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Abstract

Since the late 1980s, various experiments have been conducted in polymetallic nodule fields of the Pacific Ocean to assess
the potential environmental impacts of future mining, specifically in two areas: the Peru Basin and the Clarion-Clipperton
Fracture Zone (CCZ). Two expeditions, SO242/2 in 2015 (Peru Basin) and SO268/1 +2 in 2019 (CCZ), deployed a towed
camera system to collect imagery from both areas. These expeditions aimed to assess recovery of fauna in the short (few
weeks) and long term (several years) following physical seafloor disturbance actions designed to mimic potential mining,
by ploughs, dredges and epibenthic sleds. Within the collected image data, several strikingly hexagonal hole patterns were
observed and identified as Paleodictyon nodosum, and an irregular form of Paleodictyon traces, both on undisturbed and dis-
turbed areas of seafloor. Recent forms occur abundantly in various deep-sea regions, but their origin, and how they represent
the mode of life of the forming organism, remains unknown. In this study, the imaged occurrences of Paleodictyon traces
on disturbed seafloor sheds light on the lifecycle of the forming organism, demonstrating that they can recolonize disturbed
habitat and produce the trace network in a few weeks. Nevertheless, the density of these patterns on disturbed substrates
was lower than observed on undisturbed substrates in both nodule regions. We therefore hypothesize that, along with other
benthic deep-sea fauna, these structures and the forming organism are impacted by physical seafloor disturbance, and even
26 years after disturbance, densities on disturbed sediments have not recovered to undisturbed levels.

Keywords Clarion-Clipperton Fracture Zone - DISCOL Experimental Area - Deep-sea benthos - Deep-sea mining -
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polymetallic nodules occur naturally as 5-15 cm diameter
lumps of aggregated minerals. They form at the sea/sedi-
ment interface under complex biogeochemical conditions
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in areas characterized by oligotrophic conditions and low
sedimentation rates (Hein and Koschinsky 2013; Kuhn
et al. 2017). Extensive nodule fields located in the Pacific
tectonic spreading province feature the Clarion-Clipperton
Fracture Zone (CCZ) north of the equator and the Peru Basin
nodule province south of the equator, which are two of the
more intensely studied fields investigated to date (Hein and
Koschinsky 2013; Gollner et al. 2017). Polymetallic nod-
ules in the Peru Basin are characterized by higher growth

@ Springer


http://orcid.org/0000-0001-7322-5145
http://orcid.org/0000-0001-8714-4696
http://orcid.org/0000-0002-1686-8045
http://orcid.org/0000-0003-2117-4176
http://orcid.org/0000-0003-4042-8215
http://orcid.org/0000-0001-5427-0151
http://crossmark.crossref.org/dialog/?doi=10.1007/s12526-021-01237-1&domain=pdf

97 Page 2 of 12

Marine Biodiversity (2021) 51:97

rates and larger nodule sizes than those found in the CCZ
(Marchig et al. 2001).

For sessile fauna, these nodules provide hard substrate
surfaces on the otherwise predominantly soft and muddy
abyssal seafloor plains, and additionally, they influence the
distribution of local infauna and bacterial communities (Van-
reusel et al. 2016; De Smet et al. 2017; Molari et al. 2020).
Further, polymetallic nodules influence local biochemical
processes such as particulate accumulation rates and oxy-
gen exchange between seawater and porewater (Haffert et al.
2020; Vonnahme et al. 2020). Seafloor communities in nod-
ule areas have been found to be influenced by surface pro-
ductivity and deposition of organic matter (Washburn et al.
2021), with nodule size also facilitating the establishment
of differing communities (Kuhn et al. 2020).

Because polymetallic nodules contain commercially
attractive concentrations of metals (Hein et al. 2013), their
collection has been under consideration for exploitation
since the 1960s (Auburn 1970). This interest in the poten-
tial future economic extraction of these nodules has driven
research efforts to try and determine how much of an impact
such extraction may have on existing seafloor ecosystems
(e.g. Thiel and Schriever 1990; Radziejewska 2002; Goll-
ner et al. 2017; Vonnahme et al. 2020). Areas in the Peru
Basin and the CCZ have been subject to various disturbance
experiments aimed at elucidating this over the last 4 dec-
ades, with nodule removal expected to be a key cause of
impacts on biodiversity and ecosystem function resulting
from deep-sea mining (Jones et al. 2017). In the Peru Basin
as well as in the CCZ, a range of devices, including ploughs
and trawls, have been dragged repeatedly across region of
nodule abundant seafloor, burying nodules in the sediments
or pushing them to the sides of the disturbance tracks. In
the Peru Basin nodule province, one of the most exhaustive
studied disturbance experiments was conducted in 1989: The
DISturbance and ReCOLonization (DISCOL) experiment.
Twenty-six years later, in 2015, additional disturbance tracks
were induced, and the recolonization of seafloor associated
fauna was monitored during the SO242/2 expedition (Boet-
ius 2015). In the CCZ, the seafloor was physically disturbed
in 2015 and again in 2019. During the expedition in 2019
(50268/1 +2), the impact of both disturbance events was
also monitored using an advanced towed camera system
(Linke and Haeckel 2019).

