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A B S T R A C T

Environmental concerns were raised from the very onset of discussions concerning the extraction of metalli-
ferous ores from the deep sea, but most studies have targeted the expected impacts on the benthic communities
only. The first section of this study compiles possible impacts of deep seabed mining activities on pelagic or-
ganisms. Several processes of mining-related activities were identified that can potentially affect the pelagic
environment. Some of these processes will assumedly have only minor effects on the pelagic and benthopelagic
communities, for example substrate removal and deposition of material. Most others will severely interfere with
pelagic and benthopelagic fauna, at least locally. Some impacts will be directly lethal, but most will impair
processes associated with feeding, growth and reproduction, which can ultimately lead to smaller standing
stocks, altered communities and loss of biodiversity. The actual scale of effects remains unknown until the
pelagic ecosystem is better investigated and the technology becomes specified.

In the second section, the guidance provided by the International Seabed Authority (ISA) for baseline studies,
environmental impact assessment (EIA) and monitoring in connection with prospecting and exploration of deep-
sea mineral resources is reviewed in the light of potential threats to the pelagic ecosystem. Although the ISA
recommendations request assessments not only of benthic, but also of pelagic communities, the recommenda-
tions remain unspecific in most cases; possible links between benthic and pelagic communities and their con-
sequences for impact assessments are not considered. Some recommendations for modifications and additions to
the existing guidelines are presented.

1. Introduction

The existence of large mineral resources in the deep oceans has been
known for decades. Currently five main types of deposits can be dis-
tinguished that have some potential for commercial exploitation:

• Ferromanganese (FeMn) nodules, also called polymetallic nodules,
occur on abyssal plains and are particularly abundant in the Pacific;

• Seafloor massive sulfides (SMS) form at hydrothermal vents, usually
at mid-oceanic ridges and active seamounts;

• Cobalt-rich ferromanganese (FeMn) crusts form at seamounts and
slopes on sediment-free substrates, mainly at depths from 800 to
2500 m;

• Metalliferous sediments in brine pools are known only from the
central trough of the Red Sea; and

• Phosphorite nodules occur at the upper continental slopes at depths
of 200–400 m.

Except for the phosphorites, which are interesting for their

phosphate content and potential use in fertilizers, all deposits are rich
in valuable metals such as copper, nickel, zinc, cobalt, and gold.
Commercial exploitation of such resources, particularly metalliferous
sediments and FeMn nodules, was first considered in the 1970s. Due to
the technological difficulties of industrial operations at bathyal and
abyssal depths and unclear economic feasibility, together with the de-
cline of market prices for the respective minerals, plans for large-scale
extraction were never put into practice.

Interest in exploiting mineral deposits in the deep sea has increased
in recent years for various reasons, for example rising demand for va-
luable metals such as cobalt and nickel, and advances in deep-sea
technology. In particular, the discovery that the deep-sea deposits also
host high concentrations of rare metals, for example tellurium, tung-
sten, and zirconium that are essential for many advanced technologies
[1], and the problem that terrestrial deposits of those resources are
often located in a single country or in politically unstable regions, have
boosted recent investments in deep seabed mining. The current focus is
on SMS and FeMn nodules, but the extraction of FeMn crusts, phos-
phorites, and metalliferous sediments are also under consideration.
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However, no commercial exploitation of deep-sea mineral resources has
yet been conducted. Technological difficulties and uncertain economic
risks are still major obstacles in the commercial utilization of deep-sea
mineral deposits.

Environmental concerns were raised from the very onset of discus-
sions concerning the extraction of metalliferous ores from the deep sea
[e.g. Ref. [2]]. One early example of an environmental risk assessment
was conducted from 1977 to 1981 in conjunction with plans for ex-
ploiting metalliferous sediments in the Atlantis II Deep in the central
Red Sea (MESEDA) [3]. Other early studies include DOMES, the
DISCOL experiment and ATESEPP, all focusing on FeMn nodules in the
Pacific [see Ref. [4] for an overview]. In recent years, several inter-
national projects have dealt with the environmental effects of deep
seabed mining, including the EU-funded project MIDAS [5], the na-
tionally funded EU JPI Oceans pilot action on ‘Ecological Aspects of
Deep-Sea Mining’ and the subsequent ‘MiningImpact’ project.1 It has
become increasingly clear that deep seabed mining is not possible
without also causing severe environmental damage, for example due to
a net loss of biodiversity [6].

In 1994, the International Seabed Authority (ISA) was established
under the United Nations Convention on the Law of the Sea in order to
organize and control human activities on the seafloor in waters outside
national jurisdiction (‘The Area’). Its tasks include, among others, to
develop frameworks for environmental risk assessment and monitoring
during prospection, exploration and exploitation of mineral resources
in the Area, with the goal to avoid or minimize harm to the environ-
ment.

Water column effects resulting from the discharge of surplus sedi-
ment (‘tailings’) during mining activities in the deep sea were already
identified in the DOMES project [e.g. Refs. [7–9]] and MESEDA [3,10].
However, the primary focus of these studies was on benthic commu-
nities, as the impacts of deep seabed mining on the pelagic realm were
considered to be of minor importance. Yet, one particular group, the
specialised benthopelagic fauna (i.e. animal communities within sev-
eral metres of the seafloor) with strong links to the seafloor, has been
neglected overall, with the exception of demersal scavengers [e.g. Ref.
[11]]. Consequently, the ISA guidance to contractors for environmental
impact assessment (EIA) and monitoring, though acknowledging the
need for studies in the pelagic environment, focusses strongly on the
analysis of benthic communities in the license areas.

This paper reviews possible impacts on the pelagic realm caused by
activities in conjunction with deep seabed mining, with a special focus
on the benthopelagic fauna. Only deep-water mining of metalliferous
resources are considered here, but many principles will also apply to
phosphorite mining in shallower waters. The second part of the paper
evaluates the current ISA recommendations for the guidance of con-
tractors for the assessment of possible environmental impacts arising
from exploration in the light of potential threats to the pelagic fauna,
and provides recommendations for modifications of and additions to
the existing requirements for exploration and monitoring procedures.

2. Potential impacts of deep seabed mining on pelagic and
benthopelagic fauna

This section reviews possible effects of activities in conjunction with
deep seabed mining on pelagic and benthopelagic organisms. Normal
at-sea operations of support vessels, the usual hazards of shipping and
possible accidents are not considered. No full-scale mining test of any
metalliferous resource has been performed to date, and thus not all
mining effects described are based on direct scientific evidence. Some
effects can be inferred from small-scale disturbances or shallow water
processes, while others remain speculative. Possible synergistic effects
of multiple stressors cannot currently be assessed.

