the MDS analyses is

consistent with the fact that 63.8% of the species present in the

APEI-3 samples are not recorded elsewhere (Supplementary Table

S3), compared with 41.8% (French), 40.8% (Belgium), 30.5%
FIGURE 6

Xenophyophores; all specimens are fragments. (A) Stannoma-like species; French area, sample 171. (B) Spiculammina delicata; French area, sample
158. (C) 'Mud xenophyophore'; IOM area, sample 99. (D) Psammina-like form with internal compartments; IOM area, sample 81. (E) Galatheammina-
like form with poorly defined internal compartments; German area; sample 20. (F, G) Abyssalia-like species; IOM area, sample 99.
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FIGURE 7

Sample-size-based rarefaction and extrapolation curves, estimating foraminiferal species richness as a function of the sample size (specimen
number) up to double the reference sample size (Chao et al., 2014).
FIGURE 8

Sample completeness curves based on actual species richness, extrapolated to estimate how species richness would increase if entire
foraminiferal assemblages were sampled.
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(German), and 27.0% (IOM) in other areas. Similarly, the number

of species shared between the German, IOM and Belgium areas is

generally higher than the number shared with the French area:

either 31 (German/IOM; Belgium/IOM) or 34 (German/Belgium)

compared to 24 (French/German, French/APEI-3), 28 (French/

IOM), and 32 (French/Belgium). The number of morphospecies

shared with APEI-3 is consistently lower than for any other area: 18

(APEI/German; APEI/IOM), 24 (APEI/French), 28 (APEI/

Belgium). The differences in the species composition of

assemblages between different areas were very significant, as

indicated by the results of ANOSIM (sample statistic, Global R:

0.727, significance level of sample statistic: 0.2%).

There was much greater consistency in the composition of

assemblages at the higher grouping/taxon level (Table 3). However,

members of the Komokiidae tend to be more common in the APEI-

3 area, where they represent 22.7% of species compared to between

12.2% (French) and 21.6% (IOM) elsewhere. Three delicate

komokiids accounted for >50% of the similarity between the

samples from APEI-3 and much of its distinctive character

(Supplementary Table S4). As mentioned above, a Komokia-like

species (Figure 4) and Indeterminate Komokiidae (Figure 5) are

confined to this area, while species of Ipoa (Supplementary Figures

S12A–C) are notably more abundant. Several distinctive

but uncommon species, ‘dichotomously branching tree’

(Figure 3C), Normanina saidovae (Supplementary Figure S12F),

and ? Edgertonia sp. 5 (Supplementary Figures S9E, F), were also

found only in the APEI-3 samples (Supplementary Table S3).

Conversely, tubular fragments of Rhizammina spp.
Frontiers in Marine Science 13
(Supplementary Figures S4A, B) were absent at APEI-3 but

common elsewhere, notably in the German and Belgium areas.
Discussion

Reliability of data

Epibenthic sledge samples are either qualitative or at best

semiquantitative, although the samples they collect generally

reflect the relative abundance of different species (Brenke, 2005;

Kaiser and Brenke, 2016). An additional and more serious issue in

the case of foraminifera is that of fragmentation, combined with the

difficulty of distinguishing fragments from complete specimens.

Tubular species are particularly prone to fragmentation and a single

specimen, for example of Rhizammina, could potentially generate

many hundreds of fragments (Bubik, 2019). Obvious fragments

made up 40.9% of the specimens in our material, while specimens

that we were fairly confident were complete made up 45.5%. The

remaining 13.6% were considered to be possibly complete. For our

analyses, the ‘complete’ and ‘possibly complete’ specimens were

combined. The ‘possibly complete’ category represented 29.9% of

this combined total, giving some idea of the potential error in

differentiating fragments and complete tests.

Given these possible sources of error in specimen counts and

the semiquantitative nature of the samples, we have placed the

greatest emphasis on analyses (MDS, SIMPER and ANOSIM)

based on the presence or absence of species. However, MDS
TABLE 4 Observed (actual data) and predicted (assuming full sample representativeness) values of species richness and diversity in the five areas.

