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SUMMARY

In July 2020, Japan undertook the first deep-sea mining test of cobalt-rich crusts on the summit of Takuyo-
Daigo Seamount within their exclusive economic zone (EEZ). Seabed mining regulations are currently being
developed by the International Seabed Authority (ISA)'; however, a lack of experimental data has so far con-
strained our understanding of the associated impacts, particularly from the release of sediment plumes.? The
area of sediment re-deposition from the crust mining test was determined using modeled data and in situ
observations. To investigate biological impacts, variations in seabed megafauna (animals > 1 cm) were quan-
tified from seabed imagery collected around the excavation site before, 1 month, and 13 months after the test
in areas both inside and outside (adjacent) expected deposition. Observable responses varied across com-
munity components: densities of sessile animals were similar between deposition and adjacent areas
throughout the study; mobile epifauna were less abundant only in the deposition area following disturbance;
and highly mobile swimmers showed reduced densities after the test in both deposition and adjacent areas
following disturbance. These results stress that monitoring of highly mobile taxa may be essential to fully
assess disturbance extent and magnitude. Fish may avoid areas even outside plume deposition, possibly
owing to the creation of suboptimal feeding patches resulting from deposition. Our findings suggest suffi-
ciently large (>300 x 300 m), distant, and representative control areas are essential to optimally map
deep-sea mining impacts in ferromanganese crust habitats to ensure impact assessments encompass the
full range of functional components in the megabenthic community (including mobile fishes) that typically
inhabit seamounts.

RESULTS (12%), soft corals (e.g., Pleurocorallium sp. indet., 12%), hard
corals (e.g., Caryophyllidae gen. indet.), and sponges (e.g.,
Sericolophus sp. indet., 7%) (Figure S1). Only 24 megafaunal

specimens were encountered before excavation in the 100 m

Qualitative assessment
Seamount excavation occurred on a mild elevation dominated

by cobalt-rich ferromanganese crust (CFC), ~30 m wide and
~5 m shallower than areas to the northeast and southwest (Fig-
ure 1). After operations, 3 zones within the vehicle path were
visible: (1) central excavation strip (~1 m wide)—darker and
flatter than the surrounding area and mostly devoid of sand; (2)
internal connection strips, between the central excavation strip
and crawler treads (~0.5 m wide each)—relatively undisturbed
and, given the height of the connection (~1 m) between the
treads and vehicle body, it is possible that animals here survived;
and (3) external tread strips (~0.5-1 m)—also darker and flatter
compared to the surrounding seabed, only less uniform than in
the central excavation (Figure 2). Outside the vehicle tracks there
was no obvious visual evidence of excavation.

Dominant animals in the study site included crustaceans (e.g.,
Nematocarcinus sp. indet., 15%), echinoderms (e.g., Holothur-
ioidea, 7%), fish (e.g., Notocanthiformes, 8%), anemones

4')

length of video collected in the direct path of the crawler. Thus
we estimated the excavator caused direct mortality of roughly
10-20 sessile organisms. No organisms were found in the central
excavation strip, and carcasses were found clearly crushed in
the external tread strips (Figure S2).

Quantitative assessment

Before the test, no significant variations in faunal density or
taxa evenness were found between deposition and adjacent
areas (i.e., between the SW sector and the NE sector of the
300 x 300 m quadrat, respectively) although diversity and
richness were significantly lower in the NE sector area
(Figure S3).

Variations in standing stocks

Faunal density decreased after disturbance, in both deposition
and adjacent areas (Figure S3A). We found no significant
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Figure 1. Map of study site

(A-C) (A) Northwest Pacific region, (B) Takuyo-Daigo Seamount, and (C) Crust excavation site. Pink lines denote the excavation, the gray area denotes modeled
plume deposition, squares denote resedimentation markers (red, abundant crust fragments; green, low fragments), and the grid denotes the remotely operated
vehicle (ROV) survey transects (orange segments, deposition area; blue lines, adjacent area).