Deep-sea pelagic and benthopelagic communities at bathyal and
abyssal depths can be considered to form the largest reservoir of animal
diversity on earth [12]. Because the knowledge of deep-water com-
munities and ecosystem functioning is extremely poor [13] and the
extent of disturbances from future industrial-scale mining activities is
difficult to predict, quantitative assessments of mining impacts, and an
overall evaluation whether these will cause “serious harm” [14] to the
ecosystem are currently not possible. For example, the benthopelagic
community has barely been investigated [15] and is thus probably the
least known compartment of the deep-sea realm. On the other hand,
this assemblage will likely be affected most by seabed mining activities.
The very few existing studies of zooplankton in the near-bottom water
layers of the deep sea indicate that a major taxonomic shift occurs close
to the seafloor, whereas the communities above some 10 m above
bottom (mab) mirror the typical bathy- and abyssopelagic assemblages.
This shift could be observed in the abyssal Pacific already between 10
and 50 mab [16], but was reported only below 10 mab in the abyssal
Atlantic [15]. In addition to the holoplankton, which spend their whole
lifetime in the pelagic realm, meroplanktonic larvae of benthic fauna
may substantially increase biodiversity as well as temporal and spatial
variability in communities close to the seafloor. Differences in mer-
oplankton composition and abundance were found, for example, be-
tween nodule fields in the eastern Clarion-Clipperton Zone (CCZ),
ridges and hydrothermal vent fields [17].

The main primary and secondary processes of deep seabed mining
activities that can potentially affect the pelagic environment are shown
in Fig. 1. In the following, a short description of those processes and
how they may impact pelagic communities will be presented. Effects on
deep-sea microzooplankton and pelagic microbial communities are not
included as only little information [e.g. Ref. [18]] is available for these
compartments.

2.1. Removal of substrate

The exploitation of all deep-sea mineral deposit types involves the
removal of large amounts of substrate. The development of technology
is still in the conceptual phase, although full-scale prototypes already
exist for SMS deposits. The areas affected by future industrial mining
operations of nodules and crusts will be large. FeMn nodules will be
collected over areas reaching 100–600 km2 per year for a single mining
operation [19,20], and an area of 260 km2 was estimated for a FeMn
crust mine site with a 20 year duration [21].

Overall, the direct effects of cutting, scraping and raking of ore
deposits and their surrounding sediments are probably negligible for
pelagic and benthopelagic fauna. However, water jets for loosening
material and suction devices for nodules may take up, together with
ore, sediment and water, smaller benthopelagic fauna and planktonic
larvae which are not capable of avoiding the associated water flow. The
overlying brine pools at Red Sea metalliferous sediment deposits, which
are most likely to be mined with suction devices, are devoid of fauna.
The operation and movement of collectors will, however, induce var-
ious indirect effects as discussed below (2.3, 2.4, 2.6), and the de-
struction and long-term alteration of the benthic fauna caused by the
permanent removal of substrate will disrupt links between benthope-
lagic and benthic communities (see 2.9).

2.2. Removal of ambient water

Most mining scenarios currently involve a closed riser system,
which uses large amounts of ambient water for diluting the ground or
crushed ore and pumping the slurry to the surface, although the use of a
continuous line bucket system or collection tanks are other options for
transporting the extracted ore to a support vessel. Ambient water may
also be used for water jets and suction devices during excavation and
pre-processing. Estimates of water removal per single mining opera-
tion/collector range from > 40,000 m−3 d−1 in SMS deposits1 https://miningimpact.geomar.de/home.
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[22], > 50,000 m−3 d−1 in FeMn nodule fields [23] and
400,000 m−3 d−1 in metalliferous sediment of Red Sea brine pools [3].
Although the latter are devoid of fauna [24], the dilution of the slurry
may involve water also from outside the brines.

A number of potential impacts from ambient water removal can be
expected. Most of the water will likely be taken up from directly above
the sea floor (< 10 m). This is the habitat of a specific benthopelagic
fauna, including fishes [e.g. Ref. [11]], larger invertebrates [e.g. Refs.
[25–27]], and zooplankton, which are substantially different from the
overlying water column [e.g. Refs. [15,16]]. Results from the CCZ also
indicate an accumulation or retention of meroplanktonic larvae of
benthic invertebrates [17] in this layer. The amount of hydraulic en-
trainment will depend on the inlet diameter and flow velocity of the
suction device and vary with the size and mobility of the species. Some
of the larger, more mobile fauna may avoid the inlet flow, but in-
formation is not available. Evidence from shallow water hydraulic
dredging suggests that larger fishes are rarely entrained, whereas larvae
and eggs are frequently sucked up [28]. It is, however, questionable
whether these results can be transferred to the deep sea, where fishes
often appear rather sluggish [29] and may have a lower ability to avoid
disturbances than surface-dwelling fishes which live in a naturally
turbulent environment [30].

Zooplankton including meroplanktonic larvae will generally be
sucked up with the water and killed, as can be inferred from a study by
Mullineauxet al. [31] who sampled zooplankton at hydrothermal vent
sites using a pump system that had a much lower capacity than an-
ticipated for commercial mining operations. Hydraulic entrainment of
meroplankton may be a particular problem for dispersal of benthic
fauna at active vent sites, where planktonic larvae of vent invertebrates
tend to be concentrated [32].

2.3. Generation of light and noise

Collectors for nodules, crusts and SMS will most likely be equipped
with strong lights for illuminating the seafloor along the mining path
enabling camera control of the operations. Further light emissions will
come from remotely operated vehicles (ROVs) used for survey, in-
spection and maintenance. Underwater noise will be generated at all
deposit types by the collector machinery and the riser system close to
the bottom, and vibrations and friction in the lift and release pipes may
produce sound in mid-water too.

A number of potential impacts can be expected from artificial light
emissions. Sunlight does not penetrate deeper than 1000 m into the
ocean, and consequently, many deep-sea organisms have partly or
completely reduced eyes or light-sensing organs. There are, none-
theless, many fishes and invertebrates with fully developed eyes, which
are probably particularly sensitive to the very low light levels of bio-
luminescence [33]. Bioluminescence is produced by a wide range of
organisms spanning from bacteria to fish; it is the only natural light
source in the deep sea and a ubiquitous phenomenon in all oceans [34].
Some fishes are known to be attracted to light, whereas others avoid
light or do not show any reactions [e.g. Refs. [35–37]]. Attraction to
light may enhance the danger of, for example, hydraulic entrainment.
The ecological function of bioluminescence will be locally masked by
bright illumination. The very high intensity of flood lights, as compared
to bioluminescence, may irreversibly damage the eyes of organisms in
the vicinity, as suggested for vent shrimps by Herring, Gaten and
Shelton [38].