Previous records of Paleodictyon

The living fossil Paleodictyon Meneghini, 1850 has been
interpreted as graphoglyptid trace fossils with horizontal
tunnels arranged in a strikingly hexagonal network (Ekdale
1980). They have been found as casts on ancient turbidites,
first appearing in the geological record within the early Cam-
brian (Uchman 2003) in shallow water settings, but moving
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towards deeper water thereafter, a habitat within which
they have become widespread ever since (Uchman 2004;
Malekzadeh and Wetzel 2020). Graphoglyptids associated
with Paleodictyon are commonly found in flysch sediments
distributed all over the world (Kern 1978; Kushlin 1982).
Modern patterns of Paleodictyon spp. are still being found
on deep-sea sediments (Rona and Merrill 1978; Ekdale
1980). The most recognizable form, Paleodictyon nodosum,
is characterized by rows of holes that intersect at an angle of
120°, responsible for the characteristic hexagonal pattern on
the sediment surface. The holes are outlets that mark every
side of the underlying tube-like structures that penetrate
2-3 mm into the sediment, at which depth they intercon-
nect with a horizontal hexagonal honeycomb network (Rona
et al. 2009), reminiscent of the structure of the fossils on
turbidites. A second Paleodictyon species, P. tripatens, also
frequently observed, exhibits a less regular surface pattern.
The vertical outlets are located at three of the six sides of
the horizontal hexagonal network in the sediment, thereby
producing an irregular surface pattern (Seilacher 2007).

The distribution of the modern forms, specifically P.
nodosum, appears to be global, with individuals found in
the Atlantic, along the Mid-Atlantic Ridge (MAR) (Rona
and Merrill 1978; Rona et al. 2009) and the South Atlantic
(Ekdale 1980), in the Pacific, along the Australian margin
(Przeslawski et al. 2012), in the western (Gaillard 1991), and
equatorial regions (CCZ) (Durden et al. 2017 and literature
therein) and in the Japan Trench (Swinbanks 1982).

The origin of the living fossil pattern traces has been
widely discussed, with two main theories put forward as to
what they represent: (1) Paleodictyon forms are trace fossils
and the hexagonal network a burrow structure (Garlick and
Miller 1993; Wetzel 2000), or traces of microbial ‘farms’
(Seilacher 2007); alternatively (2) Paleodictyon forms are
actually body forms of an organism such as a xenophyo-
phore (Swinbanks 1982; Levin 1994; Rona et al. 2009) or
of a compressed hexactinellid sponge (Rona and Merrill
1978; Ehrlich 2019). How the hexagonal network is formed
also remains uncertain. Studies have suggested that the
pattern typical for P. nodosum is a result of growth, rather
than burrowing (Plotnick 2003) with the trace developing
in a spiral succession from the inner hexagonal ring out-
wards (Seilacher 2007), in parallel with an increasing trace
diameter, with the number of rows of holes and the spacing
between the rows also increasing with trace size (Rona et al.
2009). Recent studies indicate that an unknown agglutina-
tion agent is used to bind the sediment in the tubes, and a
shield-like elevation above the seafloor surface is formed
to assist water circulation through the tubes, thereby also
increasing the flux of organic particles (Rona et al. 2009).
Predictions on the age and state of Paleodictyon patterns
found on modern sediments are also difficult to make. In the
deep sea, extremely low sedimentation rates and low benthic
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flow velocities render sediment resuspension unlikely
and increase the longevity of such traces, so that even after
the producer has died, the traces may remain visible (Wheat-
croft et al. 1989; Connolly et al. 2020). How long such pat-
terns will last depends primarily on the rates at which other
epibenthic megafauna may disturb seafloor sediments and
trace patterns, overlaying these with their own trail pat-
terns, or on diffusive bioturbation by meio- and macroben-
thos, or to a lesser extent on local sediment accumulation
rates, which may eventually cover the patterns (Wheatcroft
et al. 1989). The patterns were recently observed to occur
abundantly in close vicinity of manganese nodules (Durden
et al. 2017), which raised the question of the response of the
forming organism to physical disturbances associated with
nodule removal.

