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Abstract

The Clarion Clipperton Fracture Zone (CCZ) in the northeast Pacific is a heterogeneous deep-sea environment, featuring abys-
sal plains as well as multiple seamounts and abyssal hills (bathymetric elevations) that harbour a highly diverse megabenthic
fauna. Based on the analysis of seafloor photographic transects that were taken from elevated areas downslope into the abyssal
plains in the eastern CCZ, a similar distribution of habitats was observed on five different bathymetric elevations including
abyssal hills as well as the foothills of two seamounts. Rock outcrops occur at the summits, surrounded by an area with vary-
ing coverage and size of polymetallic nodules, which were divided into two different habitats characterized by large and small
nodules, respectively, and followed by nodule-free sediments. Megafauna composition, density and diversity varies across these
habitats. While density is the highest in areas with rock outcrops (1.4 individuals per m?), the biodiversity is the highest when
regarding all of the habitats combined. Regarded individually, nodule-covered areas are the most diverse, whereas sediment
areas without hard substratum, i.e. nodule free sediments, show the lowest biodiversity and the lowest density (0.2 individuals
per m?). The multinomial species classification method (CLAM) shows that most of the observed megafauna morphotypes have
to be regarded as rare. The large differences between the megafaunal communities at bathymetric elevations and the abyssal
plain reported from previous studies might partly be explained by the multiplicity of habitats. This high heterogeneity can lead
to a more diversified community at elevations, although most habitats can also be observed in the abyssal plain.
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Introduction knowledge gaps on the abyssal environment, as the biodiversity

of benthic communities in the deep sea is, in fact, amongst the

In the past, a common perception of the deep sea was a vast,
desert-like plain covered by soft sediments (Ramirez-Llodra
et al. 2011). However, this perception was largely based on
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highest on our planet (Ramirez-Llodra et al. 2010). Although
highest numbers of individuals as well as different species
are usually small invertebrates of meio- and macrofauna size
(range of micrometers to milimeters) due to decreasing avail-
ability of energy with depth (e.g. Rex et al. 2006; Ramirez-
Llodra et al. 2010; Durden et al. 2019), megafauna also show
high numbers of different taxa and a significant contribution
to biodiversity in the Clarion Clipperton Fracture Zone (CCZ)
(e.g. Amon et al. 2017; Simon-Lledo et al. 2019b, 2020).
Habitat heterogeneity is considered to be one of the main
drivers of biodiversity, as structurally complex environ-
ments can provide more niches and thus support a higher
species richness (Tews et al. 2004). This ‘habitat hetero-
geneity hypothesis’ is one of the cornerstones of ecology
(MacArthur and MacArthur 1961) and has therefore been
tested in various deep-sea ecosystems, such as continental
margins (e.g. Levin et al. 2010; Jones and Brewer 2012),
seamounts (e.g. Bell et al. 2016), canyons (e.g. McClain
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and Barry 2010) and, to a lesser extent, abyssal plains (e.g.
Durden et al. 2015; Kaiser et al. 2017; Simon-Lled¢ et al.
2020). In the CCZ, habitat heterogeneity arises at differ-
ent scales (e.g. Simon-Lled¢ et al. 2020). Regionally, water
depth increases continuously from ca. 4000 m in the east
to more than 5000 m in the west (GEBCO 2014), generally
covarying with a respectively decreasing flux of particulate
organic carbon (POC) from the sea surface (Lutz et al. 2007).
Additionally, carbon supply exhibits a latitudinal gradient
towards the more productive equatorial waters south of the
CCZ. In addition to the average gradients in depth and POC-
flux, bathymetric features such as seamounts and abyssal hills
(Wedding et al. 2013; Uhlenkott et al. 2022), but also smaller
depressions and elevations (Simon-Lled6 et al. 2019b), con-
tribute to increase habitat heterogeneity at more local scales.

This study focusses on the megafaunal assemblages on
bathymetric elevations, including both the foothills of two
seamounts and three abyssal hills. Following the definition by
Yesson (2011), seamounts are defined as elevations of more
than 1000 m compared to the surrounding abyssal plain in this
study, abyssal hills are smaller elevations of only several hun-
dreds of meters. In the CCZ, seamounts and the smaller abys-
sal hills have been described to harbour different megafaunal
assemblages compared to the adjacent abyssal plains (Simon-
Lled6 et al. 2019b, 2020; Cuvelier et al. 2020). A similar pat-
tern was also observed in Atlantic abyssal plains, in associa-
tion with enhanced biomass at abyssal hills in comparison to
the abyssal plain (Durden et al. 2015). On large seamounts,
the most obvious shifts in faunal composition are commonly
observed with variation in water depth, usually in response
to changes in factors such as temperature, oxygen and food
availability (Clark et al. 2010). Another factor, that has been
described to influence food availability at seamounts (Rogers
2018) as well as abyssal hills (Morris et al. 2016) is the influ-
ence of these bathymetric elevations on the benthic current
regime, which can locally lead to the trapping of food particles.