The role of sound in deep-sea ecosystems is still largely unknown, in
contrast to the upper water column. It is suggested that deep-sea fishes
may use sound for communication [39,40], and mechanoreception is
probably important in deep-sea scavengers for the near-field detection
of food falls [41]. Some cetaceans dive down to bathyal depths and use

Fig. 1. Graphical representation of the main primary and secondary mining-related processes which potentially interfere with pelagic and benthopelagic biota.
Numbers in brackets designate chapters with detailed description.
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sound for echolocation. Since underwater sound propagation, particu-
larly at low frequencies, reaches very far, noise from ore extraction may
travel distances of hundreds of kilometres [e.g. Ref. [42]] and impact
large areas. Sound propagation is omnidirectional, and therefore is
likely to reach the upper water column below the pycnocline or even
above, thus having the potential to affect mammals and other marine
life not only in deep, but also in surface waters.

Stocker [42] summarises the active and passive use of sound by
marine animals, including prey detection, communication, and navi-
gation. Besides directly damaging acoustic sensors or inducing certain
behaviour as evident in marine mammals [e.g. Ref. [43]], anthro-
pogenic noise may interfere with the natural use of sound, either by
masking biologically relevant sounds, or by triggering false responses
[42]. However, since information about sound generation and propa-
gation attributable to deep seabed mining is not available and knowl-
edge about sound perception in deep-sea animals is poor, the likely
impacts of noise generation by deep-sea mining tools can currently not
be predicted.

2.4. Generation of operational sediment plumes

The operation of the mining tools (raking, cutting, scraping), side
cast, pre-processing (grinding, crushing, washing) and the movement of
collectors on the seafloor will generate sediment plumes. Such plumes,
which comprise inorganic particles and probably some, mostly re-
fractory, organic material, may reach several tens of metres above the
seafloor (mab) [9] and are subject to turbulent mixing and dispersal by
the near-bottom currents. Deep-reaching mesoscale eddies may en-
hance particle resuspension and dispersal distance at times [44]. De-
pending on particle size and associated settling velocity, the suspended
material will be re-deposited close to the mining site or at some dis-
tance thereof.

There are currently no reliable estimates of the extent of operational
sediment plumes at industrial scales with respect to particle con-
centrations in the water column that may affect zooplankton. Usually,
only sedimentation rates, i.e. the benthic footprint, are provided.
According to Nautilus Minerals Niugini Limited [45], model simula-
tions calculate the benthic footprint of the sediment plume at the SMS
deposit Solwara I to be about 3.5 km2, with sediment cover ranging
from 0.5 m close to the mining pit to < 1 mm at a distance of 700 m.
However, these results are disputed by Luick [46] who argues that the
area affected and the sediment cover may be larger by one order of
magnitude. The mining of FeMn nodules will affect large areas in the
range of several hundred km2 annually [19,20,47]; the extent of the
sediment plume and its settling area will be much larger. Modelling of
the benthic footprint of the sediment plume generated by a 1 year
mining operation at a 12*12 km nodule extraction site indicates a de-
position of > 0.1 mm sediment per year up to a distance of 50 km [5].
This rate still exceeds the background sedimentation rate 100fold and
does neither include the cumulative effects of multiple and longer term
mining operations, nor does it consider the very fine fraction, which is
probably most important for zooplankton and which can remain afloat
for years [48].

No information is available for FeMn crusts at seamounts. Although
the sediment cover at crust sites is generally thin, sediment is present in
depressions and crevices and will be resuspended during mining op-
erations. Cutting or scraping of the crusts will also produce sediment
clouds. The interactions between steady flow, tidal oscillations and
topography will result in complex flow patterns [49], which will make
the sphere of influence difficult to predict. Upwelling and turbidity
flows will further complicate the scenarios. The operational sediment
plumes during mining of metalliferous sediments will probably be very

small and not extend beyond the brine pools.
The deep bathyal and the abyssal environments are characterized by

very low sedimentation rates in the order of millimetres per 1000 years
[50]. Turbidity and particle load are usually very low, but they may
increase in the near-bottom water layer due to resuspension, and form a
nepheloid layer [51], which was, however, not observed in the CCZ
[52].

Information on the feeding ecology of benthopelagic deep-sea
fauna, except fishes [see 53 for a review], is poor, but detrivory is
supposed to be common in near-bottom zooplankton [e.g. Ref. [54]].
Higher trophic levels rely on benthic or pelagic prey or scavenge on
food falls [e.g. Ref. [55]]. The deep sea is generally a food-poor en-
vironment which ultimately depends on the energy supply from the
epipelagic zone, although chemoautotrophy may locally add to the food
supply. Depending on the water depth, the flux of organic matter to the
seafloor amounts to < 3% of the export flux [56] and results in a low
productivity and small standing stocks of deep-sea organisms, but as-
sociated with a high biodiversity [e.g. Ref. [57]].

The particles in the sediment plume cannot contribute to the nu-
trition of deep-sea fauna because their organic content is lower by
nearly two orders of magnitude than in naturally sedimenting particles
[58]. On the contrary, the enhanced load of those mostly inorganic
particles in the near bottom water layers may directly affect the pelagic
and benthopelagic fauna in various ways:

• Burying/smothering is a main concern for benthic organisms, but
this effect will probably be minor in the near-bottom pelagic fauna.
Some problems could be possible for less mobile benthopelagic an-
imals, such as jellyfish, close to the source, where massive sedi-
mentation occurs, but no information is available.

• High loads of suspended inorganic particles may impair respiration
through the clogging of gills, and feeding through clogging the fil-
tration apparatus with unpalatable particles, for example in cope-
pods. Similarly, the mucus nets in flux feeders, for example pter-
opods, may be clogged by suspended inorganic particles, leading to
enhanced weight and sinking speeds and reduced availability of
proper food items.

• The competition of unpalatable particles with organic food particles
and the ingestion of particles without or with reduced nutritional
value [8,59,60] will result in enhanced energy expenditure for
feeding and may lead to starvation and reduced growth rates in the
near-bottom zooplankton, probably with a cascading effect to higher
trophic levels.

• Olfactory is probably the main mechanism for attracting and leading
benthopelagic scavengers to food items [e.g. Ref. [61]]. The sedi-
ment plumes generated by mining activities will interfere with
odour plumes released from food falls, resulting in lower detection
rates and generally lower food availability for scavengers.

• Many deep-sea organisms emit light, and this bioluminescence is
used, among others, for communication, for example mate finding
[e.g. Ref. [62]]. The enhanced turbidity in the sediment plumes will
attenuate the light transmission and hence may largely decrease the
visibility of light organs, leading to reduced probability of finding a
mate and to lower reproduction rates in an environment with ex-
tremely low abundances and encounter probabilities for mates.

• Chemosensory is known to be important for mate finding in some
shallow-water copepods [63], but it is not known whether chemical
cues are used for reproduction also in deep-water animals. A sedi-
ment plume would interfere with such chemical trails and lead to
decreased reproductive success.