Here we analyzed seafloor images collected during two
expeditions to polymetallic nodule provinces in the CCZ
and DEA (S0242/2 and SO268/1 +2). During each of these
expeditions, areas of undisturbed and physically disturbed
seafloor were imaged. Paleodictyon traces on the seafloor
after recent dredge (monitored after 17-18 days in the CCZ),
EBS trawls (monitored after 6 weeks in the DEA and after
4 years in the CCZ) and ploughed tracks (monitored after
26 years in the DEA) disturbances were quantified, allowing
the first assessment of the recovery potential of Paleodictyon
traces after physical disturbance in abyssal sediments to be
made.

Materials and methods
Disturbance experiments

The DISCOL experiment was conducted in the Peru
Basin nodule province in 1989. In an area of 10.8 km?, an
8-m-wide plough-harrow was used to overturn the seafloor
across 78 towed dredges, resurfacing approximately 20% of
the DISCOL experimental area (DEA) (Thiel and Schriever
1990). These dredges produced 10-15-cm-deep seafloor
scars and removed nodules from the surface by ploughing
them into the seafloor—overturning and disturbing the sea-
floor sediments themselves. In 2015, a two leg expedition
(50242/1 and SO242/2) revisited the DEA 26 years after
disturbance (Boetius 2015; Greinert 2015). During the
first expedition leg (SO242/1), additional disturbance was
induced with an epibenthic sledge (EBS), towed several
times across the seafloor, leaving a scar of ~30 cm depth
and removing all overlying sediments. Six weeks later,
the second expedition leg (SO242/2) used an advanced
towed camera system, the Ocean Floor Observation System
(OFOS), to survey the disturbed seafloor. The higher quality
cameras mounted on the SO242/2 OFOS were far superior to
those mounted for the initial 1989 and 1990s surveys of the

region, and smaller seafloor features (fauna, animal traces,
microtopography) could be clearly distinguished in collected
images. This modern towed system therefore allowed sea-
floor features and fauna of sizes> 1 cm in diameter to be
quantified across disturbed and undisturbed areas of seafloor.

In the CCZ, the SO239 expedition induced disturbance
tracks in 2015 by towing an EBS four times across the sea-
floor (Martinez Arbizu and Haeckel 2015). Four years later,
in 2019, the SO268/1 + 2 expedition monitored the impact of
this disturbance by conducting towed camera transects with
the OFOS. During this expedition, an additional small-scale
disturbance experiment was carried out, with a 1.5-m-wide
chain dredge being towed 11 times over an area covering
100 x 500 m, leaving dredge tracks of ~5 cm depth. This site
was revisited 17-18 days after disturbance, and the distur-
bance impact again monitored using the OFOS (Linke and
Haeckel 2019).

Image data collection

The OFOS was used to survey the DEA during SO242/2
in October 2015 and the eastern BGR (Bundesanstalt fiir
Geowissenschaften und Rohstoffe) exploration area in the
CCZ during SO268/1 +2 in May 2019 (Fig. 1). The OFOS
consisted of a 24-megapixel camera, an HD video camera,
multiple lights, three lasers, an altimeter (Tritech) and a
USBL POSIDONIA positioning beacon. The construction
was similar to the OFOBS described in Purser et al. (2019),
the only difference being the absence of the inertial naviga-
tion system, side scan and forward-facing sonar systems on
the OFOS system.

For the current study, the OFOS was towed across the
CCZ seafloor during three transects and across the DEA sea-
floor for eight transects, conducted at an altitude of ~1.5 to
1.7 m and ship speed of 0.2—0.54 kn, collecting still images
and video data from three categories of seafloor sediments:
(1) ‘undisturbed’ nodule abundant seafloor, (2) ‘recently
disturbed’ seafloor (17-18 days (CCZ) and 6 weeks (DEA)
after the physical disturbance) with evident traces and (3)
‘historically disturbed’ seafloor (4 (CCZ) and 26 (DEA)
years after the physical disturbance) (Fig. 2). Timed images
were collected every 10 (CCZ) and 15 (DEA) seconds, cov-
ering approximately 5 m? of seafloor per image.

