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Abstract 

 
With  increasing   demand   for  mineral   resources,   extraction   of  polymetallic   sulphides  at 

hydrothermal   vents,  cobalt-rich   ferromanganese   crusts  at  seamounts,   and  polymetallic 

nodules   on  abyssal   plains   may   be  imminent.   Here,   we  shortly   introduce   ecosystem 

characteristics  of mining areas, report on recent mining developments,  and identify potential 

stress and disturbances created by mining. We analyze species’ potential resistance to future 

mining   and  perform  meta-analyses   on  population   density   and  diversity   recovery  after 

disturbances most similar to mining: volcanic eruptions at vents, fisheries on seamounts,  and 

experiments  that mimic nodule mining on abyssal plains. We report wide variation in recovery 

rates among taxa, size, and mobility of fauna. While densities and diversities of some taxa can 

recover to or even exceed  pre-disturbance  levels, community  composition  remains affected 

after de- cades. The loss of hard substrata or alteration of substrata composition  may cause 

substantial community shifts that persist over geological timescales at mined sites. 
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1.Introduction 

 
Resilience represents a key concept in ecosystem response to disturbance effects. It can be 

defined as the ability of a system to maintain  its overall identity, i.e. the same  function and 

structure,  in the face of internal  change and external  perturbations  (Cumming  et al., 2012; 

Holling, 1973; Walker et al., 2004). Resilience relates to a number of processes (Levin, 1999; 

Levin and Lubchenco, 2008; Palumbi et al., 2008): (1) resistance, as the amount of stress and 

disturbance that can be absorbed by a system before processes controlling the structure and 

function of a system change (Gunderson, 2000), (2) recovery, as the rate an ecosystem returns 

to  pre-disturbance   conditions  after  an  disturbance   event  (Lotze   et  al.,  2011),  and  (3) 

reversibility,  as whether  processes  are reversible  (Lotze  et al., 2011)  and if the system is 

capable returning to the original condition after change (Palumbi et al., 2008). Ecosystems that 

pass a critical threshold or tipping point, marking a drastic change in ecosystem function, are 

putatively unlikely to recover to the original state (Lotze et al., 2011; Lees et al., 2006; Suding 

et al., 2004). 

With increasing interest of companies and countries in deep-sea mining, it is crucial to 

evaluate the resilience of deep-sea ecosystems  to mining disturbance, and thus to assess the 

potential  ecological consequences  of extracting  mineral  resources  from the deep-sea  floor. 

Three different types of deep-sea mineral resources are being granted for exploration licenses: 

polymetallic sulphides on    active     and    inactive     hydrothermal    vents,     cobalt-rich 

ferromanganese  crusts on seamounts,  and polymetallic  nodules on abyssal plains. Targeted 

ecosystems  support different types of biological communities  that may be differently impacted 

from mining activities. Mining activities will impose disturbances with novel nature, strength, 

stability and spatial and temporal scale on deep-sea ecosystems  (Van Dover, 2014; Ramirez- 

Llodra et al., 2011; Oebius et al., 2001; Glover and Smith, 2003; Leduc et al., 2015; Boschen 

et al., 2013; Van Dover, 2011; SPC, 2013; SPC, 2013; SPC,2013; Clark and Smith, 2013). 

In this review, we aim to evaluate the potential resilience of benthic deep-sea fauna to 

mining activities at hydrothermal  vents, seamounts and abyssal plains. We first set the scene 

by shortly introducing ecosystem characteristics, recent mining de- velopments,  and potential 

stress  and  disturbances  created  by mining.  In  particular,  we  (1) estimate  to what  extent 

targeted ecosystems  may be resistant to mining disturbance, (2) review known recovery rates 

to small-scale disturbance events that are considered most similar to future mining disturbance 

(volcanic eruptions at hydrothermal vents; fisheries at seamounts; disturbance experiments 

designed  to  mimic  nodule  mining  on abyssal  plains),  and  (3) relate  this knowledge  (and 

knowledge  gaps  identified)  to potential  reversibility  of ecosystem  change following  mineral 

mining disturbance. 
 

