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Abstract
The Clarion Clipperton Fracture Zone (CCZ) is an abyssal region in the north-east Pacific that is currently being explored for
metal-rich polymetallic nodules, but also harbors a highly diverse megabenthic community. This community is influenced by
multiple environmental gradients including bathymetric structures as well as differences in habitat and food availability. This
study focuses on the benthic megafauna investigated in an exploration area positioned in the very east of the CCZ, which exhibits
the lowest water depths (mean: 4200 m) and the highest flux of particulate organic carbon (POC) of the CCZ. Case studies using
seafloor images for the detection of megafauna have revealed differences between seamounts and abyssal hills compared to
nodule fields, as well as differences in the community composition between areas with and without nodule coverage and rock
outcrop. Extrapolations suggest a richness of more than 300 morphotypes in the study area, including multiple invertebrate
groups such as corals, sponges, echinoderms, and crustaceans as well as fish. Focusing on sampled specimens, diversities of
Ophiuroidea, Porifera, and Bryozoa are high and more species are likely to be discovered in the study area. This also applies for
the taxon Ophiuroidea, which is among the taxa investigated in the greatest detail so far. In the context of deep-sea mining,
megafauna has been in the focus of a variety of environmental studies including baseline analyses, disturbance experiments, and/
or testing of mining components or systems. These studies identify and address key factors responsible for the observed natural
and impacted distribution patterns and thereby help to constrain expected anthropogenic impacts to the deep-sea environment in
the context of deep-seamining. Specifically in the area of focus of this study, 10 years of megafauna analyses have shown that the
biodiversity in the selected preservation reference zone (PRZ) is not as similar to that of the impact reference zone (IRZ) as
originally hypothesized based mainly on geological parameters. We suggest that recent area-wide habitat classifications and
faunal mapping exercises (e.g., Uhlenkott et al. 2020, 2022) are used to designate a new PRZ that is more similar to the IRZ to
meet its purpose, but that the current PRZ is maintained for scientific and conservation purposes.
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Introduction

The Clarion Clipperton Fracture Zone (CCZ) corresponds to a
vast area of about 6 million square kilometres in the north-
eastern Pacific Ocean. It is located between the Clarion and
Clipperton Fracture Zones from north to south (22°N to 2.5°S)
and between Mexico and Hawaii from east to west (115°W to
158°W), thereby covering approximately 1.7% of the world’s
Ocean surface (Lodge et al. 2014; Glover et al. 2016). The
presence of polymetallic nodules on the seafloor of this abys-
sal area with water depths exceeding 4000 m is of great eco-
nomic interest, as they contain high grades of copper, nickel,
cobalt, and rare earth elements in addition to manganese (Hein
et al. 2013; Kuhn et al. 2017). However, the potentially severe
impacts of future nodule mining on the environment and the
fauna have strongly increased the scientific interest for this
area in recent years (Wedding et al. 2013; Niner et al. 2018;
Boetius and Haeckel 2018).

The seafloor of the CCZ is outside the exclusive economic
zone of any country and therefore falls under the jurisdiction
of the International Seabed Authority (ISA; www.isa.org.jm).
The ISA has assigned 17 contracts for the exploration of
polymetallic nodules in the CCZ since the year 2000. One of
these contract areas with a size of ~75,000 km2 was issued to
the German Federal Institute for Geoscience and Natural
Resources (BGR) in 2006, comprising a western and an east-
ern area with a scientific focus on the eastern area, BGR-E, for
which data is available from several campaigns.

Nodule fields contribute to habitat heterogeneity, which in
turn considerably increases the biodiversity of benthic mega-
fauna on the abyssal seafloor (Simon-Lledó et al. 2019a;
Uhlenkott et al. under review). The local species richness can
rise to above 200 morphospecies in a single image-based study
(Amon et al. 2016; Simon-Lledó et al. 2019b; Uhlenkott et al.
2022). Environmental drivers acting at different scales promote
habitat complexity and modulate local habitat conditions
(Simon-Lledó et al. 2020). These environmental drivers include
particulate organic carbon (POC) flux in an approximate latitu-
dinal gradient (Pennington et al. 2006; Volz et al. 2018), depth
along a longitudinal gradient, and a distinct seafloor topography
in the form of sediment plains, nodule fields, and seamounts
(Wedding et al. 2013) that are inhabited by different megafauna
communities (e.g., Simon-Lledó et al. 2019a; Cuvelier et al.
2020; Durden et al. 2021). Such differences have also been
observed within and beyond the CCZ region for fish and inver-
tebrate scavengers, a highly mobile group of organisms capable
of covering considerable distances, although observed differ-
ences were related to abundance changes rather than shifts in
the taxonomic composition (Drazen et al. 2021). Megafaunal
organisms form an important component of the benthic deep-
sea community and their bioturbation activities and processing
of phytodetritus play a major role in ecosystem functioning of
the abyssal community (Smith et al. 2008).