Image analysis

Images originated from the transects in the BGR explora-
tion area (CCZ, depth range 4118-4120 m) and the tran-
sects in the DEA (depth range 4090—4189 m) were then used
for image analysis and annotation of Paleodictyon traces
(Table 1). Images from both data sets in some way unsuit-
able for analysis (such as completely black images taken
during the deployment or retrieval of the device, as well

@ Springer
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Table 1 Number of images taken and analyzed, total annotated area
(m?) covered during transects in the Clarion-Clipperton Fracture
Zone (CCZ) and the DISCOL Experimental Area (DEA) with indica-

tion of time after disturbance. Numbers in bold represent the com-
bined totals for image numbers and areas surveyed across the CCZ
and DEA provinces, respectively

Transect N°inundisturbed Analyzed N° in recently
area (m?) disturbed area

area analyzed/

Analyzed Time after
area (m?) distur-

N°in historically Analyzed Time after
disturbed area area (m?) disturbance

available analyzed/avail- bance analyzed/avail-
able able
CCZ (SO268) OFOS05 337/337 4938 0/0 NA 0 27/27 115 4 years
OFOS11 189/1919 1446 159/159 802 17 days NA NA
OFOS12 444/444 2478 112/112 658 18 days 89/89 656 4 years
970/2700 8862 271/271 1460 116/116 773
DEA (S0242) 143-1 557/557 2785 0/0 NA 107/107 535 26 years
155-1 382/382 1910 0/0 NA 416/416 2080 26 years
160-1 96/96 480 0/0 NA 6/6 30 26 years
164-1 889/889 4445 0/0 NA 15/15 75 26 years
171-1 548/548 2740 0/0 NA 365/365 1825 26 years
174-1 671/671 3355 0/0 NA 110/110 550 26 years
197-1 643/643 3215 137/137 685 6 weeks 123/123 615 26 years
203-1 784/784 3920 0/0 NA 136/136 680 26 years
4570/4570 22,850 137/137 685 1415/1415 6390

as images taken at an altitude of more than 3 m or with
suspended sediments obscuring seafloor visibility) were
excluded from the analysis.

The image annotations were done using the program
BIIGLE (Langenkidmper et al. 2017) for images from the
CCZ and PAPARA(ZZ)I (Marcon and Purser 2017) for
images from the DEA. Occurrences of the typical hex-
agonal small hole arrays distinctive of P. nodosum sur-
face traces were annotated as ‘Paleodictyon nodosum’.
Unfinished or irregular hole arrays, possibly including
P. tripatens, were annotated as ‘Irregular Paleodictyon’
(Fig. 2). The diameter of each hole array was additionally
measured. All patterns were annotated based on down-
ward-facing visual observations. No additional measure-
ments for clarification of the taxonomy, e.g. sediment
penetration or determination of a shield-shaped eleva-
tion of the sediment layer, were possible. Hence, pat-
terns annotated as ‘Irregular Paleodictyon’ could not be
identified further.

In addition to identifying Paleodictyon traces, the
substrate on which the observation was made was also
labelled according to the substrate categories men-
tioned above (‘undisturbed’, ‘recently disturbed’ and
‘historically disturbed’, Fig. 2). Patterns observed on
disturbed substrate were those present within actual
disturbance tracks, indicated by removed or over-
turned surface sediments. The ‘undisturbed’ substrate
category refers to substrate inside the disturbed areas
but without visible disturbance tracks. No additional
transects in reference areas were conducted. Therefore,
despite the undisturbed substrate not being actively

physically disturbed, there is the potential that images
classified as ‘undisturbed’ could actually be sub-
jected to enhanced sedimentation as a result of the
suspended sediment plume created during the physical
disturbance.

The total area annotated was 10,437 m? for CCZ and 29,925
m? for DEA. The area of each seafloor category annotated dur-
ing each transect is given in Table 1. Density of Paleodictyon
traces was expressed in number of patterns per square meter
(m?).

Statistical analysis

The statistical analysis was done using the statistical
computing software R (Version 3.4.3). The different
transects were treated as replicates and the seafloor sub-
strate categories as factors. Beforehand, the data were
tested for homogeneous variances with the Levene’s test
and normality using the Shapiro—Wilk test. Additional
data distribution and residual plots were produced. For
comparison of the densities between all three substrate
categories of both P. nodosum and irregular Paleodic-
tyon patterns, a non-parametric Kruskal-Wallis Rank
Sum Test following a multiple comparison test after
Kruskal-Wallis was performed.

To analyze the similarity between transects within CCZ and
DEA and taking into account quantitative and qualitative vari-
ables a factor analysis of mixed data was additionally performed,
the quantitative variable being the density of Paleodictyon traces
and the qualitative variables being the disturbance (disturbed/
undisturbed) and the time since disturbance (recent/historical).
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Results

Hexagonal patterns associated with Paleodictyon nodosum
and irregular Paleodictyon patterns were found on all sub-
strate categories in both, CCZ and the DEA area, with the
overall average being 53 times higher in the CCZ (CCZ:
0.1218 +0.1269 patterns m~2; DEA: 0.0023 + 0.0028 pat-
terns m~2).