Area Metric Observed Estimated Increase Standard Error 90% confidence

Lower limit Upper limit

GERMAN Species richness 81.00 162.38 2.00 34.73 117.73 262.85

GERMAN Shannon index 34.51 46.39 1.34 4.937 36.71 56.07

GERMAN Simpson index 14.25 14.96 1.05 2.202 14.25 19.73

IOM Species richness 57.00 126.5 2.22 23.71 96.55 196.1

IOM Shannon index 32.12 40.33 1.26 3.458 33.55 47.11

IOM Simpson index 16.42 17.31 1.05 1.714 16.42 20.67

BELGIUM Species richness 90.00 193.5 2.15 27.13 156.3 267.8

BELGIUM Shannon index 36.24 43.96 1.21 3.629 36.85 51.07

BELGIUM Simpson index 10.36 10.54 1.02 1.192 10.36 12.87

FRENCH Species richness 60.00 176.5 2.94 34.70 130.8 274.8

FRENCH Shannon index 41.11 54.34 1.32 5.055 44.43 64.25

FRENCH Simpson index 19.74 19.74 1.06 20.94 2.768 19.74

APEI-3 Species richness 76.00 131.1 1.72 22.64 102.0 198.6

APEI-3 Shannon index 32.76 37.84 1.16 2.849 32.76 43.42

APEI-3 Simpson index 14.18 14.58 1.03 1.491 14.18 17.50
f
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TABLE 5 Distribution in samples and areas of 35 top-ranked species represented by 10 or more complete or fragmentary specimens.

Species Samples Area Complete Fragments Total Figure

Rhizammina sp. 1 8 3 0 253 253 Figure S4A

Septuma ocotillo + komokiformis 11 5 142 0 142 Figure S13B,C

Edgertonia floccula 11 5 104 8 112 Figure S9A,B

Komokia-like sp. 3 1 93 14 107 Figure 4

Rhizammina sp. 2 7 4 0 101 101 Figure S4B

Indeterminate Komokiidae 3 1 32 11 43 Figure 5

Reticulum pale pad-like 9 5 33 8 41 Figures 2D, S14A, B

Baculella hirsuta 9 5 21 19 40 Figure S8A, B

Ipoa spp. 10 5 36 4 40 Figures S12A–C

Septuma brachyramosa 7 4 35 4 39 Figure 2E; S13A

Edgertonia argillispherula 10 5 34 2 36 Figure 2A; S9C, D

Rhizamminia-like sp. 1 1 1 0 26 26 Figure S4C, D

Lana spp. 1 & 2 10 5 8 24 32 Figure S14E-H

Baculella globofera 6 4 19 6 25 Figure S8C

Chain sp. 1 6 4 18 6 24 Figure S2D, E

Baculella sp. 6 4 14 8 22 Figure S8E, F

Rhizamminia-like sp. 3 5 3 0 20 20 Figure S5A, B

Mud-walled astrorhizid 4 3 20 0 20 Figure S3G

Rhizamminia-like sp. 4 6 5 0 17 17 Figure S5C

?Edgertonia sp. 5 3 1 16 0 16 3F; S9E, F

Globipelorhiza sp. 1 3 2 15 0 15 Figure S3A, B

Normanina conferta 7 5 15 0 15 Figure S12E

Storthosphaera albida 6 3 15 0 15 Figure S2B

Saccorhiza ramosa 8 5 3 11 14 Figure S5D

Reticulum small, tightly reticulated 3 1 13 0 13 Figure S14D

Branched muddy structure 5 4 9 4 13 Figure S3E, F

Chain sp. 2 4 3 4 9 13 Figure S2G

Ipoa-like chain 6 5 6 6 12 Figure S12D

Yellow tubes with spicules 3 2 0 12 12 Figure S2C

Staphylion 5 3 12 0 12 –

Lana-like with wider tubules 3 3 5 7 12 Figure S14C

Crithionina hispida 4 2 12 0 12 Figure S1A

Tangled tube A 2 1 5 6 11 Figure S6C, D

Whitish knobbly sphere 3 2 11 0 11 Figure S2A

Lana sp. 3 3 1 2 8 10 Figure S5E, F
F
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TABLE 6 Results of the SIMPER analysis for the similarity/dissimilarity of the taxonomic structure (presence/absence of species) of macrofauna-
sized foraminifera based on complete specimens and fragments combined.

Group Average
similarity:

Taxa most contributing to the similarity (more than 50% overall)

GERMAN 29.14 Edgertonia argillispherula, Edgertonia floccula, Rhizammina sp. 1, Rhizammina sp. 2

IOM 40.86 3-D Lattice, Mudball with radiolarians, Globipelorhiza sp. 1, Baculella hirsuta, Rhizammina-like sp. 4, Edgertonia floccula,
Edgertonia tolerans, Ipoa spp., Mudball big chambers, Normanina conferta, Reticulum conical, Lana spp. 1 & 2, Rhizammina sp. 1,
Rhizammina sp. 2, Saccorhiza ramosa, Septuma brachyramosa, Septuma ocotillo + komokiformis, Branched muddy structure A

BELGIUM 39.19 Mudball with radiolarians, Aschemonella ramuliformis, Aschemonella tubulosa-like tube, Baculella globofera, Baculella hirsuta,
Chain sp. 2, Lobed, organic-walled test with filaments, Catena sp., Ipoa-like chain, Chain sp. 1, Rhizammina-like sp. 3, Baculella
sp., Crithionina hispida, Edgertonia argillispherula, Edgertonia floccula, Ipoa spp., Mudball B, Mud-walled astrorhizid, Reticulum
conical, Lana spp. 1 & 2, Rhizammina sp. 1, Saccorhiza ramosa, Septuma brachyramosa, Septuma ocotillo + komokiformis,
Distinctive tube type 1, Storthosphaera albida, Testulorhiza sp.