Another feature adding to habitat heterogeneity is the avail-
ability of hard substratum in the deep sea, which has been
widely linked to increased habitat complexity on seamounts
(McClain 2007; Clark et al. 2010; Rogers 2018) and more
recently also in bathyal and abyssal areas (Riehl et al 2020).
Here, hard substratum can enhance diversity (Meyer et al.
2016) or induce substantial changes in benthic abundance
and composition (Simon-Lledé et al. 2019b). In the CCZ,
seamounts as well as abyssal hills of volcanic origin can
harbour sites with basaltic rock outcrops covered with iron-
manganese crusts (Kuhn et al. 2020). However, seamounts
and abyssal hills are not to be considered as one continuous
habitat, but consist of a mixture of rocky patches and soft-
sedimented areas (e.g. Clark et al. 2010; Durden et al. 2015;
Rogers 2018). Abyssal hills in the CCZ can also harbour high
abundances of polymetallic nodules (e.g. Simon-Lled¢ et al.
2020), metallic conglomerates lying on the sediment surface
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that are composed of many valuable metals such as copper,
nickel, manganese and cobalt (Kuhn et al. 2017; Hein et al.
2020). Polymetallic nodules, especially in the abyssal plains
of the CCZ, are thus of great economic interest, triggering
exploration and investigation by multiple governmental and
scientific agencies as well as private companies (Jones et al.
2017,2021). However, nodules are also an essential source of
hard substratum for many abyssal taxa in the CCZ (e.g. Amon
et al. 2016; Vanreusel et al. 2016; Simon-Lled6 et al. 2019b).
As such, the availability of nodules and the presence of bathy-
metric elevations are thought to be key factors enhancing hab-
itat heterogeneity and creating important ecological variations
across space in the abyssal CCZ (Simon-Lled¢ et al. 2020).

Hard substratum is of special importance for sessile taxa
that use the hard substratum as anchoring ground (e.g. Kersken
et al. 2019) and as a platform to place their food-capturing
structures in higher, accelerated boundary flows (Mullineaux
1989). The most abundant sessile megafaunal taxa of the CCZ
typically include the coral taxa Alcyonacea and Actiniaria,
along with Porifera and Bryozoa, all showing different degrees
of association with nodules (Amon et al. 2016; Vanreusel et al.
2016; Simon-Lled6 et al. 2020). Additionally, certain life traits
of mobile taxa can also require the presence of hard substra-
tum. Incirrate octopods, for example, place their eggs on the
stalks of dead sponges attached to polymetallic nodules (Purser
et al. 2016). This high dependence on hard substratum has
been flagged as a strong constrain for ecosystem recovery after
mining disturbance (Simon-Lled¢ et al. 2019a), mostly owing
to the lack of recolonization by sessile taxa in areas where
nodules are removed (Jones et al. 2017).

In this study, we have analysed photographic transects
with megafauna at five different bathymetric elevations in
the eastern CCZ, including three abyssal hills and two lower
flanks of larger seamounts. In the context of habitat hetero-
geneity, we focused on:

e the spatial distribution of the habitats identifiable on
images, i.e. the occurrence of rock, nodules and sediment;

e differences in megafaunal density and diversity between
the habitats, and

e the identification of megafauna morphotypes mainly
occurring in only one of the observed habitats.

Material and Methods

Five photographic transects were obtained within the east-
ern BGR (Federal Institute for Geosciences and Mineral
Resources, Germany) (German) exploration contract area in
the CCZ, all starting at a bathymetric elevation (seamount
flank or abyssal hill) and moving downslope towards the
abyssal plain (Fig. 1). They were obtained during three
cruises on the research vessel SONNE in 2010 (SO-205),
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Fig. 1 Bathymetric map of the
eastern BGR contract area for
the exploration of polymetallic
nodules; magenta lines refer

to the different towed camera
transects conducted in the

area (data: BGR) (left); and an
overview map of the north-
eastern Pacific between Hawaii
and Mexico with the study

area coloured in magenta and
indicated by the arrow; brown
lines indicate contractor areas
for the exploration of polym-
etallic nodules, green lines areas
of particular environmental
interest (APEIs) (data: GEBCO
2014; International Seabed
Authority 2020, 2021) (right)
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2015 (SO-240) and 2018 (SO-261) (Table 1). The most
southern transect (D) was obtained in 2010 with the Ocean
Floor Observation System (OFOS) of the research ves-
sel SONNE; during subsequent cruises the towed video-
sledge STROMER of the BGR was used instead. In 2015,
three transects (A, B & C) were obtained ~220 km north
of transect D (Fig. 1). The fifth transect (E), obtained in
2018, was taken ~ 210 km north-eastwards of transect D
(Fig. 1).