2.5. Generation of discharge sediment plumes

At the extraction sites, the crushed or ground ore will be pumped to
a surface support vessel presumably using a hydraulic riser system, or,
alternatively, a continuous line bucket system. The hydraulic riser

2 The ISA Recommendations are currently (end 2018) under revision, and
part of our comments may be obsolete when an updated version is published.
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system involves the dilution of the ore with large amounts of water. The
resulting slurry must be dewatered on the support vessel and unwanted
products (‘tailings’), comprising waste water including sediment and
fine-grained solids from crushing and abrasion, will be returned to the
sea, generating a sediment plume at the release site. Estimates for
tailings masses range from 400 t d−1 dry solids suspended in about
50,000 t of water per collector associated with FeMn nodule mining
[23] to 9,700 t d−1 dry solids suspended in 400,000 t of water from
metalliferous mud mining [3]. For SMS extraction, Jak et al. [22] as-
sumed a return of 6,000 t d-1 dry solids in 40,000 t of water, but ac-
cording to Nautilus Minerals Niugini Limited [45] all particles > 8 μm
will be retained on the support vessel and disposed of on land, con-
siderably reducing the amount of discharged sediment. The remaining
very fine material will, however, settle very slowly and be dispersed
over wide areas [48].

The area affected by the discharge sediment plume depends on the
duration of the discharge, the amount and grain size distribution of
discharged material, the depth of release and the oceanographic con-
ditions. Model simulations suggest that coarse material (> 15 μm)
settles rapidly close to the source, whereas fine particles may stay afloat
for years and be dispersed over hundreds of kilometres [48]. As in
operational plumes, deep-reaching meso-scale eddies may transport
waste material over long distances [44]. The effects described above
(2.4) for the operational sediment plume are basically applicable also to
the discharge plume, but, depending on the depth of release, additional
effects may occur:

• Release in the epipelagic zone (0–200 m): Discharged material will
stay in the water column for long periods of time and also affect
layers below the epipelagic zone. The enhanced turbidity in the
photic zone may lead to lower light availability, resulting in sig-
nificant reduction of primary productivity [7,64], with possible
cascading effects to higher trophic levels. Chan and Anderson [7]
predicted a 50% reduction of primary production for a full-scale
nodule mining operation covering an area of 18 × 2 km, but as-
sumed that this effect would be only temporary due to dilution,
advection and settling of particles. At the same time, the discharge
of deep-sea water enriched with anorganic nutrients, potentially
including iron as micronutrient, in the photic zone may locally in-
crease primary production and alter the composition of the phyto-
plankton community, for example favouring the development of
diatoms. The deep chlorophyll maximum may be lifted to shallower
depths. However, long-term and large-scale effects are not antici-
pated [7]. Nevertheless, a persistent discharge over periods of years
would certainly result in long-term effects on the phytoplankton
community. The uptake of inorganic particles by zooplankton re-
sults in lower growth rates, as described above, but may also induce
enhanced particle fluxes due to higher sinking rates of faecal pellets
[8]. The discharge current and differences in density between am-
bient and discharge water may locally induce convection and dis-
rupt stratification of the upper water layer, but possible effects on
the ecosystem cannot be predicted.

• Release in the mesopelagic zone (200–1000 m): The presence of
vertical migrators is typical for the twilight zone; they forage in
surface waters at night and stay at several hundred metres depth
during the day. Thus sediment released may be transferred to the
epipelagic zone. A marked oxygen minimum zone (OMZ) is present
in the mesopelagic zone at low latitudes and may be intensified if
oxygen-demanding sediment is released there. Enhanced turbidity
due to sediment plumes may reduce the foraging success of visual
predators or of predators that attract prey with bioluminescent
lures, such as anglerfishes. Communication by bioluminescence may
be inhibited. The uptake of inorganic particles by zooplankton may
induce higher sinking rates of faecal pellets [8]. Similarly, the
sinking velocity of mucus nets may be enhanced. It is not clear,
however, whether the resulting enhanced particle flux will be

associated with substantially higher organic matter fluxes, which
might improve food availability for the deep-sea fauna. Further, it is
not clear whether and how the biological and microbial carbon
pump might be affected.

• Release in the bathy- and abyssopelagic zones below 1000 m: These
zones are completely dark except for bioluminescence. The effects of
enhanced particle load will be similar to the zones above, including
inhibited ecological function of bioluminescence, but may be more
severe because the natural turbidity is extremely low (‘clear-water
minimum’) in these layers, and the competition between sediment
particles and natural organic (food) particles is probably sub-
stantially stronger than in the zones above, where natural particle
abundance is much higher.

• Release close to the bottom: This will affect the smallest area in
comparison to the layers above because the settling distance of
particles is shortest, but will greatly amplify the impacts of the op-
erational discharge plumes (2.4).

Furthermore, the water used for pumping the ore to the support
vessel will be subject to warming in the upper water layers and during
processing of the slurry. The release of water with different than am-
bient temperature may cause, besides physical effects such as turbu-
lence and vertical flows, also direct biological effects. Bathyal and
abyssal fauna are generally adapted to low temperatures with very little
variation, whereas communities living higher in the water column ex-
perience greater temperature variations.

• The release of warmer water in the bathy- and abyssopelagic zones
and close to the bottom will most likely impair or even kill the
animals subjected to these discharges. It is not known whether more
mobile organisms are able to sense and avoid such areas of increased
temperatures. Due to rapid mixing with ambient water, the spatial
extent of the impact will likely be small.

• The release of cold deep-sea water in the epi- and mesopelagic zones
will probably have little direct effect on the communities concerned.

• Injecting large amounts of hot and highly saline brine water from
Red Sea mineral sediment deposits probably has a profound effect
on the fauna in the vicinity.

2.6. Release of toxic compounds

Both the mining process and the discharge of sediment plumes are
associated with the release of potentially toxic substances, for example
heavy metals, into the environment. The bioavailability and toxicity of
released metals largely depend on environmental conditions. Leaching
of heavy metals associated with iron and manganese oxides, as found in
FeMn nodules and FeMn crusts, is rather low, but could be greatly
enhanced under reducing conditions, for example when tailings are
discharged into the OMZ or if anoxic sediment is unearthed [65]. Sul-
phide-rich ores, as in SMS deposits, ‘may leak significant amounts of
potentially toxic metals’ [66]. The mining of metalliferous mud in the
reducing environment of the Red Sea brine pools would ‘constitute a
significant influx to the basin’ [3].

Toxic compounds such as heavy metals are known to execute acute
or chronic adverse effects on organisms. Such effects have, for example,
been shown for mine tailings in shallow water [59,66]. Only limited
data are available on the sensitivity of deep-sea fauna to high metal
concentrations, for example in deep-sea vent mussels [67]. Naturally
enhanced metal concentrations have been found in several deep-sea
fishes [68,69], probably indicating reduced sensitivity to metal accu-
mulations in the deep-sea environment. In a review of potentially toxic
impacts of metals released during deep seabed mining, Hauton et al.
[70] conclude that, considering the influence of temperature, pressure
and composition of effluents, reliable predictions of the toxicity on
individual organisms are currently not possible. However, the authors
propose ‘to adopt a Weight of Evidence (WOE) approach to quantify the
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risk associated with mining a particular resource’ [70].