FRENCH 34.55 Rhizammina-like sp. 2, Baculella-like chain, Baculella globofera, Rhizammina-like sp. 3, Edgertonia argillispherula, E. floccula,?
Globulina sp., Yellow tubes with spicules, Normanina conferta, Lana spp. 1 & 2, Septuma ocotillo + komokiformis, Tangled tube C,
Testulorhiza sp., Tube with transparent wall and small dark stercomata, Reticulum pad-like, Reticulum ragged, Xenophyophore sp.
2

APEI3 45.09 Dichotomously branching tube,? Edgertonia sp. 5, Baculella-like transparent, Ipoa spp., Mudball twisted tubules A, Reticulum rigid
A, Komokia-like sp., Septuma ocotillo + komokiformis, Septuma small dark form, Reticulum small tightly reticulated, Indeterminate
Komokiidae, Reticulum aff. reticulata

Groups Average
dissimilarity:

Taxa most contributing to dissimilarity

GERMAN
&
IOM

64.16 Mudball B, Testulorhiza sp., Crithionina hispida, Thurammina spp., Aschemonella sp. 3, Lobed organic-walled test with filaments,
Baculella-like chain
Globipelorhiza sp. 1, Edgertonia tolerans, Reticulum conical, Mudball with radiolarians, Branched muddy structure A, Rhizammina-
like sp. 4, Spiky chain C, Chain sp. 4, Karreriella bradyi, Mudball twisted tubules B, Large Reticulum pad, Tufted mudball,
Nodosariid, Opthalmidium sp.,? Ammobaculites, Pyrgo, Mudball smooth, Mudball rounded, cf. Abyssalia

GERMAN
&
BELGIUM

68.14 3-D Lattice
Aschemonella ramuliformis, Chain sp. 1, Rhizammina-like sp. 3, Reticulum conical, Distinctive tube type 1, Bush of wide tubes,
Yellow tube unbranched

IOM
&
BELGIUM

65.78 3-D Lattice, Aschemonella tubulosa-like tube, Baculella globofera, Lobed organic-walled test with filaments, Catena-like chain,
Crithionina hispida, Mudball big chambers, Globipelorhiza sp. 1
Aschemonella ramuliformis, Edgertonia tolerans, Mudball B, Mud-walled astrorhizid, Distinctive tube type 1, Testulorhiza sp.,
Yellow tube unbranched

GERMAN
&
FRENCH

76.69 Rhizammina sp. 1, 3-D Lattice, Mudball big chambers, Mudball B, Globipelorhiza sp. 2
Rhizammina-like sp. 2, Baculella-like chain, Mudball B, Rhizammina-like sp. 3, ?Globulina sp., Yellow tubes with spicules, Tangled
tube C, Tube with transparent wall and small, dark stercomata, Reticulum ragged

IOM
&
FRENCH

73.67 3-D Lattice, Mudball with radiolarians, Globipelorhiza sp. 1, Mudball big chambers, Reticulum conical, Rhizammina sp. 1,
Storthosphaera albida
Rhizammina-like sp. 2, Baculella-like chain, Baculella globofera, Mudball B, ?Globulina sp., Yellow tubes with spicules, Tangled tube
C, Testulorhiza sp., Tube with transparent wall and small, dark stercomata, Stannoma-like

BELGIUM
&
FRENCH

68.75 Mudball with radiolarians, Chain sp. 2, Crithionina hispida, Mudball B, Mud-walled astrorhizid, Reticulum conical, Rhizammina
sp. 1, Distinctive tube type 1, Storthosphaera albida, Bush of wide tubes, Yellow tube unbranched
Mudball B, ?Globulina sp., Tube with transparent wall and small, dark stercomata

GERMAN
&
APEI3

86.91 Rhizammina sp. 1, Rhizammina sp. 2, 3-D Lattice, Mudball big chambers, Mudball B, Testulorhiza sp., Globipelorhiza sp. 2,
Crithionina hispida, Storthosphaera albida, Thurammina spp.
Dichotomously branching tube, ?Edgertonia sp. 5, Baculella-like transparent, ?Komokia sp., Mudball twisted tubules A, Reticulum
rigid A, Komokia-like, Septuma small dark, Reticulum small, tightly reticulated, Indeterminate Komokiidae, Reticulum aff.
reticulata, Lana-like tubes