(D and E) Pictures of sediment trap contents are provided that are representative of (D) abundant crust fragments and (E) low fragments. For bathymetry, solid
contour lines are in meters with red to the northwest being shallowest and purple to the east deepest (total depth range = 12 m).

interaction between the effects of area and time and very
strong evidence of a density decrease with time after the test
(F2,20 = 32.44, p < 0.001). Variations in faunal density were pre-
dominantly driven by reduced mobile epifauna and swimmers.
Densities of sessile epifauna, primarily suspension feeders, (i.e.,
Hexactinellida, Anthozoa, Hydrozoa, and Crinoidea) remained
stable throughout the study period (Figure 3A) with no signifi-
cant difference between deposition and adjacent areas or
across times. Mobile epifauna, primarily deposit feeders, (i.e.,
Holothurioidea, Echinoidea, Asteroidea, and Ophiuroidea)
significantly decreased in the deposition area (F11 = 6.95,
p = 0.011) only. A year after disturbance, mobile epifaunal den-
sities remained unchanged in adjacent areas but decreased
47% compared to pre-disturbance levels in deposition areas
(Figure 3B). Most surprisingly, densities of highly mobile swim-
mers, primarily predators and scavengers, (i.e., Malacostraca,
Osteichthyes, Chondrichthyes, and Ctenophora) significantly
decreased after mining disturbance in both deposition (Fog =
16.6, p = 0.001) and adjacent (F,41 = 14.4, p < 0.001) areas.
A year after disturbance, they decreased 43% in deposition
areas and 56% in adjacent areas compared with pre-distur-
bance (Figure 3C).
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Variations in diversity

Thirteen classes were encountered across the 3 surveys. Hexac-
tinellida, Anthozoa, Crinoidea, Asteroidea, Holothurioidea, Mala-
costraca, and Osteichthyes were found in all samples while <15
individuals of Hydrozoa, Ophiuroidea, Ctenophora, and Chon-
drichthyes combined were found in total. Class richness and
evenness did not differ between deposition or adjacent areas
or among times (Figure S3). In contrast, we found a significant
interaction term for taxa diversity (F2 20 = 4.37, p = 0.027), which
significantly decreased in the deposition area (F, 11 = 5.56, p =
0.021) by 15% from pretest to 1 year after while remaining similar
in the adjacent area (Figure S3).

Variations in community composition

Ordination of faunal composition data distinguished samples
collected before the test and 1 month after disturbance from
samples collected 1 year after disturbance (Figure 4), with high-
est dissimilarity (18%) between pretest and 1 year. PERM-
ANOVA revealed strong evidence of differences with time
(F2,20 = 6.25, R2 = 0.34, p = 0.001) and between deposition
and adjacent areas (F; 20 = 3.73, R? = 0.12, p = 0.005) with no
interaction. Differences among times were largely explained by
decreases in sea urchins and fish over time whereas differences
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between deposition and adjacent areas were largely explained
by decreases in sea cucumbers and crinoids following distur-
bance associated only with deposition (Figure S4). Remarkably,
a “peak” increase in crustacean density was observed 1 month
after disturbance.

DISCUSSION

This study examines the first test-mining experiment of
seamount CFC, essential data to ensuring educated decisions
are made concerning deep-sea mining (DSM). Although DSM
may possibly help satiate increasing global demand for various
metals, it also has the potential to greatly disrupt many deep-
sea habitats.®® Such disruptions include extinction events,
destruction of globally significant ecosystems, and unknown

¢? CellPress

Figure 2. ROV images of the excavation track
(A-C) Images show the same location in the exca-
vation site: (A) before excavation, (B) 1 month after
excavation, and (C) 1 year after excavation. White
arrows indicate identical corals visible at all three
time periods.

See also Figures S1 and S2.

harm to an environment essential to human
health and the planet.>” DSM tests are
essential to understand the full range of im-
pacts in order to develop robust regula-
tions and policies to mitigate the impacts
of these activities.® Seamounts in particular
have long been of human interest as sour-
ces of food® and possible “oases” of
biomass and diversity in the deep sea'’
and, more recently, exploitation of mineral
deposits rich in cobalt, manganese, and
rare-earth minerals."" High-flow, hard sub-
stratum areas on seamounts are typically
colonized by dense aggregations of slow-
growing, sessile suspension feeders,'?
which provide structural habitat’® and
aggregate large pelagic biodiversity. '
Our results suggest that even a very
small-scale seamount excavation may
substantially alter benthic communities,
with the largest spatial footprint of change
observed for highly mobile swimming
animals that are primarily predators/
scavengers.