Across both areas, the densities of Paleodictyon pat-
terns varied with substrate category (Fig. 3), with highest
densities consistently found on undisturbed substrate at the
CCZ and the DEA (0.2083 +0.1442 and 0.0033 +0.0019
patterns m~2).

For the CCZ, the second highest densities were observed
on the 4-year-old tracks (historically disturbed) for both
Paleodictyon categories, followed by the lowest den-
sities being observed on the recently disturbed tracks
(Fig. 3). Average densities of P. nodosum observed on
the recent dredge tracks (18 days post-disturbance) were
13 times lower than those observed on undisturbed sub-
strate (0.0122 +0.0060 vs. 0.1547 +0.0800 patterns
m~2, respectively), though if these trace numbers were
combined with the counts for irregular patterns, this was
reduced to a six times lower abundance (0.0356 +0.0262
vs. 0.2083 +0.1442 patterns m~2). After 4 years (EBS),
densities for P. nodosum were still five times lower than
observed on undisturbed seafloor (0.0337 +0.0075 vs.
0.1547 +0.0800 patterns m~2), though three times higher
compared to recently disturbed sediments (0.0337 +£0.0075
vs. 0.0122 +0.0060 patterns m~2). For the irregular pat-
terns, densities on 4 years post-disturbance seafloor
were half the density observed on undisturbed sub-
strate (0.1228 +0.0618 vs. 0.2619+0.1716 patterns

ccz
05

o
'S

o
©

o
o

Density of Paleodictyon traces per m’

=)

0.0

DEA

Density of Paleodictyon traces per m?

0.000

0.010

0.005

m~2), though twice as high as densities on areas of sea-
floor exposed to recent disturbance (0.1228 +0.0618 vs.
0.0590 +0.0154 patterns m~2). However, results of the
Kruskal-Wallis Rank Sum Test showed no significant
difference between densities of both Paleodictyon catego-
ries (P. nodosum and irregular patterns) on the different
substrate types (Kruskal-Wallis chi-squared=9.4, df =5,
p-value =0.09413).

In the DEA, only irregular Paleodictyon patterns were
found on recently disturbed substrate (6 weeks post EBS),
but this density was similar to the densities found on undis-
turbed substrate for total combined Paleodictyon patterns.
However, densities on historically disturbed substrate
(26 years post plough) were overall the lowest (Fig. 3).
For P. nodosum on historically disturbed substrate, the
densities were significantly lower (eight times) than den-
sities observed on undisturbed substrate (0.0005 +0.0010
vs. 0.0039 +0.0020 patterns m~2) (multiple comparison
test after Kruskal-Wallis, p-value 0.05, historically dis-
turbed—undisturbed, observed difference =15.6875, critical
difference = 13.1662). For irregular Paleodictyon patterns,
this difference was not significant, albeit the average density
was seven times lower than on undisturbed substrate, when
an outlier measurement was excluded (0.0004 +0.0005 vs.
0.0027 +0.0015 patterns m~2). Comparison of density on
recently disturbed substrate and historically disturbed sub-
strate showed a seven times higher abundance of irregular
Paleodictyon patterns on the historically disturbed substrate
when excluding the outlier on historically disturbed substrate
(0.0029 +0 vs. 0.0004 +0.0005 patterns m~2).

The similarity of transects in densities of P. nodo-
sum and irregular patterns in the light of the disturbance
(disturbed/undisturbed) and the time since disturbance

Undisturbed Disturbed recently

Substrate Category

Disturbed historically
|:! Paleodictyon nodosum E Irregular Paleodictyon

Fig.3 Density of Paleodictyon traces (patterns m~2) on three dif-

ferent substrate categories in the Clarion-Clipperton Fracture Zone

(CCZ) (left) and in the DISCOL Experimental Area (DEA) (right).
The horizontal line in the DEA for recently disturbed substrate rep-
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Undisturbed Disturbed recently

Substrate Category

Disturbed historically
= Paleodictyon nodosum H Irregular Paleodictyon
resents irregular Paleodictyon patterns. Boxes indicate 25th to 75th

percentiles. Solid horizontal lines indicate median, dashed horizontal
lines indicate mean, whiskers the full range and circles outliers
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(Recent / Historical) is shown in the factor analysis of
mixed data for the CCZ and the DEA (Fig. 4). The vari-
able time since disturbance also includes the patterns
observed on undisturbed substrate, because those were
still within the general area that was physically disturbed,
although not being directly on the disturbance tracks. In
the left panels, the vertical separation coincides with a
split between the patterns on the undisturbed substrate
and on disturbed tracks both for CCZ and DEA. A hori-
zontal separation can be observed in the right panels

Fig.4 Similarity of transects CCZ - FAMD factor map

based on the time since disturbance, where the more
recent disturbance features generally lower densities than
the historical data.