All images collected were scaled (i.e. seabed area
calculated based on laser points distance) and georefer-
enced in accordance with towed-camera navigation data
(Rithlemann and shipboard scientific party, 2010, 2019;
Kuhn and shipboard scientific party 2015). One of two
overlapping images was removed according to position-
ing and calculated area to avoid overlap and the subse-
quent risk of counting animals twice. To standardise
animal detection only images covering <7 m? (i.e. col-
lected when the device was 2—4.5 m above the seabed)
were used in the analysis, leading to a total number of
5304 images. Images were annotated using the BIIGLE
annotation system (Langenkdmper et al. 2017) as set up
on the server of the Senckenberg Nature Research Society
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(SGN) in accordance with an abyssal-Pacific standardised
taxa catalogue compiled from previous image-based stud-
ies conducted in the region (see e.g., Simon-Lled¢ et al.
2019b, 2019c, 2019d) and existing literature (e.g. Amon
et al. 2017; Molodtsova and Opresko 2017; Kersken et al.
2019). The taxonomic nomenclature of the morphotypes
presented here follows Horton et al. (2021). Further-
more, images were classified into four different habitats
in accordance with the seabed composition observed, i.e.
rocky outcrops (abbreviated as “rock”), sediment covered
with few nodules usually larger than 4 cm (abbreviated
as “large nodules”), sediment covered with many nodules
usually smaller than 4 cm (abbreviated as “small nodules™)
and sediment areas free of nodules (abbreviated as “no
nodules”) (Fig. 2). As nodules may partly be covered by
sediment, nodule habitats were estimated from the image
composition (Fig. 2). Only images assignable to one single
habitat were used in habitat-based assessments, further
reducing the dataset to 5016 images.

To investigate the spatial distribution of habitats, a
dataset was compiled summarising images along the five
transects into 20 m? subsamples. For each of these 20 m?
subsamples, the predominant habitat was determined as the

Table 1 Meta-data of the photographic transects analysed for megafauna in this study. Both gears, the Ocean Floor Observation System (OFOS)

and the STROMER (STR), are towed camera platforms

Name (transect)  cruise gear year  length number of seabed area  water depth altitude difference ~ Water depth of
images nearest summit

A (013_STR) SO-240 STR 2015 6.5km 713 1.574 m? 3822m-4364m 542m 3.738 m

B (028_STR) SO-240 STR 2015 7.1km 1301 2.666 m? 4.060m-4.320m 260 m 4.048 m

C (041_STR) SO-240 STR 2015 84km 394 755 m? 3897m-4343m 446 m 3.896 m

D (04_OFOS) SO-205 OFOS 2010 132km 522 1.593 m? 4358m-4423m 65m 3513 m

E (168_STR) SO-261 STR 2018 15.6km 2374 11.320m>  3.962m-4.377m 415m 3431 m
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Fig.2 Seafloor coverage of the four habitats occurring within the dataset and photographic examples of the four habitats defined as rock outcrop
(top left), large polymetallic nodules (top right), small polymetallic nodules (bottom left) and sediment devoid of nodules (bottom right)

habitat proportionally covering the largest area of the 20 m?
subsamples. Using this dataset of 20 m? subsamples, the
random forest algorithm (Breiman 2001) as implemented
in the R-package randomForest (Liaw and Wiener 2002)
was applied to model and spatially predict the habitats
using classification. Predictor data consisted of water depth
and the seafloor backscatter value obtained using vessel-
mounted swath echosounder systems, with a resolution of
121 m (Wiedicke-Hombach and shipboard scientific party
2009). The backscatter value provides information on the
presence or absence of hard rock, the presence or absence

of nodules on sediment-covered abyssal plains as well as
the dominating nodule size class in nodule fields (e.g. Kuhn
et al. 2020). Based on water depth, the R-package raster
(Hijmans 2020) was used to compute bathymetric character-
istics (Table 2), which were also used as predictors.
Biodiversity and density of the megafauna in the different
habitats were not investigated based on the 20 m* subsam-
ples, but were compared based on 50 bootstrap samples of
100 individuals and 100 m? of seafloor coverage, respec-
tively. Apart from morphotype density and morphotype rich-
ness, the biodiversity indices Simpson’s Diversity Index (D)