Megafauna in marine environments is defined as all organ-
isms visible on photographs (Bluhm 1994), accounting for
individuals of a size of ≥1 cm (Dunlop et al. 2015; Moleón
et al. 2020). In benthic ecological studies, megafauna is often
used as a loose term for benthic species living either in the
upper sediment layer, on the seafloor, or directly above the
seafloor in the water column (e.g., Amon et al. 2016; Simon-
Lledó et al. 2019a; Schoening et al. 2020). These organisms
include vertebrates and invertebrates, which can be assigned
to functional groups according to their locomotion mode (e.g.,
sessile, hemi-sessile and mobile), dietary composition (e.g.,
suspension feeder, detrivore, scavenger, predator), dispersal
mode (e.g., planktonic larvae or breeding), ability to colonize
new or disturbed habitats (pioneering, intermediate or climax),
and capability of creating and providing a habitat for associ-
ated taxa (Tavares et al. 2019; Kuhnz et al. 2020).

For the CCZ region, a total of 2,928 taxa from the water
surface to the deep sea seafloor are known from ten datasets
available in OBIS, including 1,440 which have been identified
to species level (www.obis.org; accessed on 23.06.2022).
Megafauna taxa have been observed across distribution
ranges of several hundreds of kilometers (e.g., Amon et al.
2016; Cuvelier et al. 2020; Drazen et al. 2021), with a gradual
change in the species composition correlating to distances
between study areas (Simon-Lledó et al . 2020) .
Nevertheless, many rare taxa are observed, occurring only
once or less than ten times within a specific study area
(Amon et al. 2016; Durden et al. 2021).

This review focuses on case studies conducted on the ben-
thic megafauna of the area BGR-E and puts these into the
context of reviewed observations obtained across the entire
CCZ. We will review important influences on megafauna such
as bathymetry, POC flux and nodule presence, that have been
shown to influence distribution pattern, diversity and commu-
nity structure of megafaunal organisms at different scales. We
present conclusions regarding these gradients and the levels to
which these factors have an influence on the megafauna. In
addition, we discuss the potential impacts of mining activities
onmegafaunal organisms in different habitats and include ideas
for mitigation strategies to reduce such impacts.

Study area and sampling campaigns

The area BGR-E is located at the eastern margin of the CCZ,
being characterized by comparably high POC-flux and an
average water depth of 4200 m (Kuhn and Rühlemann
2021). Bathymetrically, BGR-E is interspersed with sea-
mounts (Fig. 1). Furthermore, north-to-southward-oriented
hill and trough structures occur, especially in the western parts
of BGR-E (Fig. 1).

The megafauna inhabiting BGR-E has been investigated
during ten cruises conducted between 2010 and 2021. The
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most commonly used analysis method was non-invasive im-
agery identification, by using either towed camera systems
(eight cruises) or autonomous underwater vehicles (AUV;
two cruises) for photographic surveys (Table 1).

The advantages of photographic surveys are the non-
invasive approach (Schoening et al. 2020) and the potentially
large seafloor coverage. Except for a short-term disturbance
due to the light and the passage of the camera platform, the
environment is not altered. Identification of megafauna spec-
imens from images is usually not possible on species level
(Horton et al. 2021). Nevertheless, megafauna observations
have been referred to as morphotypes in the BGR-E area
(Uhlenkott et al. 2022, under review), a common strategy in
the CCZ (e.g., Amon et al. 2016; Simon-Lledó et al. 2020;
Durden et al. 2021).

In addition to this non-invasive approach, selective sam-
pling of specimens was conducted with remotely operated

vehicles (ROVs) in 2015, 2019, and 2021 (Table 1). Further
megafaunal specimens were sampled using a boxcore, an
epibenthic sledge, a multicorer, and a chain bag dredge.
Baited traps were deployed to attract and sample scavengers
in 2015, 2019, and 2021, and a lander equippedwith bait and a
camera collected video imagery of the scavenger communities
within BGR-E in 2018.

Physical sampling is necessary for species identification, as
specimens can then be morphologically characterized and de-
scribed in detail. This can be complemented by molecular
methods to support morphological identification, especially
by using DNA-barcodes (e.g., Kersken et al. 2018b;
Christodoulou et al. 2020). Further methods, such as
proteomic fingerprinting and food-web analyses with stable
isotopes, among other approaches, can only be conducted
with actual specimens. In this context, the selective sampling
with ROVs is most suitable, since it offers the possibility to

Fig. 1 A map of the CCZ
marking the exploration areas
issued by the International Seabed
Authority (straight black lines)
and Areas of Particular
Environmental Interest (APEIs;
dashed black lines) (International
Seabed Authority 2020, 2021).
The background map reflects
low-resolution bathymetry in the
area (GEBCO 2014). The area
BGR-E (red lines) is shown in
higher resolution in the lower,
right-hand map

Table 1 Scientific cruises that have included image surveying and sampling of benthic megafauna in the area BGR-E; access to cruise reports marked
with * can be given by BGR on request

Year Project name/vessel Imaging systems Cruise report

2010 Mangan/ RV Sonne OFOS (Rühlemann and shipboard scientific party 2010)*

2012 BioNod/ RV L’Atalante SCAMPI (Rühlemann and shipboard scientific party 2012)*

2013 Mangan 2013/ RV Kilo Moana MFT (Rühlemann and shipboard scientific party 2014)*

2014 Mangan 2014/ RV Kilo Moana MFT (Rühlemann and shipboard scientific party 2015)*

2015 EcoResponse/ RV Sonne AUV Abyss, ROV Kiel 6000 (Martínez Arbizu and shipboard scientific party 2015)

2015 FLUM/ RV Sonne STROMER (Kuhn and shipboard scientific party 2015)

2016 Mangan 2016/ RV Kilo Moana STROMER (Rühlemann and shipboard scientific party 2017)*

2018 Mangan 2018/ RV Sonne STROMER (Rühlemann and shipboard scientific party 2019)*

2019 MiningImpact 2/ RV Sonne OFOS, ROV Kiel 6000 (Haeckel et al. 2021)

2021 Mangan 2021/ MV Island Pride AUV OI, ROV OI (Vink and shipboard scientific party in press)
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observe specimens in their natural habitat, thus expressing
their original habitus prior to the collection.