 
 
2.Materials and methods 

 
The study is based on literature review, as well as meta-analyses  of empirical and long-term 

quantitative  data assessing the recovery of deep-sea fauna communities  following natural or 

anthropogenic  disturbances.  For meta-data  analyses,  we identified  impacts  most  similar  to 

future mining events as: (1) volcanic eruptions that locally eliminate entire communities at 

hydrothermal  vents, (2) bottom-trawl fisheries on seamounts, and (3) disturbance experiments 

designed  to  mimic  nodule  mining  at  nodule  fields  on  abyssal  plains.  For  the  meta-data 

analyses we included only studies where duration between initial disturbance and post- 

disturbance  measurements  was  known.  When  pre-disturbance  measurements  were 

unavailable, measurements  from close proximity  reference areas (control) were used instead 

(see Appendix  A). Percent recovery was plotted against time elapsed since the disturbance 

impact  using the program R (Hornik,  2009). Datasets where the pre-disturbance  value was 

zero,  i.e. the respective taxon  had not been sampled,  are discussed  in the manuscript,  but 

were excluded from the analyses. 
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Faunal responses to disturbances reported in the literature are presented in Appendix  

 

A, identifying ecosystem type, geographic region, type of impact, comparable  potential mining 

impact, scale of impact, response category (density or diversity), type of response measured 

(e.g. species richness S, Shannon-diversity  H’), taxonomy  information  (phylum, class, order, 

family, genus, species), size class (meio-, macro-, megafauna),  and mobility (mobile, sessile). 

The results of the literature search and specific meta-analysis  for nodule systems are reported 

in more detail in Jones et al. (2017). Mobility was included in the analyses as it may be linked 

to species connectivity  and thus recovery potential (Correa et  al., 2016). Size classes were 

used in the analyses since meio-, macro- and mega-fauna  communities  influence and depend 

on each other (O' lafsson,2003),  and recent studies have shown that different sized  organ- 

isms may respond differently to stress and disturbance (Gollner et al., 2015a,b). We followed 

the  definition  of size-classes  used  in original  articles.  Megafauna  typically  included  large 

animals  seen with the unaided  eye or are visible  in seabed  photographs.  At hydrothermal 

vents, where fauna is typically large, (adult) macro- fauna was classified as fauna larger 1 mm, 

with no further discrimination  into mega- and macrofauna. On nodule fields, where macrofauna 

is  typically  small,  macrofauna  included  organ-  isms  retained  on  a 500  mm  mesh  sieve. 

Meiofauna  was typically  classified as fauna smaller  than 1 mm.  The lower mesh-size  used 

varied from 32 to 63 mm (older studies typically used 63 mm).  However, Ingole et al. (2001) 

classified   all  fauna   in  deep-sea   sediments   (including   nematodes   and   copepods)   as 

macrofauna, but we reclassified typical meiofauna taxa (nematodes, copepods) as meiofauna. 

Since the nature of measurements,  the number of samples,  and sampling  technique 

was often substantially different across studies, we calculated mean percent recovery following a 

specified period (in years) for each study (Appendix A). Calculation of mean percent recovery was 

based on mean original values of pre-disturbance conditions and the mean (experimental) values 

measured  post- impact (100 x after disturbance / pre disturbance). To account for variability,  

original  values  for  pre-  and  post-disturbance  and  their  standard  deviation  are provided 

whenever possible in Appendix A and in figures, and are discussed. Mean values of pre-

disturbance  conditions were interpreted as representing 100% of the original densities or 

diversities. Consequently,  50% density recovery after one year would imply that mean density 

value  was half the  pre- disturbance  value  one  year after  disturbance,  and 200%  density 

recovery after one year would imply that mean density value was double the pre-disturbance 

value one year after disturbance. 

To unravel large scale underlying patterns of recovery in the three different ecosystem 

types, we tested for differences in mean  percent recovery for diversity and density between 

organism size-classes  (meio-, macro-, megafauna),  mobilities (sessile,  mobile), and localities 

using the one-sided Wilcoxon rank sum  test (Wilcoxon, 1945). The non-parametric  one-sided 

Wilcoxon  rank sum test tests for differences between each set of pairs of two paired groups, 

assuming  that values of one of the paired groups are larger than the other. The Benjamini- 

Hochberg correction was used to account for the number of possible comparisons  in order to 

control the expected  proportion of false discoveries  (Benjamini  and Hochberg, 1995). Whilst 

these  analyses  may  identify  potential  large  scale  trends  in species  recovery  they  cannot 

account for variability within samples. Where mobility of study organisms comprised mobile as 

well as sessile taxa, mobility was defined as “mixed”, and data were excluded from mobility 

analyses. 
 