Table 2 Bathymetric characteristics computed from water depth and used as predictor variables in the random forest models

bathymetric characteristic R-function description

slope terrain()

northness terrain() aspect towards north

eastness terrain() aspect towards east

flow direction terrain() indication of deeper cells

bathymetric position index focal() position (higher or deeper) in comparison to the mean depth of the surrounding area
(0.3 km/1.5 km/5 km)

terrain ruggedness index terrain() mean of difference of the position (higher or deeper) in comparison to surrounding cells

roughness terrain() difference of maximum and minimum in the surrounding of the position

@ Springer
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Fig. 3 Distribution of the dif-
ferent habitats predicted with
random forest classification in
the surroundings of a transect
A; b transect B; ¢ transect C;

d transect E; e transect D; based
on subsamples with an area of

20 m?. Colours of the predic-
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(Simpson 1949), Shannon’s Diversity Index (H) (Shannon
1948) and Pielou’s Evenness (J) (Pielou 1966) were applied.
Morphotype distribution between habitats was compared
using an UpSet plot (Gehlenborg 2019) based on the original
dataset of 5016 images. Using the same dataset, the mul-
tinomial species classification method (CLAM) was used
to identify potential specialists within the different habitats
(Chazdon et al. 2011) by comparing observations from each
habitat to the remaining dataset using the default settings
of the function clamtest. If 2/3 or more of all occurrences
of a morphotype are observed in one habitat, the morpho-
type is regarded as a predominantly present specialist. If the
opposite is being observed, the morphotype is regarded as
predominantly absent in this habitat. All of these compu-
tations were conducted in the statistical environment of R
(R Core Team 2019) using the R-packages vegan (Oksanen
et al. 2019) and UpSetR (Gehlenborg 2019).

Furthermore, the R-packages reshape2 (Wickham 2007),
rangeBuilder (Rabosky et al. 2016) and viridisLite (Garnier
2018) were used for data preparation and presentation.

Results
Distribution of habitats

The study area was divided into four different habitats,
mainly being defined by the available hard substratum
(Fig. 2). The most commonly observed habitat forming
56.7% of the study area comprises areas covered with small
polymetallic nodules (predominantly <4 cm diameter),
which show a patchy distribution on top of the sediment
(Fig. 2). Nodule-free sediment areas are the second-most
abundant habitat, covering 28.7% of the study area (Fig. 2).
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Table 3 Mean and standard deviation of morphotype richness, Shan-
non’s diversity (H ‘), Simpson’s diversity (D) and Pielou’s Evenness
(J) as well as megafauna density per m?> computed from 50 bootstrap

samples for each habitat, either per 100 individuals or per 100 m?
coverage of the seafloor

habitat rock large nodules small nodules no nodules all

bootstrapping 100 ind 100 m? 100 ind 100 m? 100 ind 100 m? 100 ind 100 m? 100 ind 100 m?
richness 29.1+39 346+44 322+33 1694322 342438 17.5+3.6 29.0+3.0 82+2.0 36.0+37 184+36
H 245+0.22 2.53+0.19 2.71+0.15 2.37+0.22 2.87+0.19 246+0.26 2.56+0.17 1.84+0.26 3.03+0.16 2.59+0.25
D 0.84+0.04 0.84+0.03 0.88+0.02 0.86+0.04 0.89+0.03 086+0.05 0.85+0.03 0.79+0.06 0.91+0.02 0.89+0.04
J 0.73+0.04 0.71+0.04 0.78+0.03 0.85+0.04 0.81+0.04 0.86+0.05 0.76+0.04 0.88+0.06 0.85+0.03 0.89+0.04
density 1.40+0.24 1.39+0.20 0.42+0.05 0.39+0.09 0.34+0.05 0.34+0.07 0.15+0.02 0.15+0.04 0.34+0.05 0.34+0.07

Large polymetallic nodules (predominantly >4 cm diame-
ter) characterise 10.4% of the area investigated in this study
(Fig. 2). Compared to small nodules, the large nodules have
a less patchy appearance and show a generally lower cover-
age of the sediment surface (Fig. 2). Finally, rock outcrop
presents the smallest proportion of the dataset (4.2%), being
mainly characterised by pillow lava covered with iron-man-
ganese crusts and interlaced with sediment patches (Fig. 2).

Spatially, rock outcrop was most commonly observed at
the highest elevations (most shallow water depths) of each
of the transects A, B and C (Fig. 3a, b and c) and is, hence,
also mainly predicted by random forest for the summits of
those elevations (Fig. 3). The only exception is transect D,
for which rock outcrop is also predicted to occur at a slight
elevation within the abyssal plain (Fig. 3e). Transect D is
also the only transect for which no coverage with small
nodules is predicted in the surroundings of the elevation,
although the observations suggest a mixture of small and
large nodules in the area (Fig. 3e). In all other transects, the
summits are predicted to be surrounded by areas covered
with small nodules, which is predicted to be the prevalent
habitat (Fig. 3a-d). Nodule-free sites occur at a distance of
several kilometres from the summits in all transects except
for transect C (Fig. 3c). This is also reflected in the spatial
predictions except for transect B, where the nodule-free area
is masked by the occurrence of large nodules (Fig. 3b).