The megafauna community of the BGR-E area

The BGR-E area exhibits megafauna abundances and diversi-
ty comparable to neighbouring areas in the eastern CCZ (e.g.,
Amon et al. 2016; Simon-Lledó et al. 2019a, 2020; Cuvelier
et al. 2020; De Smet et al. 2021) and elevated densities com-
pared to more western areas (e.g., Simon-Lledó et al. 2020;
Durden et al. 2021). Among the mobile taxa, especially
Echinodermata are very abundant (Vanreusel et al. 2016),
with high numbers of different morphotypes of the classes
Ophiuroidea, Asteroidea and Holothuroidea (Uhlenkott et al.
2022) (Fig. 2). The most common sessile taxa contributing a
high number of morphotypes are Porifera and Cnidaria
(Vanreusel et al. 2016) (Fig. 2). Especially the taxa
Alcyonacea and Actiniaria are prominent, with a large number
of different morphotypes being observed in the BGR-E area
(Uhlenkott et al. 2022). Further megafauna taxa such as
Arthropoda, Polychaeta, and Mollusca, as well as different
fish species and Xenophyophora (large single-celled organ-
isms), were observed and increase the diversity in this area.

Uhlenkott et al. (2022) and Uhlenkott et al. (under review)
identified 250 morphotypes from 10.509 specimens in 8292
seafloor images, which coincides with the number of
morphotypes or species richness reported from surrounding
contractor areas (e.g., Amon et al. 2016; Simon-Lledó et al.
2019a). However, many megafauna morphotypes can be
regarded as rare (Amon et al. 2016; Durden et al. 2021;
Uhlenkott et al. 2022, under review), and a high number of
yet undetected morphotypes have to be expected. According
to extrapolation analyses computed for the BGR-E area, the
total number of morphotypes might vary between 278 and up
to 350 (Table 2). Comparing the expected number of
morphotypes of areas covered with nodules and rock outcrop,
rarefaction curves suggest a similar increase in the number of
morphotypes with greater numbers of investigated specimens
(Fig. 3). This increase appears to be slightly lower in areas
without nodule coverage (Fig. 3). However, the increase is
higher when all habitats are combined, and a plateau of en-
counteredmorphotypes has not yet been reached when includ-
ing more than 10,000 analysed specimens (Fig. 3).

Directly comparing the BGR-E area to the adjacent con-
tract areas of Global Sea Mineral Resources (GSR, Belgium)
and Institut Français de Recherche pour l'Exploitation de la
Mer (IFREMER, France), the observed megafauna density is
lowest in the BGR-E area despite having the highest predicted
POC flux (Vanreusel et al. 2016). POC flux is an environmen-
tal variable that is often equated to food availability, which
usually is a limiting factor in the deep sea (Smith et al. 2008)
and decreases with increasing water depth (Clark et al. 2010;

Ostmann and Martínez Arbizu 2018). On a larger scale, this
can indeed be hypothesized to drive differences between the
low megafauna densities of 0.04-0.06 individuals per m2 ob-
served in the abyssal plains of the western “Areas of Particular
Environmental Interest” (APEIs; Fig. 1) (Durden et al. 2021)
in comparison to the mean density of 0.34 individuals per m2

observed in the BGR-E area (Uhlenkott et al. under review).
Comparing these three western APEIs, Durden et al. (2021)
recognized changes in the composition of sponges, with more
filter-feeding morphotypes in areas of higher POC flux and
more carnivorous Demospongiae in areas of lower POC flux.
Based on these observations, we (1) hypothesize that large
differences in POC flux across the CCZmay cause differences
in megafauna densities—with lower densities in lower POC
flux western areas and with higher densities in higher POC
flux eastern areas, and (2) hypothesize that comparably small
changes in POC flux such as within the eastern CCZ area may
cause differences in community composition.

On a local scale, the presence, density, spatial coverage,
and size of manganese nodules are the most prominent factors
that create habitat patchiness on the abyssal plains of the CCZ
(Volz et al. 2018; Simon-Lledó et al. 2020). Generally, nod-
ules are a key hard substratum for settlement (Amon et al.
2016; Simon-Lledó et al. 2019c). Furthermore, the relation-
ship between nodules and the sediment, for example how far
(large) nodules stick out of the sediment, has an effect on
sediment characteristics and micro-scale currents in between
the nodules (De Smet et al. 2017), also leading to an increase
in habitat heterogeneity (Ramirez-Llodra et al. 2011; Tilot
et al. 2018).