Paleodictyon patterns were larger in size (diameter)
at CCZ when compared with patterns observed in the
DEA, i.e. on average 4.7+ 1.5 cm for P. nodosum pat-
terns on undisturbed substrate within the CCZ, compared
to 3.0+ 0.7 cm within the DEA. However, average size did
not vary significantly with substrate category, across either
of the experimental area.

based on two dimensions for Dist

Time

disturbance: disturbed (D) and
undisturbed (U) and time since
disturbance: recently (Rec,
17-18 days in the Clarion-Clip- 1
perton Fracture Zone (CCZ)
and 6 weeks in the DISCOL
Experimental Area (DEA)) and
historical (Hist, 4 years in the
CCZ and 26 years in the DEA)
analyzed with the factor analy-
sis of mixed data for the CCZ
(above) and DEA (below)

Dim2 (23.5%)

DEA — FAMD factor map

Dim1 (59%)

Dist

Time

Dim2 (29.4%)

_______________________________________________________________________________________________________________________________

Dim1 (44.3%)
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Additionally, Paleodictyon patterns were found around
and partially on top of nodules covered with thin sediment
layers in the CCZ (Fig. 5).

Discussion

In this study, two different forms of Paleodictyon patterns
were observed on the deep-sea sediments, matching the
previous analysis of Durden et al. (2017). The strikingly
hexagonal hole structure of P. nodosum and a less regular
version of the structure referred to in this study as exhibiting
an irregular Paleodictyon pattern. The latter may also be a
modification of the typical pattern of P. nodosum produced
in response to an uneven substrate or material within the
sediment. This less rigid trace may also have been generated
by the related and less regular form P. tripatens (Seilacher
2007).

Disturbance and recovery of Paleodictyon patterns

Paleodictyon nodosum and irregular Paleodictyon patterns
were found on substrate which had been disturbed only

Fig.5 Observations of Paleo-
dictyon patterns around and
partially overlaying the upper
flanks of nodules covered with
thin sediment layers in the
Clarion-Clipperton Fracture
Zone (CCZ). Black bars indi-
cate 3 cm

@ Springer

17-18 days (CCZ) and 6 weeks (DEA) prior to visual survey.
These disturbance experiments caused the removal and re-
working of the surface sediment layers to differing degrees
and removed fauna and associated traces, reaching depths of
few cm in the CCZ and down to at least 15 cm in the DEA
(Thiel 2001; Vonnahme et al. 2020). The fragile and highly
regular hexagonal tube structure of P. nodosum only reaches
about 2-3 mm into the sediment with the patterns slightly
elevated (ca. 0.5 cm; Rona et al. 2009). This leads to the
conclusion that the traces were completely removed by the
physical disturbance and that the producing organism has a
fast recolonization ability following the disturbance event.
Despite the re-appearance of Paleodictyon patterns on
disturbed substrate, the mean densities for P. nodosum and
irregular Paleodictyon were lower in these areas than those
observed on undisturbed substrate in both areas, and even
densities on substrates disturbed 26 years prior to visual
survey in the DEA had not recovered to pre-impact levels.
However, in the CCZ, densities of both Paleodictyon pattern
categories were higher on historically disturbed substrate
when compared to recently disturbed substrate. Even so,
as observed within the DEA, densities in the CCZ had not
returned to pre-disturbance densities after 4 years, indicating
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that re-establishment progresses slowly. In the DEA, the den-
sities on recently disturbed substrate were similar to those on
undisturbed substrate in the analyzed data set. However, it
should be noted that the transect covering recently disturbed
substrate comprised an area almost 10 times smaller (685
m?) than the total historically disturbed substrate area (6390
m?) surveyed in this study. Therefore, the high density of
Paleodictyon patterns in recently disturbed areas in the DEA
may be a very local phenomenon.