Density and diversity of megafauna

Across the whole dataset, the average density of megafauna
amounts to 0.34 +0.07 individuals per m?, independent of
whether the density is computed from datasets of 100 indi-
viduals or per 100 m? of seafloor (Table 3). Comparing the
different habitats, megafauna density is lowest in nodule-free
areas (0.15+0.04 individuals per m?) and highest in areas cov-
ered with rock outcrop (1.39-1.40+0.24 individuals per m?)
(Table 3). In areas covered with nodules, average density is close
to the overall density in areas with small nodules (0.34+0.07
individuals per m?), whereas it is slightly higher in areas with
large nodules (0.39-0.42 +0.09 individuals per m?) (Table 3).
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Computed richness and diversity vary if computations are
based on spatial subsets or on fixed numbers of individuals
(Table 3). Especially richness and Shannon’s diversity (H”)
are highest in rock-covered areas compared to nodule-covered
sites or nodule-free areas, when computations are based on
subsets of 100 m? (Table 3). However, when based on subsets
of 100 individuals, richness is highest in areas covered with
small nodules, followed by large nodules (Table 3). In nod-
ule-free and rock-covered areas, richness is comparably low,
and diversity is even lowest in rock-covered areas (Table 3).

Simpson’s diversity (D) and Pielou’s evenness appear to
be less influenced by megafauna density, although Simp-
son’s diversity is still low in nodule-free sites (Table 3).
Evenness, however, is especially low in rock areas, which
is even more pronounced if the computations are based on
a spatially defined area (Table 3). The values for richness,
diversity and evenness are highest when regarding the whole
dataset as a community (i.e. as one meta-habitat) (Table 3),
thereby implying distinct faunal assemblages within the dif-
ferent habitats.

Investigating the habitats, the highest number of mor-
photypes exclusively observed in one habitat amounts to 39
morphotypes (19.9%) in the areas covered with small nod-
ules (Fig. 4). However, the highest numbers of specimens
were also obtained from this area (57.2%), whereas the areas
covered with rock outcrops only formed 17.4% of all speci-
mens, but 12.2% of all morphotypes (24) were found exclu-
sively in this habitat (Fig. 4). The area devoid of nodules
only comprises 8 exclusive morphotypes and also contains
the lowest number of specimens (12.2%) (Fig. 4). Still, the
highest number of morphotypes occurs when considering
multiple habitats, and most of the observed morphotypes
tend to occur in areas covered with small nodules, which
also comprises the largest part of the dataset (Fig. 4).

Specialist and generalist morphotypes

Using the multinominal species classification method
(CLAM) to further investigate morphotypes that are sig-
nificantly more often observed within one of the habitats, the
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Fig.4 Bar plot representing 100
the amount of specimens (in

%) analysed in each of the four

habitat types (left), and UpSet 80
diagramm showing the number
of shared and unique morpho-
types between/within the four
habitats (right). Number of mor-
photypes =196
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majority of all morphotypes (77-89%) is regarded as being
too rare to be defined as a generalist or specialist (Table 4).
The largest amount of potential generalist morphotypes
are obtained when the dataset is divided into small nodule
areas versus other habitats (Table 4). However, this might
be linked to the large amount of data associated with this
habitat, enabling a more balanced analysis. Still, four mor-
photypes per habitat are suggested to be potential specialists,
except for in the large nodule areas (Table 4). In this habitat,
no specialists are suggested (Table 4).

Three morphotypes were recognised as generalists in all
four habitats, all of these being most abundant in areas cov-
ered with small nodules, thus mirroring the abundance of
habitats across the dataset (Table 5). Two of these morpho-
types are sessile, the alcyonacean soft corals Callozostron
bayeri Cairns, 2016 sp. inc. (ALC_009; Fig. 5a) and Prim-
noidae gen. indet. (ALC_038; Fig. 5b), whereas Ophiuroidea
order indet. mtp-OPH_022 is a mobile taxon.