• High concentrations of bioavailable metals released with the op-
erational and discharge plumes into the water column will harm the
surrounding communities, resulting, for example, in enhanced
mortality, inhibition of growth [71] or lower reproductive rates
[72]. Higher trophic levels may be particularly affected due to
bioaccumulation in the food chain, and extend the sphere of influ-
ence through vertical and horizontal migrations.

• The effect of metal release close to the bottom may be smaller than
in the water column if the fauna living there is in fact less sensitive
to high metal concentrations, for example at active SMS deposits
[45]. This must still be experimentally confirmed.

2.7. Acidification

The mining of SMS has the potential to generate sulphuric acid on
the seafloor and in tailings through sulphide mineral oxidation [73].
Experiments indicate that the production of acids from SMS mining
does not exceed the buffer capacity of the seawater [73]. It is not clear,
however, whether effects of ocean acidification due to climate change
may be amplified locally by the release of acid through SMS mining.

2.8. Oxygen depletion

In some oceanic basins, such as the Peru Basin, the depth of oxy-
genated sediments is shallow [74], and the operation of excavation
tools on the seafloor is likely to stir up anoxic sediments. As the bathy-
and abyssopelagic water column and the near-bottom water layer are
well oxygenated, increased oxygen demand due to the release of anoxic
sediments into the water column or the microbial decomposition of
dead benthic fauna in the mining path would most likely have negli-
gible effects on the dissolved oxygen concentration in those water
layers. However, the release of sediment-laden water containing con-
siderable amounts of anoxic sediment into the OMZ could, at least lo-
cally, decrease oxygen concentrations further and lead to anoxia, ex-
cluding most zooplankton and micronekton from this layer.

2.9. Alteration of habitat and benthic communities

The removal and intermediate deposition of substrate, the re-
sedimentation of operational and discharge sediment plumes, and the
compaction of substrate by mining tools will strongly alter the micro-
topography and structure of the seafloor at the mining sites of all de-
posit types. This may also influence the flow characteristic and turbu-
lence in the near-bottom water layer. However, no studies of these
issues exist to date. Due to the low natural sedimentation rates, low
near-bottom current velocities, and slow reformation of hard substrates
such as FeMn nodules and FeMn crusts, that will take millions of years,
the changes in the seafloor structure will persist for long periods of
time. Although some recolonisation may occur after destruction of the
ambient benthic fauna, a long-term alteration of the benthic commu-
nities is expected and has been shown in small-scale mining tests
[5,75].

Changes in seafloor habitat and the resulting changes in the com-
position of the benthic communities will also affect the benthopelagic
fauna. Most benthic fauna in the path of the mining tool will not survive
the mining process. A larger area around the mining site will be affected
by operational and discharge sediment plumes, thus partly affecting the
benthic animals in the surroundings through smothering or secondary
effects. Since the character of the association and interaction between
benthopelagic and pelagic fauna and the seafloor is little known, pos-
sible impacts remain largely speculative. Even mammals may be con-
cerned, as tracks in nodule bearing areas of the Pacific indicate that
whales have interacted with the seafloor even at abyssal depths [76].

• Lebensspuren such as mounds, or other micro-elevations may pro-
vide shelter for benthopelagic zooplankton from currents or pre-
dators, as suggested for shallow waters [77]. The destruction of such
elevations, or the forming of new structures such as tracks and
grooves, may differentially influence the behaviour of benthopelagic
organisms and alter their species composition.

• The removal of habitat-forming, slow-growing benthic fauna such as
corals and sponges will have a long-lasting negative effect on pelagic
animals utilising this habitat for food or shelter.

• Altered composition of benthic fauna will affect trophic pathways
between benthic and benthopelagic organisms, and thus may favour
or discriminate against certain feeding interactions and ultimately
change the composition of the benthopelagic communities.

• Benthic suspension feeders are likely to recover only very slowly
from mining activities. Suppressed food competition may favour
(bentho-)pelagic suspension feeders and increase their abundance.

• Lethal effects of mining on benthic fauna will induce changes in
food supply of benthopelagic species and will alter the biodiversity
of the pelagic communities through reduced supply of mer-
oplanktonic larvae.

• Species depending on benthic prey, either epifauna or infauna, will
experience a local shortage of food. For example, deep-sea fishes can
be placed in different feeding guilds [53], and those specialised on
benthic food sources may not be able to switch to pelagic prey,
which requires completely different feeding strategies. Moving to
unaffected areas, if possible, would increase competition with the
local fauna for a limited food resource there.

• At hydrothermal vents, numerous trophic interactions between vent
fauna and surrounding mobile predators occur [78], which will be
interrupted during the mining process and re-established only when
rapid recolonisation occurs. This may be possible from nearby active
vents in fast-spreading ridge systems with rapid regrowth of chim-
neys [79], but observations at back-arc systems in the South Pacific
showed high stability of vent systems and their associated fauna
[80].

• Dead animals associated with the mining activities may provide a
short-term enhanced food supply for benthopelagic scavengers, for
example lysianassoid amphipods and fishes. It is not clear, however,
whether this food source, which will comprise mainly small in-
vertebrates, can be exploited to a large extent by the more mobile
and rare scavengers which rely on odour plumes for the detection of
food items.

2.10. Introduction of alien species or pathogenic material

All deep-sea mining operations involve the transport of solid ma-
terial and water from the seafloor to the surface. Principally, this
transport will also include animals, microbes and viruses. On the other
hand, the release of tailings into the deep sea may transfer surface
contaminants into deeper water layers. It is very unlikely that deep-sea
eukaryotes would survive the mining process, transport to the support
vessel including decompression, and the extremely different environ-
mental conditions in the surface water layers. Similar, it is unlikely that
surface contaminants will be able to establish sustainable populations
in deep water. However, it cannot be excluded that bacteria, archaea
and viruses may remain viable during mining operations and pose a
potential health risk to the established communities, but no studies
exist addressing this issue.

2.11. Conclusions

This compilation shows that, independent of the fact that only a tiny
fraction of the fauna living in the deep-sea pelagic realm is known,
many of the processes associated with the mining of deep-sea metalli-
ferous deposits will impact not only the benthic communities but also
the pelagic components of the ecosystem, and particularly the
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benthopelagic fauna with its associations to the seafloor (Table 1).
Some of the impacts will be directly lethal, but most will impair pro-
cesses associated with feeding, growth and reproduction, which can
ultimately lead to smaller standing stocks, altered communities and loss
of biodiversity. However, the scales of potential consequences of these
indirect effects for the deep-sea populations, the food web and the
overall ecosystem are extremely difficult to verify.