In BGR-E, areas covered with nodules provide a similar
taxonomic richness of 32–34 taxa per 100 individuals com-
pared to areas covered with rock outcrop (29±4 taxa per 100
individuals) and sediment plain sites devoid of nodules (29±3
taxa per 100 individuals) (Uhlenkott et al. under review).
However, density was the highest in rock-covered areas with
1.4 individuals per m2 and lowest in nodule-free areas with
only 0.2 individuals per m2, while density amounted to 0.3–
0.4 individuals per m2 in nodule-covered sites (Uhlenkott
et al. under review). In the CCZ, megafauna density has been
observed to be in general 2–3 times higher in nodule fields
compared to adjacent nodule-free sites within the same con-
tractor area (Vanreusel et al. 2016). An explanation for the
higher densities in nodule areas might be the co-occurrence
of sediment specialists and nodule fauna due to the increase in
habitat heterogeneity (Vanreusel et al. 2016; Simon-Lledó
et al. 2019b). The absence of the coral taxa Alcyonacea and
Antipatharia in nodule-free areas as observed in 2015 by
Vanreusel et al. (2016) could not be confirmed in the vicinity
of bathymetric elevations in the BGR-E area (Uhlenkott et al.
under review). In contrast, two alcyonacean morphotypes
identified as Callozostron bayeri Cairns, 2015 and a
morphotype of the family Primnoidae were two of the three
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Fig. 2 Examples of megafauna invertebrate taxa observed in the BGR-E
area on still images obtained with towed camera systems, a Abyssoprimnoa
gemina sp. inc. (ALC_008); bBathygorgia profunda sp. inc. (ALC_004); c
Columnella sp. indet. mtp-BRY_003; d Actiniaria mtp-ACT_067; e
Actiniaria mtp-ACT_023; f Corallimorphus sp. indet. mtp-COR_001; g
Antipatharia mtp-ANT_006; h Abyssopathes lyra sp. inc. (ANT_002); i

Docosaccus maculatus sp. inc. (HEX_015); j Hyocrinidae mtp-CRI_030;
k Urechinus sp. indet. mtp-URC_009; l Holascus taraxum sp. inc. (HEX_
018);m Peniagone leander sp. inc. (HOL_028); nOphiosphalma glabrum
sp. inc. (OPH_010); o Caulophacus variens sp. inc. (POR_050); p
Hyphalaster sp. indet. mtp-AST_007; q Freyella sp. indet. mtp-AST_
001; rMunidopsis sp. indet mtp-DEC_007; scale bars refer to 5 cm
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only morphotypes recognized as generalists for areas covered
with rock outcrop, nodules of varying sizes and soft substra-
tum (Uhlenkott et al. under reveiew) (Table 3).

Density was also described to be especially variable in
nodule areas compared to seamount areas (Cuvelier et al.
2020) and direct comparisons between rock-covered sites
and nodule areas revealed that the density is 2 times higher
in areas characterized by rock outcrop (Uhlenkott et al. under
review). Regarding the megafauna community at seamounts,
the composition varies distinctly from hard- or soft-substrate
megafauna in the surrounding abyssal plains (Cuvelier et al.
2020; Durden et al. 2021). In a distribution modelling ap-
proach applied in the BGR-E area, seamount areas could
clearly be differentiated from plain areas based on the predict-
ed megafauna community (Uhlenkott et al. 2022). Comparing
seamounts from the BGR-E area to the most northern GSR
contract area, differences in megafauna occurring on sea-
mounts were apparent, while the nodule fauna in both areas
was estimated to be more homogenous (Cuvelier et al. 2020).
Both contract areas showed a clear distinction from the mega-
fauna composition in APEI-3 (Cuvelier et al. 2020).

Case studies on different megafaunal taxa

Not all taxa occurring in the BGR-E area have been investi-
gated in similar detail and sampling effort. However, focusing
on more common and “model” organisms such as
Ophiuroidea (Christodoulou et al. 2020) or the macrofauna
taxa Polychaeta and Isopoda (Janssen et al. 2019; Brix et al.
2020) does not necessarily mean that they represent indicator
species or play a key role within the community. It is a bias
based on the fact that scientific expertise is usually not avail-
able for all occurring taxa, and hence, studies are conducted
on the taxa that can be most efficiently investigated. All in all,
the deep sea still remains a largely under-investigated

environment (Ramirez-Llodra et al. 2010), although the
CCZ and the BGR-E area are among the best studied deep-
sea areas.

Porifera

Several glass sponges have been observed in the BGR-E area
and investigated in detail. The speciesHyalonema (Prionema)
breviradix Kersken, Janussen & Martínez Arbizu, 2018 was
recently described from a holotype obtained in the BGR-E
area (Kersken et al. 2018a). As described for further species
of the genus Hyalonema that are observed in the BGR-E area,
it grows on sediment and is not attached to hard substrates
(Kersken et al. 2018a). Hyalonema (Prionema) breviradix
has an uncommon, disc-shaped habitus and only rudimentary
anchoring basalia, which is the reason why the sponge body
appears to grow on the sediment surface (Kersken et al.
2018a). The recently described species Caulophacus
(Caulophacus) wilsoni uses polymetallic nodules as hard sub-
stratum to grow on; it is stalked, with a rigid stalk and a soft
discoidal head (Kersken et al. 2019).