 
 
3.Ecosystem  characteristics 

 
3.1.Polymetallic  sulphides, active and inactive hydrothermal  vents 

 
3.1.1.Minerals and physical environment 

Polymetallic  sulphides (Fig. 1 a), also referred to as seafloor massive sulphides (SMS), form 

on or below the seabed where hydrothermal vents release mineralized  seawater (Von Damm, 

2004; Fisher et al., 2007; Von Damm,  1995). Minerals in hydrothermal  fluids precipitate when 

they come  into contact  with cold seawater,  and form chimney  structures  (Fig. 2 a) and/or 
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disperse with the hydrothermal  plume through the water. Deposits are patchily distributed at  

 

mid-ocean ridges, in back-arc basins, and along submarine volcanic arcs (seamounts). The 

abundance and content of sulphides differs between fast- and slow-spreading  ridges; whilst 

lavas  commonly   disrupt  the flow  of hydrothermal  fluids  and bury sulphide  deposits  every 

decades at fast spreading ridges (e.g. the East Pacific Rise, EPR), eruptions occur on intervals 

of thousands of years and deposits are of larger scale at slow spreading ridges (e.g. the Mid 

Atlantic Ridge (MAR), the Central Indian Ridge (CIR)) (Boschen et al., 2013; SPC, 2013). 

The mineral-rich  hydrothermal  fluids  range  in temperature  from just a few degrees 

Celsius  to  >400oC  (Von  Damm,   2004;  Fisher  et  al.,  2007).  Local  fluid  flows  at  active 

hydrothermal vent sites can reduce and stop within a few months at fast-spreading ridges such 

as the EPR (Klose et al., 2015) or can be stable for de- cades on slow-spreading  ridges such 

as the MAR (Cuvelier et al., 2011). Vent chimneys and edifices can be several tens of metres 

high and are commonly inhabited by specialised communities  (Van Dover, 2011). The stability 

at individual sites as well as vent fields exerts a strong influence on the largely endemic mega- 

and  macrofauna  that  are  dependent  on rich  in situ primary  production  by sulphide-  and 

methane oxidizing  bacteria (Van Dover, 2000). 

 
3.1.2.Biological communities  at active and inactive vents and in the vent periphery 

Fauna associated with polymetallic  sulphides at active hydro- thermal vents (Fig. 2 a, b) are 

fueled by rich in situ primary production generated via chemosynthesis.  Many mega- and 

macrofaunal  groups  have  evolved  complex  physiological  or behavioral  adaptations  to the 

extreme environmental  conditions in vent habitats (Childress and Fisher, 1992; Rinke and Lee, 

2009;  Bates  et  al.,  2010).  Dominant  symbiotrophic   megafauna   include  mussels,  snails, 

shrimps   and  polychaetes,   whereas  dominant   macrofauna   taxa   include  limpets,   crabs, 

amphipods and polychaetes (Van Dover, 2000). Whilst these fauna are typically abundant with 

high biomass,  species richness is low (Grassle, 1985). Mega- and macrofauna  show a high 

level of endemism in biogeographic provinces at both species (95%) and generic level (76%) 

(Moalic et al., 2012). Furthermore,  the mega- and macrofauna  are commonly  endemic to the 

active vent environment  (Tunnicliffe, 1992). In contrast to the macrofauna,  meiofauna are not 

exceptionally  abundant  at the vents,  but meiofauna  and macrofauna  show  similar  species 

richness (Gollner et al., 2015b; Copley et al., 2007a; Cuvelier et al., 2014; Plum et al., 2017). 

However, vent meiofauna species also occur in the vent periphery, with few species restricted 

to the vents (Gollner et al., 2010). Since vents are patchy, transient, and often separated by 

tens to hundreds of kilometers, connectivity  among invertebrate populations  is through larval 

dispersal (Gollner et al., 2015a; Mullineaux et al., 2010; Breusing et al., 2015; Boschen et al., 

2016b). 

Fauna associated with polymetallic sulphides at inactive vents (Fig. 2 c) are little known. 