Generally, processes in the deep sea are slower than else-
where, given the low nutrient fluxes common in these eco-
systems, and disturbed and displaced fauna may need a long
time to recover and recolonize a region (Grassle 1977; Thiel
2001). In the DEA, other benthic fauna showed similarly
slow recovery rates, and the negative impact on density and
diversity produced by the plough-harrow was still evident
in the decade after the disturbance (Bluhm 2001). Recovery
rates were observed to be particularly low for sessile and
less mobile megafauna, e.g. actiniarians and asteroids, which
were only again observed in seafloor surveys conducted at
least 7 years after disturbance, whereas more mobile taxa
such as ophiuroids, sea cucumbers, fish and hermit crabs
were frequently observed on the disturbance tracks in the
first few years after disturbance (Bluhm 2001). Faunal
community conditions resembling those present before
the experimental disturbances were not returned to even
26 years after (Jones et al. 2017; Simon-Lled6 et al. 2019).
In the CCZ, mega-epifauna did not fully recover even after
37 years (Vanreusel et al. 2016). As observed within the
DEA, different taxa responded differently to the disturbance
impacts in the CCZ. The sessile epifauna, being diverse, was
represented in the area primarily by sponges, actiniarians,
alcyonacean and antipatharian corals in the undisturbed ref-
erence area, whereas in the disturbance tracks, the bulk of
these fauna was represented primarily by actiniarians (Van-
reusel et al. 2016). Meio-infaunal communities had also not
recovered after 30 years (Miljutin et al. 2011). For infauna,
sediment compaction and extraction of the upper sediment
layer are thought to be the main causal factors in delaying
faunal density recovery (Gollner et al. 2017).

The degree and type of disturbance generated by the vari-
ous disturbance experiments might also influence the differ-
ences in Paleodictyon pattern recovery or re-establishment
rates. As the structure of P. nodosum is slightly elevated but
reaches only few mm’s into the substrate (Rona et al. 2009),
it would be completely destroyed by all disturbing devices
used in the current study. All physical disturbance devices
modify the seafloor in a different way; the dredge used to
produce the recent disturbance in the CCZ disturbed only
the upper ~5 cm of sediment, shallower than the ~ 30-cm-
deep disturbance tracks made by the EBS or the plough
harrow within the DEA. We thus argue that the relatively
high densities of Paleodictyon patterns observed on recently

disturbed substrate, only 17-18 days after disturbance, sug-
gest that the patterns are associated with a life form that can
either hide in deeper seafloor layers (a few cm below the
surface) or has the ability to quickly reproduce the pattern
structure. Previous studies conducted in the DEA also found
that the impact of physical disturbance on biogeochemis-
try, nutrient fluxes and microbial biomass depends on the
degree and type of physical disturbance, which therefore
is connected to fauna diversity and inevitably their activ-
ity in the sediments (Haffert et al. 2020; Vonnahme et al.
2020). The disturbance and recolonization patterns detected
here suggest that the Paleodictyon traces are related to a life
form that responds to losses in seafloor integrity, with this
response more marked in areas of heavy disturbance than in
superficially disturbed areas.

In addition to animals directly impacted by the distur-
bance, adjacent areas of seafloor and fauna present in these
areas have been hypothesized to also be affected by distur-
bance. In the DEA, the suspended sediment clouds produced
by the plough-harrow were predicted to have settled in an
area of 1-2 km from the plough itself covering the seafloor
with new sediment layers of > 100 g m~2 (Jankowski and
Zielke 2001), thus possibly covering Paleodictyon patterns
in the vicinity of the ploughs or tracks of other seafloor dis-
turbing devices. The maximum density of P. nodosum on
undisturbed substrate in the DEA was 0.0068 patterns m~>
which is much lower than densities observed elsewhere glob-
ally (see numbers below reported by Durden et al. 2017 and
Rona and Merrill 1978). In the CCZ, we observed a density
of Paleodictyon spp. of 0.22-0.50 patterns m~2 on undis-
turbed substrate, which was similar to densities reported by
Durden et al. (2017) (0.33 patterns m~?) for this area, but
still much lower when compared to the densities found at
the MAR, where densities ranging from 1-45 patterns m~>
(Rona and Merrill 1978) were observed. If patterns were
covered with sediments, which could be as thick as 30 mm
following resuspension or sediment overturn associated with
mining (Schriever et al. 1992; Jankowski and Zielke 2001),
the overall density of Paleodictyon patterns could have
been drastically reduced. Unfortunately, there are no avail-
able data on the density of P. nodosum in the DEA before
the ploughing 26 years ago, with the cameras deployed in
the pre-disturbance surveys having insufficient resolution to
detect these patterns. However, data from the CCZ indicate
that in this area, reduced densities due to sedimentation were
minimal, as Paleodictyon patterns were observed on top of
thick sediment cover (unpublished data) and the overall den-
sities were similar to those observed in other parts of the
CCZ not subject to disturbance experiments as mentioned
above.