The dispersal capabilities of nekton and zooplankton, including
meroplanktonic larvae, are likely relatively high, as compared to the
majority of purely benthic fauna [81]. This implies that local losses can
rapidly be compensated for by advection from unaffected surrounding
waters, given a minimum overall abundance is present, the faunal
composition is similar, and suitable habitat is still present. However,
composition and biodiversity may be altered if the composition of the
communities is not homogeneous over large areas, as reported, for
example, for the scavenging fauna of the CCZ [11], or if habitat is de-
stroyed and trophic links to benthic fauna are broken for extended
periods. Similarly, the reconstitution of very rare, highly dispersed
species may be inhibited, reducing the overall biodiversity. Mobile
species may be able to avoid mining effects by moving to unaffected
areas but will have to compete there for the limited resources with the
local fauna.

Most current scenarios for deep-sea mining activities will assumedly
not largely affect the downward flux of organic matter to the deep sea.

This means that energy input, except for chemoautotrophic input at
SMS sites, will likely remain the same during and after the mining event
and that overall productivity should not be altered, or for short periods
only. However, long-lasting enhanced particle loads and inorganic/or-
ganic particle ratios, as well as the changes in the benthic communities,
which will be persistent for very long periods in most cases [e.g. Refs.
[5,6,82,83]], will affect food availability and trophic pathways and
thus induce long-term alterations in the composition of the benthope-
lagic and eventually pelagic communities and food webs as well.

Because the knowledge of life history traits, zoogeographic dis-
tribution and connectivity of deep-sea pelagic and particularly ben-
thopelagic zooplankton is extremely poor and the dimensions and
technology of the planned mining operations are still under discussion,
it is currently not possible to predict whether the consequences of deep
seabed mining for these compartments will be locally and temporally
restricted, or whether they will be persistent and affect larger regions. It
can, however, be anticipated that large-scale and persistent changes in
the bottom communities will also lead to long-term altered near-bottom
pelagic fauna in the areas affected, which may add to pressures on these
ecosystems caused by ocean warming and acidification.

3. ISA recommendations with significance for pelagic ecosystems2

Currently, the ISA provides regulations and recommendations only

Table 1
Summary of mining-related processes and their potential impact on pelagic (pelagos) and benthopelagic (BBL) biota. Affected deposit types: N (nodules), C (crusts), S
(SMS), M (metaliferous sediments).

Process Direct effects on Associated processes Effects on Location of effects Area
affected

Threat to
BBL

Threat to
pelagos

Removal of substrate (N, C, S) Mortality through
entrainment

Alteration of habitat and
benthic communities
Release of toxic
compounds

Behaviour
Trophic pathways
Mortality
Growth
Reproduction

near seafloor at
excavation site

small-large high low

Deposition of material (S) Mortality through burial Alteration of habitat and
benthic communities
Release of toxic
compounds

Behaviour
Trophic pathways
Mortality
Growth
Reproduction

near seafloor at
excavation site

small high low

Pre-processing of ore at the
sea floor (N, C, S)

None Alteration of habitat and
benthic communities
Release of toxic
compounds

Behaviour
Trophic pathways
Mortality
Growth
Reproduction

near seafloor at
excavation site

small-
medium

high low

Removal of ambient water
(N, C, S, M)

Mortality through
entrainment

near seafloor at
excavation site

small locally
high

none

Generation of noise and light
(N, C, S, M)

Behaviour
Mortality through damage of
acoustic and light sensors
Communication

Enhanced entrainment Behaviour
Mortality
Reproduction

near seafloor and in
water column

large high high

Compacting of bottom
substrate (N, C, S)

None Alteration of habitat and
benthic communities

Behaviour
Trophic pathways

near seafloor at
excavation site

small-
medium

high low

Generation of operational
sediment plumes (N, C,
S)

Respiration
Food availability
Odour plumes
Communication

Alteration of habitat and
benthic communities
Release of toxic
compounds
Acidification

Behaviour
Trophic pathways
Mortality
Growth
Reproduction

near seafloor at and
around excavation
site

medium-
large

high low

Generation of discharge
sediment plumes (N, C, S,
M)

Respiration
Food availability
Odour plumes
Communication

Alteration of habitat and
benthic communities
Release of toxic
compounds
Acidification
Oxygen depletion
Release of nutrients
Injection of water with
different than ambient
temperature
Introduction of alien
species or pathogenic
material

Behaviour
Trophic pathways
Mortality
Growth
Reproduction
Primary
production

depending on release
depth

large high high
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for environmental baseline studies, the conduct of environmental im-
pact assessments (EIA) and monitoring in connection with prospecting
and exploration of deep-sea mineral resources in the Area [84]. No such
guidance is yet available for the exploitation phase, although these
regulations are being developed with the overall aim to have them in
place within the next few years. Whereas the ‘Regulations on Pro-
specting and Exploration’ [ [84], Part I] include only very general ob-
ligations for the contractors with respect to environmental studies,
some more specific guidelines are given in the ‘Recommendations and
Procedures’ issued by the Legal and Technical Committee (LTC), par-
ticularly in documents ISBA/19/LTC/8 and ISBA/21/LTC/15 [ [84],
Part II]. In the following, these regulations and recommendations are
reviewed with respect to the guidance given on baseline investigations
and impact monitoring of the pelagic ecosystem (3.1 and 3.2), and
some recommendations for modifications and additions to the existing
guidelines are provided (3.3).

3.1. Review of recommendations for the guidance of contractors for the
assessment of the possible environmental impacts arising from exploration
for marine minerals in the area (ISBA/19/LTC/8)

The recommendations provided by the ISA LTC in ISBA/19/LTC/8
[84] describe the procedures to be followed by exploration contractors
for the acquisition of baseline data, and the monitoring to be performed
during and after any activity that is potentially harmful to the en-
vironment. It specifies that each Plan of Work, the basis of each ex-
ploration contract, requires environmental baseline studies, monitoring
of the possible effects of the work on the environment and particular
monitoring during and after testing of collecting systems and equip-
ment.

Part III of ISBA/19/LTC/8 lists baseline data requirements from
physical and chemical oceanography, geology, sediment properties and
biological communities. Recommendation #15e requires to ‘Assess pe-
lagic communities in the water column and in the benthic boundary layer
that may be impacted by operations (e.g. the operational and discharge
plumes)’ (#15e-iii), to ‘Record sightings of marine mammals, other near-
surface large animals (such as turtles and fish schools) and bird aggrega-
tions’ (#15e-v), and to ‘Establish at least one station within each habitat
type or region, as appropriate, to evaluate temporal variations in water
column and seabed communities’ (#15e-vi). No further specifications are
given. Although variability of the environment is explicitly named, no
scales are indicated, and it is not clear how temporal variability can be
assessed by placing singular sampling stations at different habitats, as
recommended in #15e-vi. No trophic or other process studies are re-
quired. Methodological aspects are not addressed, although being es-
sential for the quality and comparability of data.