Ecological traits determine the resilience
of individual species, which in turn affect
the resilience of ecosystem functions.'®
Slow-growing, sessile animals are gener-
ally considered least resilient to distur-
bance, whereas highly mobile animals are
considered relatively tolerant or even
favored. Previous studies on seamount
trawling and oil/gas drilling indicate sessile
suspension feeders likely take decades or
centuries to return to pre-disturbance con-
ditions, whereas highly mobile swimming fish and crustaceans
often remain unchanged.®'®"?° Our findings of stronger impacts
from the mining disturbance test on highly mobile animals as
compared with sessile animals (Figure 3) suggest the higher
resiliency assigned to higher mobility may not be as ubiquitous
as previously thought, especially where environmental alter-
ations from human activities are mild. Sessile epifauna are pri-
marily suspension feeders and dependent on the import of
organic matter from surface oceanic layers,'® which should be
largely unchanged from mining activities once they cease. Mo-
bile epifauna and highly mobile swimmers are primarily deposit
feeders, predators, and scavengers and feed on sediment
organic matter and infauna/epifauna, which could experience
long-term alterations from plume deposition,'”?" although
some may offset their diet with nekton.”® Thus, if sessile
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Figure 3. Megafaunal densities of different

A Sessile Epifauna functional groups =
Average megafaunal densities were compared be-
350 a : tween deposition (right, orange) and adjacent (left,
1 blue) areas before (Pre), 1 month (1 M), and 1 year (1
L 300 : Y) after mining disturbance. Graphs show mean
8 1 values with standard deviations (error bars) while
b} 250 ! different letters above bars represent significant
E : differences (p < 0.05) among time periods.
Tu\; 200 : (A-C) (A) Sessile epifauna (primarily suspension
_g 150 1 feeders), (B) mobile epifauna (primarily deposit
= : feeders), and (C) highly mobile swimmers (primarily
T 100 1 predators and scavengers).
£ ! See also Figure S3.
50 :
1
0
Pre 1M 1Y Pre 1M 1Y
. for this avoidance is a decrease in food
Time quality.?®> Fauna living infon sediments
; - contaminated with mining by-products or
B 120 Mobile Eplfauna drill cuttings may be a poorer food source
! N than those in/on undisturbed sedi-
» 100 ! ments.'”*" Optimal foraging theory states
= 1 that animals’ foraging behaviors maximize
S 80 H energy gained vs. spent,®* whereas the
z ' marginal value theorem describes when di-
% 60 : minishing returns from foraging warrant
= 1 deserting patches.?® We hypothesize that
S 40 ' decreased food quality from mining depo-
g : sition causes optimal time in deposition
- 20 1 areas to greatly decrease. Thus, highly
: mobile animals might avoid areas outside
0 deposition due to potential patch overlap.
Pre iMm 1y Pre iM 1y Although natural temporal changes in
Time food may also play a role in observed differ-
. . . ences, surface production in the area (i.e.,
Cc 350 nghly Mobile Swimmers the primary food source for deep-sea
: animals) appeared relatively constant
300 a 1 throughout the observation period (2019 =
et ! 229, 2020 = 243, 2021 = 241 mg C/m?%/
£ 250 : day; averages of monthly satellite observa-
% 200 1 tions; in supplemental information). The
> : lack of change in mobile epifauna in the
S 150 : adjacent area suggests temporal variability
-'g 1 of surface production might have had little
g 100 . influence on communities. Another expla-
- 50 : nation of community changes is the toxic
: effects of plume material. Water samples
0 collected above the excavator in the
Pre Y 1y Pre Y 1y observed plume did not find elevated levels
Time of any metals (i.e., A.S., unpublished data),

suspension feeders survive mining conditions relatively undam-
aged, such as may be the case in the disturbance periphery, they
may be less affected by altered seafloor conditions once mining
stops.