Given the relatively small size of P. nodosum patterns,
especially the small patterns observed in the DEA (mean
diameter 2.96 cm +0.71 cm), the image resolution and

@ Springer
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the camera itself should be taken into consideration when
interpreting and comparing data sets collected here and else-
where. Using different camera systems influences the suc-
cess rate of spotting small features tremendously (Schoening
et al. 2020).

Formation of patterns

To date, there are only assumptions on the formation mecha-
nisms behind the production of distinct and typical network
structure of Paleodictyon. It is unclear whether the network
structure is a result of organism activity or growth itself.
While we cannot shed light on the actual formation process
of Paleodictyon structures, interesting observations were
made during this study, which supports the hypothesis of a
trace pattern rather than organismal growth. As Paleodictyon
patterns were observed, reformed only 17-18 days after the
sediment was disturbed with a chain-dredge, suggesting an
ad-hoc formation of the structure. A formation process as a
result of the growth of an organism, as suggested by Plot-
nick (2003), seems unlikely since the observed patterns had
already reached a diameter of 3-5 cm, implying a growth
rate of > 1 cm week™'. For example, the growth hypothesis
of, e.g. xenophyophores being responsible for the formation
of these patterns is challenged by the observed time span of
just over 2 weeks, which would be too short for the develop-
ment of such a pattern of a diameter of 3-5 cm. Even though
certain species of xenophyophores have been observed to
exhibit episodically high growth rates of 1 cm?® volume
increase during an interval of 9-33 h, after this growth spurt,
further growth did not occur in the subsequent two months
(Gooday et al. 1993).

Paleodictyon patterns have commonly been observed on
soft substrate around nodules, or with nodules interrupting
the pattern directly (Durden et al. 2017). Within the cur-
rent study however, there are several images, which seem
to indicate that the patterns occurred partially on thin sedi-
ments draped on top of partially buried nodules (Fig. 5).
It could be possible that the holes in the patterns observed
on these lightly covered nodules do not extend down to a
horizontal network, but rather occur superficially and are
not interconnected with the neighbouring holes. This would
point towards a formation process starting on the surface
as opposed to one developing inside the sediment from
the inner hexagonal ring outwards. In contrast, although
not statistically assessed in the current study, Paleodictyon
traces were often directly abutting nodules, rather than being
formed in the sediment abundant regions between nodules.
This would seem to support the idea of a formation from
below, rather than directly from a sinking benthopelagic
source. If such a benthopelagic source was in action, a more
randomized distribution might have been expected.

@ Springer

Both scenarios provide new information on the formation
of the poorly understood Paleodictyon patterns and struc-
ture, and although the mystery as to what aspect of the form-
ing organism lifestyle is represented by the patterns persists,
the new findings reported here contribute to the discussion
on the origin of Paleodictyon patterns. Future efforts to elu-
cidate this could employ 16S rRNA technologies or deploy
time-lapse cameras in the vicinity of these patterns, ideally
in areas with exceptional high pattern densities.

Conclusion

The current study emphasizes new aspects of the formation
and stability of the poorly known Paleodictyon nodosum
hexagonal seafloor trace pattern and the more irregular form
also observed across the ocean seafloors of the world. The
distinctive hexagonal trace pattern was found on the surface
of substrates that had been subjected to different degrees of
anthropogenic physical disturbance, both recently and his-
torically, in the CCZ and the DEA. Our observations clearly
demonstrate that Paleodictyon can recolonize new substrate
and form its distinctive network in a time period of just over
2 weeks to 26 years. However, densities of Paleodictyon
patterns on disturbed substrates clearly remain lower dec-
ades after disturbance when compared to densities observed
on undisturbed adjacent and comparable substrates, even
decades after the original disturbance, suggesting that the
respective life form is either driven away by the disturbance
or even killed. Information on the lifecycles of deep-sea
creatures in nodule ecosystems are still under active inves-
tigation (see Purser et al. 2016), and the full extent of the
impacts which may result from experimental disturbances
mimicking deep-sea mining are not yet fully understood.
It is crucial that more knowledge about nodule ecosystem
functioning is gathered to better understand the reestablish-
ment potential of the fauna inhabiting these regions before
the onset of commercial extraction of this resource com-
mences. As shown here, using appropriate camera systems
is an applicable approach for gauging benthic organisms’
abundances remotely. With further knowledge on fauna life-
cycles and biogeochemical processes at work in these areas,
imaging data can be used to develop appropriate manage-
ment and monitoring plans to gauge, minimize and mitigate
against any potentially negative ecosystem consequences of
future deep-sea mining.
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