Porifera is one of the most diverse and abundant group
occurring on hard and soft substrates throughout the CCZ
(Foell and Pawson 1986; Kersken et al. 2018a, 2019), which
could not be observed in nodule areas of the Indian Ocean
(Sharma and Rao 1992). Two major groups dominate the
nodule fields in the CCZ, carnivorous Demospongiae and
filter-feeding Hexactinellida, either attached to hard substrates
or on the sediment (Kersken et al. 2018a). Within the group
Demospongiae, the family Cladorhizidae dominates the spe-
cies richness and abundance (Kersken et al. 2018a). They are
structuring species that offer microhabitats for associated taxa
living on them, such as suspension feeders (Beaulieu 2001;
Stratmann et al. 2021). Especially in sedimented areas,
Porifera are the dominant group outnumbering cnidarians
(Tilot et al. 2018), which is probably related to the ability of

Fig. 3 Rarefaction curves based on specimens obtained from 5969
photographic images from the BGR-E area, being assigned to 250
morphotypes for all available specimens as well as for specimens
observed in images depicting a nodule free area, coverage with small

nodules, large nodules, and rock outcrop (Uhlenkott et al. 2022, under
review). Rarefaction curves were computed with the function rarecurve
from the R-package vegan (Oksanen et al. 2019)
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some species to attach themselves directly to the sediment
(Kersken et al. 2019).

Ophiuroidea

An investigation of Ophiuroidea in the CCZ and the Peru
Basin based on DNA-barcoding revealed a total of 43 species
(Christodoulou et al. 2020). The most common taxa across all
areas were Ophioleucidae sp. (species 29), Amphioplus daleus
(Lyman, 1879) (species 2) and Ophiosphalma glabrum
Lütken & Mortensen 1899 (species 3) (Christodoulou et al.
2020). Of all 43 species identified, 24 occurred in the BGR-E
area, including six exclusively sampled taxa (Christodoulou
et al. 2020), thereby representing the highest species richness
and number of exclusively observed taxa of all investigated
areas. However, the highest number of samples and 40% of all
sampled specimens were obtained from the BGR-E area
(Christodoulou et al. 2020), which explains the highest num-
ber of identified species in this area. Nevertheless, although
the slope of the rarefaction curve seemed to flatten slightly for
the BGR-E area, no plateau has yet been reached.
Extrapolation based on the Chao1 Index suggests that a total
number of 57 ophiuroid species can be expected
(Christodoulou et al. 2020).

Comparing the ophiuroid assemblages of the different con-
tract areas based on relative abundances, the BGR-E area is
most similar to the UK-1 contract area, which is located to the
northeast of it (Christodoulou et al. 2020). Most pronounced
differences were observed between contract areas and APEI-
3 at the very north of the CCZ (Christodoulou et al. 2020).
Overall, the biodiversity of Ophiuroidea was considerably
higher than expected, especially in relation to the low POC
flux in the CCZ (Christodoulou et al. 2019, 2020).

Bryozoa

Colonies of bryozoans are often observed in imagery surveys
of megafauna in the CCZ, including the BGR-E area (Amon
et al. 2017a; Simon-Lledó et al. 2019a; Uhlenkott et al. 2022),
and are also commonly obtained as epifauna in boxcore sam-
ples. After a mobile larval stadium, individuals of this taxon
settle on hard substratum and form sessile colonies (Hurlbut
1991). Therefore, a pioneer zooid settles in a suitable habitat,
being the first member of a colony formed of clones (Brusca
and Brusca 1990). In the BGR-E area, 72 different molecular
operational units (MOTUs), i.e., species equivalents, were ob-
tained from boxcore samples, of which 23 MOTUs were only
observed once (Focke Weerts & Pedro Martínez Arbizu, pers.
comm.). These first preliminary results provide a glance of the
high species richness and abundance of this megafauna group
in the BGR-E area and its contribution to megafauna commu-
nities within contract areas of the CCZ.

Cnidaria

Cnidaria are an abundant and diverse group in the CCZ, con-
tributing significantly to the megafauna biodiversity obtained
from imagery studies (Foell and Pawson 1986; Amon et al.
2016) as well as sampling and genetic analysis (Dahlgren et al.
2016). They occur commonly attached to hard substrates, ei-
ther on seamounts or in nodules fields (Dahlgren et al. 2016;
Cuvelier et al. 2020). In sedimented areas, the diversity and
abundance of certain groups are reduced (Tilot et al. 2018).
Within nodule fields especially the groups Antipatharia and
Alcyonacea are among the most abundant and diverse taxa
(Vanreusel et al. 2016; Stratmann et al. 2018b). For example,
the alcyonacean Abyssoprimnoa gemina was the fourth-most
abundant taxon in the UK-1 and an additional site located
250 km eastern in the eastern CCZ (Amon et al. 2016). In
the BGR-E area, two alceonacean corals could be identified
as generalist morphotypes (Uhlenkott et al. under review).