If confirmed, decreased densities of highly mobile swimming
organisms beyond deposition would increase the total area of
deep-sea habitat impacted by mining, as well as other human
activities, from what is currently expected. One likely explanation
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but this does not preclude impacts from
factors beyond detectability. Some deep-
sea echinoderms may have chemosensory capacity to detect
and avoid sediments with elevated toxic metals,?®*” which could
explain the decrease in mobile epifauna in our study (Figure 3B).

Lessons learned for future studies

Deep-sea research involves large amounts of time and expense
in general,” our sample site was ~7 days transit from port, high-
lighting the difficulty in working there and limiting sampling
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Figure 4. Megafaunal community ordination
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4 glu temporal variability, identify suitable con-

trols, and fully measure the extent of plume
deposition represents a challenge for any
one study to accomplish all goals.

Finally, physical disturbance is often
considered to benefit deep-sea swimming
predators and scavengers by providing an
additional food source in the form of dead
and  dying infauna and  sessile
epifauna.”®"**  This phenomenon may
explain why shrimp abundances increase

cruises. Thus, while collections for this study were in the same
season and temporal changes in net primary production (NPP)
were examined, it is impossible to fully account for larger-scaled
natural temporal variability. Likewise, though the bulk of plume
deposition may be limited to a few hundred meters from the
source,'"?%?° indirect impacts may extend beyond. Unfortu-
nately, seamount communities are extremely heteroge-
neous,'®?° running the risk of including confounding factors
with larger sample areas. For future deep-sea studies, every
effort must be made to collect multiple years of data before dis-
turbances to differentiate impacts from natural variability and to
also conduct cruises in the same season. Sample designs should
include longer transects, a minimum of 500-1000 m from the
disturbance site, and even further allocated control sites, to
capture both the main area of deposition and the full extent of
potential disturbance. However, environmental data including
topography, substrate, and current strength/direction must be
examined along with community structure in baseline assess-
ments to ensure appropriate characterization of natural patterns
to both differentiate natural and anthropogenic impacts and to
allow adequate sampling of the different classifications.

Other issues with deep-sea disturbance tests that became
clearer from our results included ensuring control areas are repre-
sentative and accurately determining the full extent of sediment
deposition. As mentioned above, the large amounts of natural
spatial variability within individual seamounts’'®*° make identi-
fying control areas very challenging. Although there were no differ-
ences in taxon densities pretest, suggesting the adjacent area
was relatively representative, the lower diversity and richness
here —despite the close position —highlights the high heterogene-
ity of seamount ecosystems, constraining the identification of suit-
able controls. Also, though sessile mortality was not observed
from the plume even within meters of excavation (Figure S2), it
is possible that our study missed some sublethal impacts, or alter-
ations after 1 year (e.g., potentially more evident after further min-
ing). In turn, plume modeling and physical observations may have
not fully captured the deposition area nor subsequent re-deposi-
tion. The amount of effort required to fully capture spatial and

in the deposition area 1 month after the min-

ing disturbance (Figure S4). However, our
hypothesis of an area of avoidance outside deposition suggests
that the current understanding of responses by highly mobile,
swimming predators and scavengers to disturbance is incomplete
and has far-reaching implications for management of DSM.
Detailed exploration of swimming communities associated with
the seafloor near future disturbances is needed to define how
widespread their usefulness as indicators may be as well as to
test for the existence of avoidance areas. Our work was also at a
very high taxonomic level with assumptions therefore necessary
for mobility and life habits of specific taxa. To further refine our hy-
pothesis, and general understanding of environmental impacts in
the deep sea, more research is required to determine functional
traits of deep-sea species, which remain largely unknown.