The most abundant specialist morphotypes were the echi-
noderm morphotypes Hymenaster Wyville Thompson, 1873
sp. indet. mtp-AST_017 (Fig. 6a) and Ophiopyrgidae gen.

indet. (OPH_003; Fig. 6b) occurring at sites characterised
by the presence of rock outcrops (Table 5). The two other
sessile morphotypes associated with rock outcrops, the bryo-
zoan Cyclostomatida fam. indet. (BRY_007; Fig. 6¢) and
the cup coral Deltocyathidae gen. indet. (SCL_002; Fig. 6d)
occurred in lower numbers and were regarded as too rare
by CLAM when investigating the other habitats (Table 5).
The most abundant morphotypes assigned as specialists
to areas covered with small nodules were characterised as
generalists in other areas. The bryozoan Columnella Lev-
insen, 1909 sp. indet. (BRY_003; Fig. 6e) is regarded as a
generalist morphotype in areas with rock outcrop and large
nodules, whereas the echinoid Plesiodiadema globulosum
((A. Agassiz, 1898) sp. inc. (URC_003; Fig. 6h) is assigned
as a generalist in areas without nodule coverage as well as in
areas with large nodules (Table 5). However, the number of
specimens in the small nodule areas is much higher than the
occurrences in all other areas. The holothurian Synallactes
Ludwig, 1894 sp. indet. (HOL_104; Fig. 6g), on the other
hand, was only found at small nodule sites, and the bryozoan
Cyclostomatida fam. indet. (BRY_009; Fig. 6f) was seen

Table 4 Number and percentage of morphotypes that are recognised by the multinominal species classification method (CLAM) as being gener-
alists, predominantly present specialists, predominantly absent specialists or rare in each of the four habitats

habitat rock large nodules small nodules no nodules

n % n % n % n %
generalist 17 8 20 10 39 19 12
specialist (absent) 7 3 2 5 3 6 3
specialist (present) 4 2 0 0 4 2 4
too rare 176 86 182 89 156 77 182 89
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Table 5 Number of registered occurrences per habitat for the twelve
morphotypes recognised by the multinominal species classification
method (CLAM) as specialist morphotypes due to their predomi-
nance in one habitat, as well as generalists recognised in all habitats.

* recognised as present specialist in this habitat; () recognised as gen-
eralist in this habitat; recognised as rare in this habitat; 1 recognised
as rare in this habitat

morphotype rock large nodules small nodules no nodules

Hymenaster sp. indet. mtp-AST_017 248* 0 1 0 specialist
Ophiopyrgidae gen. indet. mtp-OPH_003 261%* 0 3 0

Cyclostomatida fam. indet. mtp-BRY_007 16* 1 1 0

Deltocyathidae gen. indet. mtp-SCL_002 21%* 0 0 6

Columnella sp. indet. mtp-BRY_003 @) (12) 111%* 1

Cyclostomatida fam. indet. mtp-BRY_009 l 2 36* 1

Synallactes sp. indet. mtp-HOL_104 0 o 18%* 0

Plesiodiadema globulosum sp. inc. (URC_003) 5 (20) 224% (14)

Hormathiidae gen. indet. mtp-ACT_022 (€))] @) (24) 36%*

Paxillosida fam. indet. mtp-AST_004 4 19) 44 226*

Synallactes sp. indet. mtp-HOL_007 0 3) (18) 26%*

Ophiuroidea order indet. mtp-OPH_015 2) 4) (17) 30%*

Callozostron bayeri sp. inc. (ALC_009) 19 58 109 18 generalist
Primnoidae gen. indet. mtp-ALC_038 45 21 129 17

Ophiuroidea order indet. mtp-OPH_022 5 17 48 6

only three times outside of the small nodule areas (Table 5).
Hence, these two morphotypes are regarded as too rare for
assignment by CLAM in all areas except for the small nod-
ule areas (Table 5).

Regarding the nodule-free sites, the asteroid Paxillosida
fam. indet. (AST_004; Fig. 6j) is most clearly assigned to
this area as a specialist, although it was classified as a gen-
eralist in areas with large nodules (Table 5). The holothurian
Synallactes sp. indet. (HOL_007; Fig. 6k) does not occur
at rocky sites but is regarded as a generalist at the nodule
sites, despite the elevated occurrence in nodule-free sites
(Table 5). The other two morphotypes, the anemone Hor-
mathiidae gen. indet. (ACT_022; Fig. 6i) and the brittle-
star Ophiuroidea order indet. (OPH_015; Fig. 61), are only
regarded as specialists in nodule-free sites; in all other habi-
tats they are regarded as generalist morphotypes (Table 5).