Xenophyophora

Xenophyophora are single-cell organisms and, hence, often
excluded in surveys of the metazoan megafauna. Still, this
taxon displays a high diversity and often highest abundances
of megafauna in various imagery studies within the CCZ
(Kamenskaya et al. 2013; Simon-Lledó et al. 2019d; Durden
et al. 2021). In the western CCZ, at least 22morphotypes were
observed (Gooday et al. 2020), whereas 36 morphotypes were
registered from two contract areas in the eastern CCZ
(Gooday et al. 2017), dominating the megafauna with highest
observed abundances in both studies. They occur on sediment
plains and within nodules fields, many of them directly at-
tached to nodules (Gooday et al. 2020). Xenophyophora are
suggested to be a trophic link between bacteria and larger
fauna (Amon et al. 2016), although contributing little to the
total biomass of the megafauna in general (Gooday et al.
2020; Durden et al. 2021). Diversity and density of
Xenophyophora are potentially influenced by geomorpholog-
ical variations regulating local bottomwater flow as well as by
the presence and absence of nodules (Simon-Lledó et al.
2019a; Durden et al. 2021).

Scavengers

In the BGR-E area, scavenger biodiversity was investigated
based on 10 in situ baited camera experiments in 2018
(Harbour et al. 2020) and compared with further data from
baited traps and video transects of the westerns CCZ and
further areas throughout the Pacific Ocean (Drazen et al.
2021). A total of twelve scavenging taxa could be observed,
the most abundant being the rattails Coryphaenoides spp.
Gunnerus, 1765, followed by the eelpout Pachycara nazca
Anderson & Bluhm, 1997 and the shrimp Hymenopenaeus
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nereus (Faxon, 1893). Coryphaenoides spp. was also respon-
sible for the majority of bait consumption (Harbour et al.
2020).

Leitner et al. (2017) suggested that high nodule abundance
could lead to an increased abundance of scavengers, potential-
ly due to higher prey abundance in nodule areas. All sites
investigated in the BGR-E area had similar nodule abun-
dances but differing predominant nodule size, yet no signifi-
cant differences in scavenger abundance could be detected as
a function of nodule size (Harbour et al. 2020). However, the
scavenger community differed significantly with that of the
neighbouring contract areas UK-1 and OMS (Harbour et al.
2020). Especially seamounts and abyssal plains showed sig-
nificant variations of the scavenger community, contributing
to a regional diversity (Drazen et al. 2021). Species composi-
tion of scavenging amphipods, within the BGR-E area was
similar to other areas within the CCZ, but differed from the
more southern Pacific Peru Basin (Patel et al. 2020).

Megafauna in the context of deep-sea mining

The deep-sea environment is known to be highly sensitive to
physical disturbance, and various tests of mining components
and disturbance experiments have shown long-term influ-
ences of mining-like disturbances on the ecosystem (Jones
et al. 2017). Polymetallic nodules provide an important habitat
for organisms of all size classes (Thiel et al. 1993; Vanreusel
et al. 2016; Purser et al. 2016), and large-scale removal forms
a direct threat to these highly diverse, low biomass deep-sea
communities. In addition, depending on the type of machinery
used, mining activities are likely to provoke the re-suspension
of a large amount of sediment in the form of a sediment plume,
which will spread out into the surrounding, unmined areas and
may additionally harm organisms that were not mechanically
affected by mining processes (Fig. 4). Plumes with greatly
increased particle concentrations may especially affect filter-
feeders, and settling sediment out of the plume will cover the
nodules, sediments, and organisms of the seafloor, thus affect-
ing all faunal classes. Suspension of sediments and nodule
debris may also enhance trace metal mobilization, which
when bioavailable could have adverse ecotoxicological con-
sequences (Jankowski and Zielke 2001; Hauton et al. 2017;
Brown et al. 2017; Schmidt et al. 2022).

In this context, the APEIs have been proposed as protected
areas which should cover the range of habitats and biological
variations present within the CCZ (Wedding et al. 2013). The
ISA adopted this framework in a reduced form of initially nine
APEIs, each with a size of 400×400 km (160,000 km2), and
adopted four additional APEIs of varying sizes in 2021 (Fig.
1). Each of the initial APEI consists of a core area of
200×200 km and a buffer zone of 100 km to protect the core
from any anthropogenic, mining related impact (Wedding

et al. 2013). However, the initial APEIs are all positioned on
the margins of the CCZ and have been strongly criticized as
they do not effectively represent all habitats and show a lim-
ited connectivity to the contract areas (Taboada et al. 2018;
McQuaid et al. 2020;Washburn et al. 2021; Jones et al. 2021).
The lack of representation has been related to differences in
depth, the number of seamounts, nodule density and coverage
and seafloor POC flux within APEIs compared to adjacent
contract areas or CCZ sub-regions (McQuaid et al. 2020;
Washburn et al. 2021). Hence, the ISA has recently integrated
scientific recommendations (e.g., Vanreusel et al. 2016;
Simon-Lledó et al . 2020; Bonifácio et al . 2020;
Christodoulou et al. 2020; Brix et al. 2020) and established
four additional APEIs, of which one (APEI-13) is positioned
within the core manganese nodule area of the CCZ (Fig. 1).