Conclusions

Our results show swimming benthos, primarily predators/scav-
engers, may be stronger indicators of mining impacts than
currently thought, and impacts possibly extend beyond the
plume deposition, a distance easily traveled by highly mobile or-
ganisms. Avoidance areas may not be directly altered by DSM,
but decreases in swimming predators and scavengers here
could reduce community stability by lowering food web
complexity and interactions®>** or hindering the flow of energy
from the surrounding environment.®® Thus, although highly mo-
bile swimmers likely simply leave the area, resulting in little loss
of biodiversity, this may not be possible if multiple mining oper-
ations occur at similar times resulting in a very large, cumulative
DSM areal footprint. For appropriate spatial planning of DSM,
and possibly many other sources of marine disturbance that alter
feeding behavior, it is important to determine how large the
actual footprints of mining operations are at regional scales.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
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o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Study area and video collection
e METHOD DETAILS
O Mining disturbance test
O Megafaunal survey design and video collection
o QUANTIFICATION AND STATISTICAL ANALYSIS
O Megafaunal community quantification
O Statistical analyses

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2023.06.032.
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Lead contact

Any questions or comments about data, results, or conclusions should be made to the lead contact, Travis W. Washburn

(twwashburn@outlook.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Megafaunal community data have been deposited in Mendeley Data and are publicly available on the date of publication. The

DOl is provided in the key resources table.
® This paper does not report original code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study area and video collection

The study site was located on Takuyo-Daigo seamount in the northwestern Pacific (Figure 1A). Takuyo-Daigo is a large guyot with a
summit depth of ~900 m. Seafloor video was collected using the ROV Hakuyo 3000 aboard the R/V Shinsei-maru. A grid design
comprised of individual 300-m transects centered on the excavation tracks was used to ensure a balanced characterization of
the study area®' (Figure 1C). Target ROV speed was 0.5 kt and camera altitude was 1.5 m above the seafloor. An Insite Pacific
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Mini Zeus HD camera mounted obliquely-facing (downward angle: 20°) on the front of the ROV collected video. Four halogen lights
~25-50 cm from the camera and 1 LED light ~1.2 m above the camera provided light. Parallel (green) laser lines, separated 50 cm,
provided scaling.

METHOD DETAILS

Mining disturbance test

The excavation test was performed by JOGMEC in 2020 using the R/V Hakurei and a crust-excavator machine developed and built in
Japan. The excavator was previously used for sulfide excavation in the Okinawa Trough”® but was refitted with a drum-cutter head
~0.5 m wide for CFC excavation and cyclone tank for material collection. Excavator dimensions were 7 m long x 3.2 m wide x 3.5 m
high, weight was ~15 t, and maximum depth was 2000 m (pictures provided in: (https://www.jogmec.go.jp/english/news/release/
news_01_000033.html, Accessed 2/16/2023). Approximately 650 kg of crust were collected during 8 drilling tests from July 9-16
covering a total distance of 129 m (transited in 109 min).

Water-flow and bathymetric data were used to create a prediction model for the sediment plume which guided sensor placement
and sample collections. After excavation, the plume model was refined based on currents measured during excavation using Acous-
tic Doppler current profilers (ADCPs) (WorkHorse, Teledyne RD Instruments) and current meters (DW-Aquadopp, Nortek AS)
deployed ~50-100m directly north, south, east, and west of the site and sediment particle sizes from water samples collected in
the observed plume directly above the excavator (i.e., A.S., unpublished data). Resedimentation markers were deployed in all direc-
tions from the excavation site to capture the footprint of plume deposition. Markers consisted of halved acrylic cores 6 cm in diameter
and 30 cm in length with the aperture ~ 40 cm above the seafloor. Results (i.e., A.S., unpublished data) are summarized in
Figures 1C-1E. Finally, Edokko Mark | observation systems (Okamoto Glass Co. Ltd., Kashiwa, Japan) were deployed with
ADCPs ~ 50 m north and south of the excavation site to observe turbidity. Visible concentrations of suspended sediments were
only observed during excavation to the south. These modeled data combined with ground-truth observations were used to divide
the study site, and individual segments of transects, into an area likely affected by the sediment plume “Deposition Area” and an
adjacent area where little deposition likely occurred “Adjacent” (Figure 1C).

Megafaunal survey design and video collection

The megafaunal survey grid was composed of 7 parallel transects running north to south and 7 running east to west, each 300 m long
and separated by 50 m (Figure 1C). Permanent markers were placed on the grid corners to ensure similar paths for all surveys, i.e. one
month before the test (June 15-16, 2020), one month after (August 15-16, 2020), and one year after (August 10-11, 2021). The grid
was designed to extend ~200 m to the southwest and northeast from the disturbance site (i.e., along and opposite the prevailing
current) based on estimates of sediment plume dispersion from previous studies in seamounts®® and drilling tests.'”