IOM
&
APEI3

85.00 3-D Lattice, Mudball with radiolarians, Globipelorhiza sp. 1, Mudball big chambers, Reticulum conical, Rhizammina sp. 1,
Rhizammina sp.2, Septuma brachyramosa, Branched muddy structure A, Storthosphaera albida
Dichotomously branching tube, ?Edgertonia sp. 5, E. tolerans, Baculella-like transparent, ?Komokia sp., Mudball twisted tubules A,
Komokia-like, Septuma small dark, Reticulum small, tightly reticulated

(Continued)
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plots that incorporate species abundances and use different

databases show essentially the same relationships between

assemblages in the five areas. This even applies when complete

specimens and fragments are combined and specimen counts are

included, a somewhat questionable procedure. This consistency

encourages us to believe that the patterns are robust.
Comparison with assemblages in
core samples

Although foraminifera typically account for a large proportion

of macrofaunal organisms in abyssal box cores (Tendal and Hessler,

1977; Bernstein et al., 1978), entire assemblages, including delicate

monothalamids, are rarely evaluated. In one of the few such studies,

Shires (1994) described monothalamid-dominated (>94%)

assemblages >500 µm from the Porcupine and Madeira abyssal
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plains (NE Atlantic) and from the Arabian Sea, where komoki

accounted for 40.1%, 60.0% and 45.7%, respectively, of the complete

plus fragmented specimens with xenophyophore fragments also

being very common, particularly at the Porcupine Abyssal Plain site

(data summarised in Gooday et al., 1997). Rhizammina fragments,

agglutinated spheres, and at the two Atlantic sites chain-like forms,

were also common elements. More than 100 species were

recognised in each of the Atlantic samples, again mainly komoki,

together with spheres and chains (Supplementary Table S5; data

summarised in Gooday et al., 1998). The only other study to

provide some quantitative data is that of Bernstein et al. (1978),

which was based on five central North Pacific box cores (>297 µm

fraction). Komoki represented a quarter of a subset of 7984

specimens and fragments picked from five subcores of box core

H-153 that were sliced into layers down to 10-cm depth. These

included 56 komoki species compared to 85 species belonging to

other foraminiferal taxa, a proportion that is higher than in our

samples (42.7% compared to 25.5%), although the number of

species is lower than the 75 species that we recognised. In a

broad sense, therefore, the macrofaunal fractions of these box

cores provide a view of foraminiferal assemblages that is similar

to that of our epibenthic sledge samples, although box cores are

quantitative samplers whereas the EBS is not.

Smaller multicores provide a rather different perspective. Data

from different size fractions of 10-cm diameter cores (‘megacores’)

from the eastern CCZ are summarised in Supplementary Table S5:

>250µm(Stachowska-Kamiǹskaetal., 2022),>150µm(Goineauand

Gooday, 2019), and >63 µm (Gooday andGoineau (2019). Themost

strikingdifferenceisthat,whilemonothalamidsrepresentthemajority

of species in all cases, they dominate to a greater extent (92.7%) in the

EBS samples compared to themegacore samples,where they account

for 78.5%, 76.6% and 75.5% of species in progressively smaller size

fractions. The majority of the multichambered species in the core

residues are textulariids, and to a lesser extent rotaliids (at least in the

>150µmand>63µmfractions).Allof thecoredataarebasedonthe0-

1 cm layer and on combined live and dead tests. If deeper sediment

layershadbeenincluded,thentheproportionofmultichamberedtaxa

mayhavebeenhigher.Amongthemonothalamids,komoki,komoki-

like, and chain-like species are all better represented in the EBS
TABLE 6 Continued

Groups Average
dissimilarity:

Taxa most contributing to dissimilarity

BELGIUM
&
APEI3

82.67 Mudball with radiolarians, Aschemonella ramuliformis, Chain sp. 2, Lobed organic-walled test with filaments, Rhizammina-like sp.
3, Baculella sp., Crithionina hispida, Mudball B, Reticulum conical, Rhizammina sp. 1, Septuma brachyramosa, Distinctive tube type
1, Storthosphaera albida, Testulorhiza sp., Bush of wide tubes, Yellow tube unbranched
Dichotomously branching tube, ?Edgertonia sp. 5, Baculella-like transparent, ?Komokia sp., Mudball twisted tubules A, Reticulum
rigid A, Komokia-like, Septuma small dark, Reticulum small, tightly reticulated, Indeterminate Komokiidae, Reticulum aff. reticulata

FRENCH
&
APEI3

84.27 Baculella-like chain, Mudball B, Rhizammina-like sp. 3, ?Globulina sp., Yellow tubes with spicules, Tangled tube C, Testulorhiza
sp., Tube with transparent wall and small, dark stercomata, Reticulum ragged, Xenophyophore sp. 2, Stannoma-like
Dichotomously branching tube, ?Edgertonia sp. 5, Baculella-like transparent, ?Komokia sp., Mudball twisted tubules A, Reticulum
rigid A, Komokia-like, Septuma small dark, Reticulum small, tightly reticulated, Indeterminate Komokiidae, Reticulum aff. reticulata
Most of the species that contribute to similarity are included in the Supplementary Taxonomic Appendix.
FIGURE 9

MDS plot based on the presence/absence of species, including
those represented by complete specimens and fragments.
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samples, and xenophyophores and large mud-walled astrorhiziids

(mainly Pelosina andGlobipelorhiza) are largely confined to the EBS

samples. The komoki genus Septuma is common in ourmaterial but

rare (only 6 specimens from 9 samples) in the multicorer residues

(>250 µm) of Stachowska-Kamiǹska et al (2022) from the IOMarea.