Consequently, it is largely unclear whether assemblages that thrive at inactive vents are similar 

to active vent fauna, are similar to fauna inhabiting hard substrata on non-mineral rich grounds, 

or are unique (Van Dover, 2011). Inactive chimney structures provide substratum for benthic 

suspension feeders and typically host sponges and cnidarians (Boschen et al., 2015; Galkin, 

1997; Levin et al., 2016a; Boschen et al.,  2016a). Some macrofauna  and nematode  species 

from active vent sites are also observed at inactive vent sites (Gollner et al., 2013; Levin et al., 

2009). A comparative  study  of an active  hydrothermal  seamount,  an inactive  hydrothermal 

seamount  with polymetallic  sulphides,  and  a seamount  without  hydrothermal  activity  and 

without  mineral  deposits,  revealed  that  magnetivity,  as a  proxy  for hydrothermal   activity, 

explained  the majority  of the variation in megafauna  assemblage  structures  present at the 

three seamounts (Boschen et al., 2015). 

There is a paucity of data on fauna from the vent periphery (also termed vent proximate 

areas, or vent background) but fauna appears to vary with region. Vent peripheral megafauna 

on  the  MAR  consist  of  sessile,  filter-feeding,  long-lived  and  slow-growing  taxa  such  as 

sponges, corals and deep-sea crabs (Galkin, 1997; Tempera et al., 2013; Colaço et al., 1998) 

(Fig. 2 d). Peripheral areas near the Eiffel Tower (Lucky Strike vent field) have high diversity, 

e.g.  of  copepods,  and  also  harbour  several  copepod  species  typical  for  active  vents. 

Additionally,  juvenile vent fauna have been observed in the vent periphery (Plum et al., 2017). 
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Similarly, vent-peripheral areas on the 9oN EPR support juveniles of macrofauna typical of the 

vent environment,  as well as a diverse meiofauna  community  (Gollner et al., 2015b). Vent- 

peripheral macrofauna communities  in the Lau Basin are largely distinct from active vent 

communities,   with  few  vent  endemic   species  present  (Collins  et  al.,  2012).  Peripheral 

macrofaunal  communities  at Eastern Lau Spreading Center and   Valu   Fa   Ridge   (ELSC- 

VFR)      harbour      mainly      zoanthids,  anemones,  symbiont-containing   mussels,  brisingid 

seastars, and polynoids at the northern peripheral sites, whereas sponges, pycnogonids and 

ophiuroids dominate at southern peripheral sites. Taxonomic richness in these vent-peripheral 

macrofauna  communities  is similar  to that of active vent communities  (Sen et al., 2016). In 

comparison, peripheral assemblages at Scotia Ridge in the Southern Ocean typically comprise 

asteroids and pycnogonids (Marsh et al., 2012). 

 
3.2.Cobalt-rich  ferromanganese   crusts,  seamounts 

 
3.2.1.Minerals and physical environment 

Cobalt-rich  ferromanganese   crusts  (Fig.  1  b)  are  formed  by  the  precipitation  of  metals 

dissolved  in   seawater,   grow   at   rates   of 1e6 mm per million  years,  and can form thick 

pavements of up to 26 cm thickness (SPC, 2013; Hein, 2002; Hein and Petersen, 2013). These 

crusts typically form on exposed hard rock on seamounts,  and especially on guyot plateaus 

with strong currents that prevent the accumulation  of sediments.  Seamounts  are underwater 

mountains of volcanic origin, and hydrothermal venting may be associated with seamounts, 

making seamounts a target not only for crust mining but also for polymetallic  sulphide mining 

(Boschen  et al., 2016a). Approximately,  10 000e33,000  seamounts  are arrayed across the 

ocean floor (Kim and Wessel, 2011; Harris et al., 2014; Yesson et al., 2011). Like terrestrial 

mountains, seamounts exhibit a range of shapes and sizes. Geophysical characteristics of 

seamounts accelerate water currents, generate upwelling of nutrients, and create retention of 

water masses, thereby increasing local productivity and external flow of organic matter (Pitcher 

et al., 2007; Clark et al., 2010; Genin et al., 1986). 

 
3.2.2.Biological communities  at seamounts with and without crusts 

Seamounts are considered to be hotspots of species richness (Morato et al., 2010). High 

productivity  at seamounts supports relatively high biomass of demersal fish populations  and 

large numbers of benthic filter feeders, such as corals and sponges (Fig. 2e) in comparison to 

adjacent deep continental margins  at comparable  depths (Rowden et al., 2010; Clark et al., 

2011). However, there is little known about the seamount  fauna in general, and about crust- 

associated fauna in particular (O'Hara and Tittensor, 2010; Schlacher et al., 2014; Grigg et al., 

1987); few seamounts  (<1%) have been sampled  (Clark et al., 2010; O'Hara and Tittensor, 

2010). Furthermore, studies have focused on megafaunal organisms, with little information 

available on macro- and meiofauna (George, 2013; Zeppilli et al., 2014), or on microbiota. 