QUANTIFICATION AND STATISTICAL ANALYSIS

Megafaunal community quantification

The areal coverage of each transect was calculated using total transect length and average width.*” Width was estimated from a
subset of 20 random images along each 300 m transect examined in ImageJ, based on laser scaling.*® For example, if the average
width of 20 images was 4 m, the video from that transect was estimated to cover an area of 1200 m? (4 x 300). Only animals detected
in the bottom ~50% of the video frame were recorded. Specimens were annotated using VLC media player (3.0.16 Vetinari) and iden-
tified using Fujikura** and the Hawaii Undersea Research Laboratory: Animal Guide (http://www.soest.hawaii.edu/HURL/
HURLarchive/guide.php, Accessed 11/1/2021). Megafaunal identification followed Horton’s*® recommendations for image-based
studies. All analyses were performed at the Class level, and classes were assigned to a dominant life-habit based on mobility
(i.e., sessile epifauna = suspension feeder, mobile epifauna = deposit feeder, and highly-mobile swimmer = predators & scavengers).
Sessile epifauna included Hexactinellida, Anthozoa, Hydrozoa, and Crinoidea; mobile epifauna included Holothurioidea, Echinoidea,
Asteroidea, and Ophiuroidea; and highly mobile swimmers included Malacostraca, Osteichthyes, Chondrichthyes, and Ctenophora.

Statistical analyses
Surface productivity data for the disturbance area were obtained from Ocean Productivity (http://sites.science.oregonstate.edu/
ocean.productivity/index.php) using output data from the standard Vertically Generalized Production Model (VGPM) estimated
monthly (1 data point per month) to examine natural temporal variability in food supply (monthly values averaged for each year).
Each 300-m transect was divided into 5-m segments, individual video data units, using x or y coordinate data from the ROV for
transects running east-west or north-south, respectively. These video data units were then divided into 6 seabed conditions (depo-
sition or adjacent; before, one month, and one year after the test). Video data units were classified as representative of depositional
communities if they fell along portions of the survey grid likely influenced by suspended material from the excavation test and repre-
sentative of communities adjacent to mining deposition if they fell outside (Figure 1C). To minimize spatial autocorrelation bias,
video data units within each condition were randomly resampled without replacement up to a minimum of 100 specimens per
resulting replicate sample. For example, for sample 1 of the depositional area pre-test, abundances of all taxa in several,
randomly-selected video data units representing this condition were added together until the last unit resulted in the sample having
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an abundance of 100. This process of sample creation was repeated until the remaining units summed for a total abundance <100,
and these randomly remaining units were not included in analyses. This yielded a total of 26 equally-sized (100-102 specimens) sam-
ples: before disturbance (unimpacted: 4; impacted: 4), 1 month after disturbance (unimpacted: 5; impacted: 6), and 1 year after
disturbance (unimpacted: 3; impacted: 4).

Density (ind/ha) as well as Class richness (S), evenness (Pielou’s J'), and diversity (exponential Shannon) were calculated for each
sample. The total area for all video data units included in a sample were summed and used to calculate the density of that sample.
Resemblance in assemblage composition was calculated using Bray-Curtis dissimilarity, based on taxa density after square-root
tranformation. A non-metric multidimensional scaling (MDS) ordination was also conducted on this dissimilarity matrix. Data pro-
cessing and analyses were performed using a custom R (v.4.1.3)° script incorporating functions from “vegan”.*®

We report statistical evidence®’ of change between different seabed conditions. Two-factor (area and time) generalized linear
models (GLM) were fitted with Gaussian errors to examine variations in univariate metrics (i.e., densities, richness, evenness, and
diversity). Homogeneity of variance and probability distribution assumptions were verified by visual inspection of model histograms
and QQ plots. A two-factor permutational MANOVA (PERMANOVA) was conducted, using Primer v.7,°° to assess variations in faunal
composition.
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