Within contract areas, contractors are required to designate
Impact Reference Zones (IRZs), where potential future min-
ing activities will take place, and Preservation Reference
Zones (PRZs), which are outside the mined areas and beyond
the Impact Zone (e.g., the area affected by sediment plume
dispersal; Fig. 4). Officially, these zones have been estab-
lished in order to assess the impact caused bymining activities
against a pristine control site (Jones et al. 2020). In the BGR-E
area, one prospective mining area has been assigned together
with a potential preservation reference zone in 2013 in order to
carry out spatial and temporal studies of biodiversity in both
areas (see schematic in Fig. 4). Similar to the approach applied
for the APEIs (Wedding et al. 2013), the PRZ should be lo-
cated as close as possible to the IRZ to maintain representati-
vity, but far enough to not be affected by any disturbance from
it. Beyond that, it has been suggested that additional preser-
vation, respectively conservation, areas in a similar design as
the PRZs could be chosen to include a variety of different
habitats, e.g., seamounts, nodule-covered and nodule-free sed-
iment plains, in order to additionally account for potential
mining impacts on these habitats (Jones et al. 2020).
However, studies in the BGR-E area over several years have
shown that the geochemical seafloor conditions and the
communities in the PRZ are much more diverse and
spatially variable than they are in the IRZ. Based on
available distribution data and modelling approaches,
Uhlenkott et al. (2020) and Uhlenkott et al. (2022) have
shown that meiofauna abundances and megafauna communi-
ties vary distinctly between the designated PRZ and IRZ. This
prompts the designation of a more suitable PRZ in terms of its
function as a control site, whereas the currently designated
PRZ will have a good protective function.

In an expert elicitation to determine which ecosystem com-
ponents are the most relevant variables for monitoring and
conservation in the deep sea, megafauna appeared as one of
the highest-ranked variables (Danovaro et al. 2020a). Despite
discussions that small animals also need to be considered as
they constitute an important part of the benthic ecosystem

Page 13 of 19     22Marine Biodiversity (2023) 53:22



(Danovaro et al. 2020b; Ingels et al. 2020), megafauna has the
major advantage that it can be observed based on imagery,
which is a fast, area-wide, non-invasive monitoring technique
that does not alter the environment (Schoening et al. 2020).
Additionally, the longevity of sessile megafauna allows to
revisit individual organisms for long-term investigations
(Schoening et al. 2020).

In the BGR-E area, the effects of test mining actions have
not yet been profoundly investigated, but will be further ex-
amined in the next years following a pre-prototype collector
test that was conducted and monitored in spring 2021 (Vink
and shipboard scientific party, in press). Furthermore, a num-
ber of small-scale disturbance experiments simulating poten-
tial impacts of nodule mining have been conducted to monitor
and evaluate anthropogenic impacts in the BGR-E area and in
other areas (e.g., Foell et al. 1990; Fukushima 1995; Sharma
2000; Jones et al. 2017; Purkiani et al. 2021).

One of the largest and most studied disturbance experi-
ments was the “DISturbance and reCOLonization experi-
ment” (DISCOL) in the nodule-covered Peru Basin, in 1989
(Thiel et al. 2001). The disturbance showed significant effects,

such as a modelled reduction of carbon flow in the food web
and variations in the recovery of organisms with different
feeding types, with suspension and filter feeders showing the
lowest recovery rates (Stratmann et al. 2018a). Investigations
of the same area based on AUV photo mosaics conducted 26
years after the impact confirmed the significant reduction in
megafaunal suspension feeders, whereas the densities of de-
posit feeders as well as scavengers and predators had recov-
ered to pre-impact values (Simon-Lledó et al. 2019c).

These findings can be confirmed by investigations of
Holothuroidea as an example for mobile taxa, which recov-
ered within 26 years in terms of their community composition,
abundance and respiration rates (Stratmann et al. 2018b).
Similarly, fish density recovered after 26 years, but the density
of the dominant species Ipnops meadiNielsen, 1966 remained
lower in the disturbed areas (Drazen et al. 2019).
Investigations of the scavenging fauna using baited traps re-
vealed no significant differences comparing the scavenging
fauna inside the impact area of the “plough-harrow” with un-
disturbed reference sites 6 months and 3 years after the impact
(Drazen et al. 2019). Indirect impacts induced by the increased
sedimentation of the created sediment plume showed an im-
mediate density reduction followed by an increase with higher
densities compared to reference areas of the pre-impact studies
of certain taxa (Bluhm 2001).

Other disturbance experiments were conducted using the
Deep-Sea Sediment Resuspension System (DSSRS) devel-
oped by NOAA in different areas in the CCZ (Jones et al.
2017). In the contract area of the Interoceanmetal Joint
Organisation (IOM), megafauna in the tracks showed a sig-
nificant decrease in taxonomic richness and abundance with a
slow recovery after the disturbance (Radziejewska and
Stoyanova 2000). Previously observed differences between
areas covered with nodules and those devoid of nodules re-
mained after the disturbance event in both areas, but the sed-
iment plains showed a faster recovery in terms of species
richness and densit ies compared to nodule areas
(Radziejewska and Stoyanova 2000). The Japan Deep-sea
Impact Experiment (JET) was conducted in the western part
of the CCZ and showed a reduction in density of motile fauna
and deposit feeders in the indirect disturbed areas affected by
sediment plumes compared to the undisturbed ones, but no
significant difference and reduction in sessile megafauna
could be observed two years after the disturbance event
(Fukushima et al. 2000).