ThisgenuswasalsonotrecordedinaqualitativestudybyKamenskaya

et al. (2012) of monothalamids in multicore samples, also from the

IOM area. On the other hand, Nodellum-like forms, Lagenammina

spp. and flasks, saccamminids (mainly soft-walled forms), organic-

walled ‘allogromiids’, and spheres (except for Crithionina,

Storthosphaera, and Thurammina) are too small to be routinely

retained by the EBS and were found only in megacore samples,

particularly in the finer fractions.

Clearly, the Brenke epibenthic sledge and different size

fractions of megacores give contrasting views of benthic

foraminiferal assemblages in the eastern CCZ. The megacorer

is a quantitative device that collects sediments down to at least

10 cm depth and provides a much better representation of

smaller foraminifera than the EBS. The EBS is basically a

qualitative sampler that concentrates mainly larger

macrofauna and smaller megafaunal organisms from a much

larger area of seafloor than that sampled by the megacorer

(Kaiser and Brenke, 2016). Another point to consider is that

the EBS stirs up sediment during its passage across the seafloor

and therefore has a bias, at least in the eastern CCZ, towards

lighter, easily resuspended foraminifera, such komoki and

delicate tubes, compared to heavier, macrofauna-sized, multi-

chambered tests. Komoki occur mainly in the upper 0-2 cm layer

of sediment (Tendal and Hessler, 1977; Kuhnt and Collins, 1995;

Kamenskaya et al., 2012) and are therefore easily sampled by the

EBS, which is well suited to collecting organisms associated with

the sediment-water interface (Kaiser and Brenke, 2016).
Abundance and species ranges

Our samples yielded a core group of common, widely

distributed foraminiferal species found in 4 or 5 areas and a

much larger number of rare species found only in 1 or 2 areas.

This is a common pattern in the deep sea, seen, for example, among

abyssal polychaetes in the NE Atlantic (Glover et al., 2001) and

polychaetes, tanaids and isopods in the eastern equatorial Pacific

(Glover et al., 2002; Washburn et al., 2021a). Singletons and

doubletons included well over a half (166 = 59.3%) of the 280

species in our samples but a much smaller proportion (11.0%) of

specimens. Such species are inevitably confined to one or in some

cases two samples and sites. In a synthesis of macrofaunal

biodiversity data from the CCZ, Washburn et al. (2021a)

concluded that, overall, >49% of polychaete species and >45% of

isopod and tanaid species, are represented by one or two specimens

(based on 473 box cores fromwhich a total surface area of 109.2656

m-2 was sampled for macrofauna; Table 1 in Washburn et al.,

2021a). Among meiofaunal taxa, Hauquier et al. (2019) recognised
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156 nematode genera in multicore samples taken at the same five

sites during the same cruise (SO239) as our EBS samples. Almost

half (72 = 46.2%) were confined to one area but these were rare,

contributing only 1.82-4.25% towards the nematode densities,

while the minority of genera (23 = 14.7%) found in all areas

accounted for 42.5-60.5%. This pattern was mirrored by 24 species

of the nematode genus Halalaimus, which was analysed in more

detail (Hauquier et al., 2019). Similarly, a study of megafaunal

ophiuroids in EBS samples from six areas in the eastern CCZ and

one (DISCOL) in the SW Pacific reported that 31 of the 43 species

recognised were confined to one or two sites, compared to three

species (ranked 1st, 2nd and 5th in abundance) that were found in six

of the seven areas (Christodoulou et al., 2020).

Twenty common, widely distributed foraminiferal species

(7.14% of species, 38.4% of specimens) occurred in 4 or 5 areas.

Although only about 12% of our 280 species can be confidently

identified, many of these named species were among those

widely distributed in our samples. They include Baculella

hirsuta, Edgertonia argillispherula, E. floccula, Septuma ocotillo

+ komokiformis (found in all 5 areas), B. globofera, Ipoa fragila,

Septuma brachyramosa, and Normanina conferta (4 areas).

These are all common komoki species, most of them described

from the central North Pacific (Tendal and Hessler, 1977) and

also reported from the Atlantic Ocean (Schröder et al., 1989;

Kamenskaya 1993). Several less common species (Hormosinella

distans, Nodosinum gaussicum, Storthosphaera alba) found in 3

areas are also well known and widely reported from different

oceans (e.g., Brady, 1884; Cushman, 1910; Schröder et al., 1988).