The explanatory comments in Annex 1 to ISBA/19/LTC/8 [84]
provide some more specific explanations on data to be collected.
Comments #23 and #24 point out that data shall be collected ‘on
natural communities … to evaluate the potential effect of the activities on the
benthic and pelagic fauna’ and that pelagic and benthic communities
should be characterized ‘within all subhabitats that may be impacted by
mining operations and to determine the regional distributions … ’. The need
to gain information on spatial variation in the biological community is
addressed in comment #33, but possible differences in the scales of
variability between benthic and pelagic communities are not con-
sidered.

Comments #36 and #37 give advice on which data are to be col-
lected, and include some methodological aspects. Comment #36 deals
with benthic communities, but includes also demersal scavengers.
Whereas time-lapse baited cameras should address the activity level of
megafauna, baited traps ‘may be used to characterize the community
species composition’. For necrophagous amphipods short-term deploy-
ments of 24–48 h are suggested; no soak times are given for other
scavengers. No quantitative assessments of scavengers are demanded.
Demersal fishes are not specifically named.

The work to be done on plankton communities is laid down in
comment #37. The plankton communities of the upper 200 m should be
characterized ‘if there is potential for surface discharge’, but, depending
on the plume modelling, the need to study plankton communities over a
wide depth range and particularly around the discharge depth and
below, including the BBL community, is acknowledged. The main focus
lies on the structure and (primary) production of the plankton com-
munities, whereas, for example, micronekton, nekton, vertical migra-
tions, the possible influence of OMZs, and food web structure and dy-
namics are not considered.

Comment #38 deals with trace metals and potentially toxic ele-
ments, primarily in demersal fishes and invertebrates. Assessments of
potential ecotoxicological impacts on phytoplankton and zooplankton
are considered necessary only if the discharge plume is released at the
surface or in mid-water.

Part IV of ISBA/19/LTC/8 addresses, in general terms, the frame-
work for activities that require an EIA, for example, testing of collection
systems and equipment. Recommendation #22 assumes that the main
impact will be at the seafloor, but that the ‘impact assessment should
address impacts on benthic, benthic boundary layer and pelagic environ-
ments’, considering not only the areas directly affected, but also the
wider region impacted by operational and discharge plumes and ma-
terial released by transporting to the surface. In addition, EIAs are re-
quired for discharge plumes at the surface because ‘environmental
changes may alter food chains, disturb vertical and other migrations and
lead to changes in the geochemistry of an oxygen-minimum zone, if present’
(#25). However, no specific requirements for these EIAs are given.

The guidance on observations and measurements to be made while
performing a specific activity (Part IV-D) do not include biological in-
formation, but are important as they describe the main characteristics
of the activity, which may directly affect the biological communities,
for example, the ‘chemical and physical characteristics of the discharge,
behaviour of the discharged plume … ’ (#29). Direct biological mea-
surements are designated only after the activity (Part IV-E), here as-
suming that testing activities are of short duration. Although re-
commendation #30 addresses mostly benthic communities, ‘changes in
the behaviour of the fauna at and below the discharge plume’ are also
considered. It is, however, not clear what is meant with changes in
behaviour, and how this should be assessed. Ecotoxicological mea-
surements shall be made with benthic organisms, however not with
pelagic fauna (but see comment #38 in Annex 1), nor are tests of any
kind forseen to study the tolerance of pelagic fauna to enhanced particle
loads. Additional specific requirements are given for SMS and FeMn
crust deposits (Part IV-F), but address nearly exclusively benthic com-
munities, although mining activities at these sites will certainly also
affect pelagic biota. Only at seamounts the need to assess ‘demersal fish
and other nekton living over the sea floor’ is acknowledged, ignoring the
other pelagic compartments.

3.2. Review of recommendations for the guidance of contractors on the
content, format and structure of annual reports (ISBA/21/LTC/15)

The annual reports of contractors, as laid out in ISBA/21/LTC/15
[84], have to provide not only general ‘information on biological com-
munities and biodiversity studies’, including demersal scavengers and
pelagic communities, but also information on ecosystem functioning.
The latter includes bioturbation, stable isotopes and sediment com-
munity oxygen consumption for FeMn nodules communities, food
webs, stable isotopes, fatty acids and methane and hydrogen sulphide
metabolism in SMS communities, and food webs, stable isotopes and
fatty acids in FeMn crust communities. Because food web studies are
not required for pelagic communities in ISBA/19/LTC/8 [84], it is not
clear whether reports on ecosystem functioning are supposed to include
pelagic communities. In addition, food web studies are suggested only
for SMS and FeMn crust deposits, although they are essential for un-
derstanding ecosystem functioning in nodule fields as well.
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Measurements of metabolic rates are not requested at all.

3.3. Recommendations for amendment

Generally, the ISA recommendations for baseline and monitoring
studies during prospection and exploration request assessments not
only of benthic, but also of pelagic communities. However, the re-
commendations remain unspecific in most cases. With a few exceptions,
neither the target groups and parameters to be measured nor metho-
dological aspects are mentioned, although it is acknowledged in ISBA/
19/LTC/8 recommendation #17 that ‘The best available technology and
methodology for sampling should be used in establishing baseline data for
environmental impact assessments' and in comment #32 of Annex 1 that
‘Standardization of methodology and reporting is extremely important’ [84].
It has to be made clear that standardization is necessary not only within
assessments of one operator, but across all operators in order to es-
tablish regional baselines. No mention is made of possible links between
benthic and pelagic communities and their consequences for impact
assessments. Study design concepts for the different deposit types are
lacking. Although in recommendation #26 of ISBA/19/LTC/8 [84]
contractors are obliged to delineate impact reference areas which
should be ‘representative of the site to be mined in terms of environmental
characteristics and biota’ and will be ‘important in identifying natural
variations in environmental conditions’, no information is provided on the
character and frequency of possible investigations in these areas. So far,
the criteria proposed by an expert workshop for the selection of such
sites do not explicitly include water column and pelagic fauna char-
acteristics, but the recommended monitoring of the sites does include
the study of effects on the pelagic community [85].

Whereas a detailed concept for the study of pelagic communities in
the framework of deep seabed mining is beyond the scope of this report,
some recommendations for a meaningful standardized assessment and
monitoring programme of the pelagic components of the ecosystem
potentially affected by deep seabed mining are provided here. Pelagic
microbial communities are not considered here, although it is evident
that they are an important component of the deep-sea ecosystem. In our
view, studies on pelagic communities should pursue two main goals: 1.
to better understand the deep-sea ecosystem in order to facilitate
meaningful predictions of the potential impacts of disturbances, for
example, through modelling, and 2. to detect possible changes in eco-
system structure caused by the industrial activities, for example in
biodiversity, standing stocks and functional relationships.