Discussion
Influence of habitat heterogeneity on megafauna

Biodiversity is high in the abyss with regards to all size
classes (Amon et al. 2016; Hauquier et al. 2019; Bonifacio
et al. 2020; Uhlenkott et al. 2021; Washburn et al. 2021),
possibly due to a much greater habitat heterogeneity than
was previously thought (Durden et al. 2015; Riehl et al.
2020; Simon-Lled¢ et al. 2020). In the CCZ, heterogeneity
can be observed on different levels including bathymetric
features such as seamounts and abyssal hills, troughs and
plains (Simon-Lledé et al. 2019b; Cuvelier et al. 2020),
varying sedimentation rates (Volz et al. 2018) and vary-
ing size and abundance in polymetallic nodule coverage
on the seafloor (Kuhn et al. 2020). In our study area in the

Fig.5 Images of the morphotypes recognised as generalists by the multinominal species classification method (CLAM); a Callozostron bayeri
sp. inc. mtp-ALC_009; b Primnoidae fam. indet. mtp-ALC_038 and; ¢ Ophiuroidea order indet. mtp-OPH_022; scale bars represent 2 cm
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Fig.6 Images of the morphotypes recognised as specialists by the
multinominal species classification method (CLAM) for areas char-
acterised by rock outcrop: a Hymenaster sp. indet. mtp-AST_017;
b Ophiopyrgidae gen. indet. mtp-OPH_003; ¢ Bryozoa class indet.
mtp-BRY_007 and; d Deltocyathidae gen. indet. mtp-SCL_002; for
areas with small nodules; e Columnella sp. indet. mtp-BRY_003;

eastern CCZ, the presence of a hard substratum on the sea-
floor appears to be in line with changes in megafauna and
xenophyophore assemblages previously observed in abys-
sal-Pacific benthic communities (e.g. Gooday et al. 2017,
Simon-Lledo et al. 2019c¢, 2020; Cuvelier et al. 2020).

In the part of the eastern CCZ studied here, areas with
nodules on the seafloor sustained the highest benthic
megafaunal diversity. From an ecological point of view,
polymetallic nodules increase the seabed complexity in the
abyssal plain, and thereby increase the number of available
niches for the benthic community (Vanreusel et al. 2010).
Although Vanreusel et al. (2010) refer to small-sized nem-
atodes, the same reasoning may explain the higher bio-
diversity at sites with nodules compared to rock-covered
and nodule-free areas. All three habitats contain patches
of bare sediment, but only nodules and rock additionally
provide hard substratum for megafauna. Comparing these
substrates, the polymetallic nodules provide a much more
complex surface structure than the relatively smooth pil-
low lavas, increasing the number of different niches and,
hence, likely promoting a higher biodiversity.

Specimen-rarefied megafaunal assessments do not typi-
cally show variations in diversity across gradients of varying

f Bryozoa class indet. mtp-BRY_009; g Synallactes sp. indet. mtp-
HOL_104 and h Plesiodiadema globulosum sp. inc. (URC_003), and
for areas with no nodule coverage; i Hormathiidae gen. indet. mtp-
ACT_022; j Paxillosida fam. indet. mtp-AST-004; k Synallactes sp.
indet. mtp-HOL_007 and 1 Ophiuroidea order indet. mtp-OPH_015;
scale bars represent 2 cm

nodule coverage of the seafloor, but rather changes in com-
position and faunal density (Simon-Lledé et al. 2019c,
2020). In our study, this pattern was also observed compar-
ing areas with and without nodules, and might be related
to higher food availability at nodule sites, as the greater
roughness of the seafloor might act as a trap to accumulate
particles. However, highest densities were found at sites
with rock outcrops, combined with a decreased evenness
compared to the other habitats. This can be explained by
the dominance of large numbers of Hymenaster sp. indet.
mtp-AST_017 and Ophiopyrgidae mtp-OPH_003, which
our results suggest might be pillow-lava, rock-specific taxa.

Only a total of twelve specialist and three generalist mor-
photypes could be identified, as most morphotypes were
too rare for an assignment given the characteristically low
abundance of most benthic megafauna species in abyssal
communities (e.g. Amon et al. 2016; Simon-Lled¢ et al.
2019b; Durden et al. 2021). While rare taxa can be essential
for regional macroecology and beta diversity analysis (e.g.
McGill et al. 2007), these are not expected to effectively con-
tribute to the detection of habitat boundaries at local scales,
unless of course they are not truly rare taxa (e.g. McClain
2021). Few observations of a certain morphotype may not

@ Springer



55 Page 10 of 13

Marine Biodiversity (2023) 53:55

large nodules

rock

|
no nodules

small nodules

Fig.7 Schematic representation of the habitat distribution at bathym-
etric elevations (seamounts and hills)

necessarily be regarded as real rarity, as they could well be
an artefact of an insufficient sample size (Gotelli and Col-
well 2001). It is likely, that we observed a similar pattern
and that many morphotypes might indeed be generalists or
specialists in our habitats.