Indeed, many deep-sea foraminiferal species, notably those

living on abyssal plains, are said to be ‘cosmopolitan’ (e.g.,

Holbourn et al., 2013), albeit usually without genetic

confirmation. This is consistent with a general perception that

species are often widely distributed across abyssal plains and

other deep-sea habitats (McClain and Mincks Hardy, 2010). In

the CCZ, some more common macrofaunal species span

distances of 1000-3000 km (Washburn et al., 2021a), and

some megafaunal xenophyophores have similar ranges that are

genetically supported (Gooday et al., 2020b).

A few of our more common species, however, are confined

to one area, notably the relatively oligotrophic APEI-3 area

(Supplementary Table S3). The two prime examples are ?

Komokia sp. and ‘Indeterminate Komokiidae’ (Figures 4, 5).

Conversely, species that are rare in our samples do not

necessarily have restricted distributions more generally. For

example, our samples yielded a single specimen of

Cribrostomoides subglobosa, one of the most common and

widely reported multichambered species in the North Pacific

(Cushman, 1910), including the eastern CCZ (Gooday et al.,

2021). Several other multichambered species, including

Hormosina ovicula, Karreriella bradyi, Pyrgo depressa, that are

well known and widely distributed in the deep sea (Murray,

1991; Holbourn et al, 2013), are also represented by only one or

two specimens. Clearly, these relatively small species are either
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not well sampled by the EBS or lost during subsequent sieving.

However, these are exceptions and many of our rare species are

undescribed and have never been recorded before. In such cases,

it is impossible to determine whether they have restricted

distributions or whether they occur elsewhere but remain

undiscovered. Neither of these scenarios can be assumed in

any particular case (Washburn et al., 2021a). The commonness

of rarity is a pervasive problem in the deep sea (McClain, 2021)

and severely hinders the detection of endemic distribution, even

for a relatively well-studied group such as the foraminifera

(Gooday and Jorissen, 2012). Although many well-known

deep-sea foraminifera are widely distributed, genetic support

for large ranges is often lacking, particularly for agglutinated

species. It is therefore difficult to exclude the possibility that

apparently cosmopolitan deep-sea foraminiferal species

encompass genetically distinct cryptic species with more

restricted distributions, as has been shown for some

polychae tes (Washburn et a l . , 2021a) . There are

counterexamples of abyssal species, for example, the

protobranch bivalve Ledella ultima, that show only modest

genetic differentiation over large distances (Etter et al., 2011).

Unfortunately, attempts to sequence the komoki that are

common in our EBS samples have not yielded convincing

results (Lecroq et al., 2009), making them a particular

challenge in this regard.
Controls on distributions and the
distinctive character of APEI-3

Foraminiferal assemblages from the German, IOM and

Belgium license areas are fairly similar, whereas those from

APEI-3 are clearly distinct in MDS plots. This is reflected in the

larger proportion of species that are unique to APEI-3 (48.9%),

compared to the German (33.7%), Belgium (33.0%) and IOM

(25.4%) areas. Of the 17 species represented by six or more

specimens that are confined to one area, 16 are found in APEI-3

(Supplementary Table S3), including the two ranked 4th and 6th

overall (Figures 4, 5). The French area is also somewhat

separated from these three in the MDS plots and has a rather

higher proportion of unique species (38.1%), although still far

less than for APEI-3. The number of shared species reflects the

same pattern: APEI-3 18-28 and French 24-32, compared to 31-

34 between the German, IOM and Belgium and other areas.

These results are consistent with the above-mentioned

observations on meiofaunal nematodes and megafaunal

ophiuroids. Compared to other areas, APEI-3 had lower

nematode densities and higher numbers of Halalaimus species

(Hauquier et al, 2019). For ophiuroids, only one of the 10 most

abundant species was present in APEI-3, five of the top 10

species found in APEI-3 were confined to that area, while three

of the most widely distributed species occurred in five of the six

CCZ areas but not APEI-3 (Table 2 in Christodoulou et al.,
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2020). The number of shared ophiuroid species in APEI-3 was

lower, and the number of unshared species higher, than in any

other area. This pattern was reflected in a nMDS plot that also

revealed a close similarity between the Belgium and IOM area

although, in contrast to our results, the German area was the

most distant (Figure 24 in Christodoulou et al., 2020).

The APEI-3 area has a number of environmental

characteristics that tend to set it apart from our other study

areas, the main ones being the lower concentrations of

phytopigments and total organic carbon (TOC), finer

sediments and lower nodule density (Table 2; Hauquier et al,

2019; Volz et al., 2020). The French area is the deepest, followed

by APEI-3, which is considerably further north that the other

areas and located under less productive surface waters.