In the following, after some general design considerations, three
hierarchical scenarios are distinguished, depending on the release
depth of the discharge sediment plume. The first scenario includes basic
assessments required for the mining operations and also covers a dis-
charge of tailings close to the seafloor. The other two scenarios address
additional requirements if the tailings are discharged higher up in the
water column.

3.3.1. General design considerations
Baseline studies prior to an experimental disturbance and mon-

itoring studies after the disturbance should principally follow the same
design. Monitoring of the disturbance and assessments of the effects
should be made immediately after the disturbance, and then in regular
intervals until there is experience as to the persistence of changes in the
pelagic environment. The sampling grid should be designed to re-
present (a) the main abiotic and biotic features of the mining site, (b) at
least three locations representing maximum, medium and minimum
particle concentrations in operational and discharge plumes, (c) one or
more reference stations outside the area affected. A sufficient number of
replicates at each station are necessary to allow for robust statistical
analyses, and repeated (e.g., seasonal) measurements are desirable to
account for natural temporal variability. All biological measurements
should be accompanied by environmental assessments, such as profiles
of the physical and chemical properties of the water column. A

standardization of methods is essential; for an overview of re-
commended biological sampling methods in the deep sea, including the
pelagic and benthopelagic fauna, see Clark, Consalvey and Rowden
[86].

3.3.2. Scenario 1: discharge close to the seafloor (within ca. 50 mab)
The following assessments would be required at all stations, if not

stated otherwise:

• Occurrence of marine mammals (visual, acoustic) and background
noise levels.

• Composition, abundance and biomass of zooplankton (10, 50, 100
mab). Methods: Multiple opening/closing nets and imaging systems
(e.g., video plankton recorder).

• Composition, abundance and biomass of BBL zooplankton (ca. 1
mab). Methods: Multiple opening/closing nets in combination with
epibenthic sledge or/and ROV, and imaging systems (e.g., video
plankton recorder) in combination with ROV or AUV.

• Composition, abundance and biomass of BBL and near-bottom (up
to 100 mab) nekton (fishes and invertebrates). Methods: Trawls
(preferably with closing system), imaging and acoustic systems (e.g.,
in combination with ROV or AUV), moored baited cameras and
traps, long-term deployment (> 1 year) of time-lapse camera and
multifrequency sounder.

• Additional measurements for food web analysis in the affected water
layers: Stomach contents in fishes and larger invertebrates, where
applicable; stable isotope ratios (δ15N, δ13C), fatty acid biomarkers
and enzymatic activity (e.g., ETS) in key species from all size groups
and trophic levels and including benthic fauna and POM; identifi-
cation of feeding types. In situ experiments measuring community
metabolism (e.g., oxygen consumption) and effects of enhanced
(inorganic) particle concentrations on suspension feeders at one
station would be desirable.

• Additional measurements for toxicology: Concentrations of heavy
metals in tissue of fishes and invertebrates. In situ experiments for
effects of enhanced metal exposure to species of different trophic
levels would be desirable at one station.

3.3.3. Scenario 2: discharge in the water column below the epipelagic zone
In addition to Scenario 1, the following measurements are required

if the discharge plume is released into the water column.:

• Depth-stratified assessment of composition, abundance and biomass
of zooplankton in the water column at and below the discharge
depth (down to the bottom) at the reference site, the release location
and at least three locations along the dilution gradient of the plume,
as calculated from plume dispersal modelling. If vertical convection
or vertical migrations are to be expected, the water column above
the discharge depth should also be considered. Methods: Multiple
opening/closing nets and imaging systems (e.g., video plankton re-
corder or underwater vision profiler).

• Depth-stratified assessment of composition, abundance and biomass
of micronekton and nekton in the water column at and below the
discharge depth (down to the bottom) at the stations as above. If
vertical convection or vertical migrations are to be expected, the
water column above the discharge depth should also be considered.
Methods: Multiple opening/closing pelagic trawls and multi-
frequency hydroacoustics.

• If the mesopelagic zone is affected, diel vertical migrations (DVM)
should be considered and day and night samples performed. Special
attention should be paid to the OMZ, if present.

3.3.4. Scenario 3: discharge in the epipelagic zone
This scenario requires additional assessments in the epipelagic zone:

• Depth-stratified assessment of Chl. a, primary production,
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phytoplankton size spectra and taxonomic composition at the re-
ference site, the release location and at least three locations along
the dilution gradient of the plume, as calculated from plume dis-
persal modelling. Methods: fluorometer, in vitro primary production
measurements and/or FastTracka®, cytometry, HPLC.

• Depth-stratified assessment of composition, abundance and biomass
of zooplankton in the epipelagic zone, considering DVM. Stations as
above. Methods: Multiple opening/closing nets and imaging systems
(e.g., video plankton recorder or underwater vision profiler).

• Depth-stratified assessment of composition, abundance and biomass
of micronekton and nekton in the epipelagic zone, considering DVM.
Stations as above. Methods: Multiple opening/closing pelagic trawls
and multifrequency hydroacoustics.

3.3.5. Additional special requirements at SMS and FeMn crust sites
The often rugged topography at vents and seamounts makes the

assessment of near-bottom fauna challenging. Particularly seamounts
feature variable habitat and water depths over short distances. The
interaction between seamount topography and currents induces com-
plex flow patterns, which may result in high temporal and spatial
variability of pelagic fauna. FeMn crust deposits and the resulting se-
diment plumes from mining activities may lie within the range of diel
vertical migrators, and possible effects on the surface communities,
including fishes important for human consumption, have to be con-
sidered.

• At sites with rough bottom topography and at active vents, the
zooplankton community close to the seafloor should be assessed
with ROVs and/or terrain-following autonomous underwater ve-
hicles (AUVs) equipped with closing nets and imaging systems.
Pumps may be useful if abundances are sufficiently high. No large
trawls should be used to assess benthopelagic nekton, but in addi-
tion to optical and acoustic systems and baited traps, small epi-
benthic sledges specifically designed for rough bottom could be
employed.

• The sampling grid has to consider the small-scale variations in ha-
bitat and hydrographic conditions.

• The temporal variability encountered at seamounts and active vents,
for example episodic larval release, should be monitored with
moored long-term (at least one year) recording systems using ima-
ging and multifrequency hydroacoustics.

4. Outlook

All scenarios described in section 2 and the recommendations given
in section 3 consider only local effects of deep seabed mining activities,
although the areas affected may be very large. In order to assess the
possible global implications, for example a general loss of biodiversity,
much better knowledge of the deep-sea ecosystems and their pelagic
compartments is necessary. Research activities, including those carried
out in the framework of exploration programmes and testing activities,
can contribute to increasing our understanding of pelagic communities
in the deep-sea realm (e.g. species distributions, ecosystem func-
tioning), but, given the sheer vastness of the deep sea, the sampling
effort will be tremendous. Until then, the precautionary principle
should be rigorously applied to deep seabed mining activities.
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