In line with our results, most of the few studies that have
so far compared megabenthic communities between sea-
mounts or abyssal hills and adjacent abyssal plains (Dur-
den et al. 2015, 2021; Simon-Lledé et al. 2019b; Cuvelier
et al. 2020) have shown proportionally larger assemblage
variations with increasing differences in depth. For instance,
Cuvelier et al (2020) showed that the density of Callozostron
bayeri, a widely distributed soft coral in abyssal areas across
the eastern CCZ (e.g. Amon et al. 2016; Simon-Lled¢ et al.
2019c, 2020), was up to 8 times higher on seamounts than
in the adjacent nodule plains. In contrast, we have shown
here that Callozostron bayeri sp. inc. (ALC_009) is one of
the few generalist morphotypes and occurs most frequently
in nodule areas, although it can also be observed at rock
and nodule-free sites. The differences between the observa-
tions made by Cuvelier et al. (2020) and our results might
be related to the larger depth gradient and the clearer dis-
tinction between seamount summit and seamount base in
their study. The combined results from both studies show
that local variations can be very important to contextualise
regional patterns.

Spatial distribution of habitat heterogeneity

Although the elevations observed in this study vary distinctly
in size and shape (Fig. 3), a similar pattern of habitat dis-
tribution can be observed at all sites (Fig. 7). Rock outcrop
is mostly observed at the elevation summit, followed and
interspersed by a terrain covered with small nodules. After
a narrow band covered with large nodules, the elevation

@ Springer

is surrounded by an area devoid of nodules. For large sea-
mounts, ring-like depressions at the base of the seamounts
have been described, which are usually 100-200 m deeper
than the surrounding abyssal plain and have been hypoth-
esised to be the result of isostatic subsidence due to the
continuous cooling and sinking of these seamounts (Kuhn
et al. 2020). Due to the influences of seafloor elevations on
currents and, hence, sedimentation processes (Mewes et al.
2014; Rogers 2018; Volz et al. 2018), sedimentation accu-
mulation is thought to occur within these ring-like depres-
sions. At smaller abyssal hills, where this phenomenon is
not as pronounced, the base of the elevation might act as a
sediment trap similar to the formation of a dune, preventing
the formation of nodules, which can only form at sedimenta-
tion rates below 0.5 cm kyr~' (Mewes et al. 2014).

The small layer of large nodules occurring at the rim of the
nodule-free area and the occurrence of small nodules might
be the result of a continuous increase in sedimentation from
the top to the bottom of the elevation. In the study area, larger
nodules, which are predominantly of diagenetic origin (i.e.
obtain their minerals from porewater in the sediment), have
been hypothesised to form at higher sedimentation rates com-
pared to smaller nodules that are predominantly of hydroge-
netic origin (i.e. obtain their minerals from bottom water)
(Kuhn et al. 2020). The fact that the coverage with large
nodules occurs in a relatively narrow transition zone could
explain why no specialist morphotypes could be assigned to
this habitat. Due to its occurrence between two other habi-
tats (i.e. areas without nodule coverage and coverage with
small nodules), this habitat might contain an intermediate
megabenthic community, including common morphotypes
from the areas covered with small nodules as well as from the
nodule-free areas. Hence, a clear characterisation of special-
ists representative for this transitional habitat might be more
difficult than comparing clearly separated habitats.

Additionally, this scheme might explain the difficulties
arising from the prediction of habitats across transect D
(Fig. 3e). This transect was obtained at the largest distance
to the seamount summit and, hence, this is the only transect
which had a relatively small difference in elevation from
beginning to end (< 100 m) and was sampled beyond the
direct influence of the sinking seamount. Also, it might pro-
vide an explanation for the large differences in megafaunal
communities commonly observed between the abyssal plain
and bathymetric elevations (e.g. Durden et al. 2015; Cuvelier
et al. 2020), although identical habitats do partly exist at
both sites. For some species and morphotypes, the nodule-
free sediment areas might decrease connectivity between
nodule areas and, hence, lead to differences in the faunal
composition of neighbouring nodule sites due to minor
effects of islandness.
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Conclusions

Increased habitat heterogeneity at the bathymetric elevations
in the CCZ distinctly enhances megafaunal biodiversity. The
highest biodiversity can be observed when regarding all
habitats together (rock outcrops, areas with large nodules,
areas with small nodules and areas without nodules) based
on the same number of specimens or an area equal in size as
if regarding a single habitat. Especially the inclusion of rock
provides a habitat that is often overlooked in the CCZ, but
that contains the most abundant and most clearly assigned
specialist morphotypes observed during this study.

The distribution of habitats analysed by downslope pho-
tographic surveys in this study appears to be similar at dif-
ferent bathymetric elevations, although these include abyssal
hills as well as the lower flanks of seamounts. At the summit,
rock can be expected, followed by nodule-covered areas cir-
cumvented by nodule-free sediments. This structure might
partly explain the large differences in megafaunal commu-
nities between bathymetric elevations and the abyssal plain
observed in previous studies, even though very similar habi-
tats occur in the plain and on selected parts of the elevations.
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