Phytopigment concentrations and TOC values reflect the flux

of particulate organic matter (POC) to the seafloor, which is

believed to exert an important influence on regional patterns of

abundance, diversity and other sediment community attributes

(Levin et al., 2001; Rex and Etter, 2012), particularly on food-

limited abyssal plains (Smith et al., 2008), including the CCZ

(Washburn et al., 2021a), where many other parameters are

relatively stable. In the eastern Pacific, productivity is enhanced

as a result of upwelling in the equatorial region and decreases in

a northerly direction towards APEI-3, as well as to the south

(Smith et al., 1997). The species richness and diversity of

foraminifera in our APEI-3 samples are not obviously

depressed compared to other areas (Table 4) and given the

semi-quantitative nature of our material, we cannot conclude

anything regarding foraminiferal abundance. However, the clear

differences in assemblage composition between APEI-3 and

other areas, is likely to be real and may be plausibly linked to

a reduced POC flux to the seafloor.

Many attributes of foraminiferal assemblages appear to be

strongly linked to the POC flux (e.g., Murray, 2006; Gooday

et al., 2012). These include the distribution of individual species

and the overall taxonomic composition of assemblages

(Altenbach et al., 1999; Loubere and Fariduddin, 1999). A

series of studies by Loubere, (1991, 1994, 1996) used

multivariate regression and principal component analyses to

analyse benthic foraminifera in gravity and piston core-top

samples from lower bathyal depths (2,200 to 3,200 m) in the

eastern equatorial Pacific, the SE Pacific along the East Pacific

Rise, and at scattered sites in the North Pacific. He found

relationships between foraminiferal assemblages and a

combination of bottom-water oxygenation and surface

productivity, but with productivity being the dominant driver

of assemblage composition. Oxygen concentrations at Loubere’s

sites ranged from <2 to about 3.5 ml/L (Figure 3 in Loubere,

1996), a much wider range that across our study areas (144 to

156 µM = about 3.2 to 3.5 ml/L; Table 2), suggesting that reduced

POC flux to the seafloor as a consequence of lower surface

productivity and greater water depth probably exerts the

strongest influence on APEI assemblage composition.
frontiersin.org

https://doi.org/10.3389/fmars.2022.1059616
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gooday and Wawrzyniak-Wydrowska 10.3389/fmars.2022.1059616
Komoki are an important component of our assemblages.

Historically, the best and most diverse collections of these

organisms have come from abyssal depths below 5000 m,

notably in the central North Pacific (Tendal and Hessler, 1977;

Bernstein et al., 1978) and the NW Atlantic Nares abyssal plain

(Schröder et al., 1989). They are also common and diverse in

EBS samples from a 5432-m deep site in the NE Atlantic, where

they include 23 (29.5%) of the 78 foraminiferal species collected

(Gooday, 1987). It is perhaps not surprising that komoki are

slightly more common in absolute terms in the APEI-3 samples

(33 species compared to 22-31 elsewhere), rather more clearly so

in relative terms (37.5% of species compared to 25.6-32.2%).

These assemblages from the deeper parts of the abyss are notably

rich in delicate taxa such as those illustrated in Figure 4, 5 and

Ipoa spp. In the NW Atlantic, Kuhnt and Collins (1995)

reported differences in komoki assemblages at two abyssal sites

in the NW Atlantic. One was relatively oligotrophic and

characterised by small, finely-agglutinated specimens, the other

relatively eutrophic and characterised by thicker-walled, more

coarsely-agglutinated specimens. However, the relationship with

productivity was confounded by the more tranquil nature of the

oligotrophic site compared to the current-influenced eutophic

site. Currents are unlikely to be a factor in the eastern CCZ, a

region where seabed velocities are very low.
Xenophyophores

The small but interesting collection of fragmentary

xenophyophores obtained from the EBS samples during the

SO329 cruise adds to our knowledge of these large

monothalamids in the CCZ. One fragment from the French

license area (Station 158) can be confidently identified as

Spiculammina delicata, the first record of this species from

outside the Russian licence area (Kamenskaya, 2005;

Kamenskaya et al., 2015; Kamenskaya et al., 2017). It was

found in an EBS sample from 4946-4977 m, consistent with its

depth range from 4716 to 5400 m in the Russian area. Despite

extensive sampling, S. delicata has not been found at sites

shallower than about 4500 m in the eastern CCZ (this study;

Gooday et al., 2017a,b), suggesting that it is restricted to deeper

areas. Another fragment, from the German area, is clearly the

same as Occultammina sp. from the adjacent UK-1 license area

(Gooday et al., 2017a). Several other forms resemble known

species but are too fragmentary for their identifications to be

confirmed. These include the most common xenophyophore in

our material, a mud-walled species found in the Belgium, French

and German license areas, which resembles Xenophyophore sp.