Vanreusel et al. (2016) used a different approach, investi-
gating the impacts of previous scientific sampling distur-
bances on the megafauna community. Within the tracks of
sampling gear such as dredge or epibenthic sledge, all hard
substratum was removed and almost no sessile megafauna
could be observed. Mobile megafauna was significantly re-
duced in abundance even after 20 and 37 years, respectively
(Vanreusel et al. 2016). This observation is not limited to

Fig. 4 Modified graphical representation of PRZs and IRZs as set out in
the ISA mining code and in recommendations presented in Jones et al.
(2020). + refers to areas already defined under the Mining Code. * refers
to additional areas recommended by Jones et al. (2020). The relative size
of each area is not to scale. The pink and blue outlined IRZs and PRZs
indicate the intended implementation of this concept by two contractors
according to Hao et al. (2020) for COMRA and for the BGR-E area (BGR
unpublished information)
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megafauna, as density and diversity of the meiofauna taxon
Nematoda were also significantly reduced 26 years after ex-
perimental dredging (Miljutin et al. 2011). Comparing the
varying results, the extent of recovery is presumably closely
linked to the extent of the disturbance (Thiel et al. 2001) as
well as to the sensitivity of the different taxa towards the
mining impact (Simon-Lledó et al. 2019c).

Current knowledge gaps include the assessment of tempo-
ral (interannual) variability, seasonality and awareness that
more samples and larger sampling areas are needed, especially
when many rare morphotypes are present (Bluhm 2001;
Durden et al. 2021). The sparse distribution of such rare taxa
complicates impact assessments compared to shallow water
assessments, where taxa often occur in more aggregated pat-
terns and higher densities (Schoening et al. 2020). Nodule
areas show a high habitat heterogeneity related to environ-
mental drivers acting at different scales in addition to biolog-
ical interactions, which are not yet fully understood (Simon-
Lledó et al. 2020). Nodule-attached fauna can make up to 60–
70% of the total megafauna density within nodule fields, and
so the removal will have severe long-term effects for these
taxa in the mined areas (Simon-Lledó et al. 2019c). Some
nodule obligate taxa will probably never recover (Vanreusel
et al. 2016). The implementation of mitigation strategies for
compensation of habitat loss has often been discussed in a
scientific context (Vanreusel et al. 2016; Gollner et al. 2017,
2022; Cuvelier et al. 2018) and is now also being adopted by
the ISA in its regulations for Environmental Impact
Assessment and monitoring (International Seabed Authority
2021).

Conclusion

The CCZ is the largest and most economically interesting area
targeted for the mining of deep-sea polymetallic nodules on
earth. The BGR-E area is positioned in the very east of the
CCZ, is shallower than more western areas, and exhibits a
relatively high POC flux. In general, POC flux is connected
to elevated megafauna densities in the food-limited deep sea
(Smith et al. 2008). This could be validated through the com-
parison of the BGR-E area to the APEIs at the western edge of
the CCZ (Durden et al. 2021). Within the eastern CCZ, how-
ever, lower megafauna densities are found in the BGR-E area
than in the more westerly IFREMER and GSR contract areas,
despite higher predicted POC flux input (Vanreusel et al.
2016). Hence, megafauna density is not exclusively controlled
by food availability.

Within the BGR-E area, density has been described to be
highest on rock outcrops (Uhlenkott et al. under review), which
is usually of volcanic origin and, hence, observed at seamounts
and abyssal hill sites. In contrast, Cuvelier et al. (2020) observed
higher densities in nodule fields compared to seamount sites in

the BGR-E area. Nevertheless, both studies show that themega-
faunal community observed on rock outcrop, respectively sea-
mount, sites is different compared to that of the abyssal plains
(Cuvelier et al. 2018; Uhlenkott et al. under review).
Taxonomic richness and biodiversity are especially high in
the nodule areas of the BGR-E area (Uhlenkott et al. under
review), which might be related to the number of available
niches and an enhanced food supply in this heterogenous hab-
itat. Habitat heterogeneity may therefore be responsible for ei-
ther increased biodiversity and densities or both, depending on
the investigated habitat or landscape.

Detailed studies of specific megafauna groups in the BGR-
E area have focused on the taxa Ophiuroidea (Christodoulou
et al. 2019, 2020) and Porifera (Kersken et al. 2018a, b, 2019)
as well as on the scavenging community (Harbour et al. 2020;
Patel et al. 2020). This selection of studied functional groups
is merely based on the expertise of the investigating experts.
Therefore, many taxa and functional groups still require de-
tailed investigation to assess key functional groups and taxa
despite the fact that the BGR-E area is a comparably well-
studied deep-sea area.

The benthic megafaunal community of the CCZ will be
threatened by the impacts of deep-sea mining activities. In
contrast to the majority of other contract areas in the CCZ,
impact and preservation reference zones for a prospective
mining area have been designated and analysed in the BGR-
E area since 2013. Faunal and geochemical analyses increas-
ingly show that the PRZ does not fulfil its function as a control
site for the determination of mining-related impacts. It could,
however, be maintained as a “preservation area” sensu stricto,
whereas a more suitable PRZ will need to be defined for the
assessment of impacts. Additional “conservation areas” with-
in contractor areas, integrating differences in the faunal com-
munity as a whole, would be beneficial additions.

The original APEIs and the BGR-E area show only little
overlap in their habitats and benthic megafaunal communities,
showing that they are not suitable for the protection of mega-
faunal biodiversity from the BGR-E area. However, the new
APEIs potentially better represent the habitats present in the
BGR-E area. Still, future studies in the new APEIs need to be
conducted to validate their representability and protective
function.
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