2 of Gooday et al. (2017a) from the UK-1 area. A fragment from

the German area (Figure 6E) may represent Galatheammina

interstincta from the UK-1 area (Gooday et al., 2017c), while

another comprising a granellare system emeshed with sponge

spicules exhibits features characteristic of the newly described
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genus Abyssalia (Figures 6F, G). Finally, a mass of stercomare

and granellare tubes interwoven with organic fibres (linellae) is

probably a damaged specimen of Stannophyllum.

The remaining five fragmentary xenophyophore

morphotypes in our EBS material do not appear to have been

reported previously. The most interesting of these has an

elongated, flexible branched test, held together by fine, organic

fibres (Figure 6A). The fibres resemble the linellae that are

characteristic of the family Stannomidae (Tendal, 1972),

suggesting that this form may represent a new genus of

stannomid xenophyophores. The branched but linear test

contrasts with the tree-like morphology of Stannoma, in which

branches arise from a basal trunk. Gooday et al. (2020b, Table 1

therein) list a total of 63 described and undescribed

xenophyophore species known to occur within the CCZ.

Assuming that these five forms are hitherto unknown

morphospecies, they increase the number of xenophyophores

from the CCZ to 68, of which 44 are undescribed.
Conclusions and final comments

Our analyses of macrofaunal foraminifera in epibenthic

sledge samples from the eastern Clarion Clipperton Zone has

led to the following main results and conclusions.

1) Twelve EBS samples from four licence areas (German,

IOM, Belgium, French) and one protected area (APEI-3),

spanning the depth range 4093-5030 m, yielded rich

collections of larger-sized (macrofaunal) foraminifera. Single-

chambered monothalamids overwhelmingly predominated and

represent the vast majority of the 280 morphospecies recognised.

Members of the Komokioidea account for almost half of

specimens and more than a quarter of species, with tubes,

chain-like forms, and ‘komoki-like’ forms also making

important contributions. On the other hand, multichambered

taxa (classes Globothalamea, Tubulothalamea, Nodosariata),

which are generally smaller with heavier tests, were rare. Only

a small proportion (~12%) of all species are described.

2) The majority of species (201) were confined to 1-2 samples.

Many were rare and despite representing 71.8% of all species they

contributed only a relatively small proportion (19.7%) of

specimens. Among them were 166 singletons and doubletons

(59.2% of species but <10% of specimens). In contrast, a few

species were distributed across the five study areas. Only twelve

were found in all five areas and nine in eight or more samples, but

these included 25.0% and 36.2%, respectively, of all specimens.

Some of these widely-distributed species were komoki that had

been described from the central North Pacific and subsequently

reported from the Atlantic Ocean.

3) While the higher-level faunal composition was similar across

the study areas, multidimensional scaling (MDS) analyses reveals

differences in assemblage composition at the species level. The

German and IOM areas were very similar and showed some
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overlap in MDS plots with the Belgium area, while the French area,

which is the deepest, was somewhat distinct. APEI-3, however, was

clearly separated from the other areas on MDS plots and

characterised by the largest number of unique species, consistent

with previous studies in the same areas based on other faunal

components (Hauquier et al., 2019; Christodoulou et al., 2020).

The distinctive faunal character of APEI-3 can be plausibly

attributed to its location to the north of the other sites under a

more oligotrophic water column.

4) In contrast to the EBS, box corers and multicorers are

quantitative samplers that collect relatively undisturbed sediment

from a much smaller area of seafloor. Multicore samples from the

eastern CCZ yield a smaller proportion of monothalamids and

more of the smaller but heavier multichambered taxa, particularly

agglutinated textulariids, that were rare in our EBS samples.

Although epibenthic sledges are qualitative (Kaiser and

Brenke, 2016), or at best semi-quantitative (Rice et al., 1982)

devices, they are able to collect large quantities of material from

a much larger area than box corers or multi-corers and are

therefore well-suited to taxonomic and biogeographic studies.

While our EBS samples from the abyssal CCZ have proved to be

a valuable source of komoki and other delicate monothalamids,

these devices can also collect many heavier and more robust

species. For example, EBS samples from the NE Atlantic yielded

thousands of large tubes assigned to Bathysiphon rusticus and

Rhabdamina species (Gooday, 1983; Gooday, 1986), while

Hyperammina crassatina tubes dominated an Agassiz trawl catch

on the Oman margin (3,400 m; Gooday et al., 1997). If

macrofauna-sized benthic foraminifera are present on the

seafloor, epibenthic sledges will concentrate them, sometimes in

huge numbers although often fragmented. They are a good source

of species that are absent or uncommon in core samples, as well as

large collections of taxonomically valuable specimens belonging to

more common species. In this way, EBS samples can complement

the multi-cores and box-cores that form the basis for many deep-

sea foraminiferal studies, provide abundant material for taxonomic

and genetic studies, and a more complete view of the composition

of larger abyssal foraminiferal assemblages.
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