Many  seamount   taxa  are  long-lived  and  slow-growing,   especially  those  forming 

biogenic structures. Individuals of some species may be hundreds to thousands of years old: 

for  example,  it may  take  thousands  of  years  for  stony  corals  to  build  complex  biogenic 

structures (Clark et al., 2016). Seamount  faunas can vary greatly even at local (km) spatial 

scales (O'Hara and Tittensor, 2010; Schlacher et al., 2014; Clark et al., 2012). Variation in 

community  composition  and diversity has been related to a number of environmental  factors, 

particularly  those linked to depth and seabed structure (e.g. substratum,  relief, presence of 

bio-constructors),  as well as current  regimes  and distance  to source  populations,  amongst 

others (Boschen et al., 2015; Clark et al., 2010; Schlacher et al., 2014). 

Owing to a paucity of data, it remains uncertain whether fauna associated with crusts 

differs from similar non-crust areas (Schlacher et al., 2014; Grigg et al., 1987). However, 

Schlacher et al. (2014) and Morgan et al. (2015) identified differences in  biodiversity and 

community  structure  between  seamounts  with and without  crusts.  Nonetheless,  it remains 

unclear   whether  chemical   components   of  the  crusts   are  dominant   drivers   of  benthic 

assemblage  structure,  or whether  differences  result  from contrasting  seafloor  parameters, 

such as geographic location, topography and depth-related factors (Schlacher et al., 2014). 
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3.3.Polymetallic  nodules, abyssal plains 

 
3.3.1.Minerals and physical environment 

Polymetallic  nodules, also referred to as manganese  nodules, are potato-shaped  concretions 

with a size range of 2-8 cm (max.  15 cm) that are composed  of manganese  oxides and iron 

oxihydroxides  (Fig. 1 c, Fig. 2 f). Polymetallic  nodules grow with average rates of 10-20 mm 

per million years. They occur in high abundances  on the sediment-covered  abyssal plains of 

all oceans, where sedimentation  rates are low (<10 mm kyr-1). Nodules are embedded in the 

sediment surface. Nodules therefore provide a hard substratum habitat on abyssal plains 

dominated by sediment. Deep-sea sediments around nodules typically consist of a mixture of 

siliceous ooze and deep-sea clay and are rich in oxygen (ISA,2010; Mewes et al., 2014; Müller 

et al., 1988). The environment  is very stable, with low current  velocities (3.8 ± 2.0 cm s-1) 

(Kuhn  et al., 2015).  Well-studied  occurrences  of manganese  nodules  are known  from the 

Clarion Clipperton Fracture Zone (CCZ) in the NE equatorial Pacific, the Peru Basin in the SE 

Pacific, the Cook Island region in the SW Pacific, and in the Central Indian Ocean Basin (Hein 

and Koschinsky, 2013). The CCZ contains the largest known contiguous occurrence of nodule 

fields and covers an area of approximately  4 million square kilometers (an area as large as the 

European Union) (ISA,  2010). Nodule abundance in the CCZ ranges between 0 and ~30 kg 

m-2 (based on wet nodule weight) with an average of 15 kg m-2 (SPC, 2013). 
 

 
 
3.3.2.Biological communities  on nodules and in deep-sea sediments 

At higher  taxonomic  levels,   the composition  of the   soft- sediment  fauna  around  nodules 

resembles  abyssal  areas  else-  where.  The dominant  meiofaunal  groups  are  nematodes, 

followed  by  harpacticoid   copepods,   whilst  polychaetes   and  isopods  are  the  dominant 

macrofaunal  taxa. Typical megafaunal  organisms include ophiuroids, holothurians,  fish, large 

komokiaceans and xenophyophore protists (Ramirez-Llodra  et al., 2010). Diversity can be high 

at both local and regional spatial scales (Janssen et al., 2015; Glover et al., 2002; Wang et al., 

2010). Across  the CCZ there are pronounced  changes in species composition  in some taxa 

such as polychaetes,  isopods,  and nematodes  (Glover  et al., 2002;  Peterson  et al., 1998; 

Janssen et al., 2015). Differences among samples are typically driven by a high proportion of 

rare species (defined as species with only few individuals occurring in samples and/or with a 

restricted geographical range) (Paterson et al., 2015). 

Nodule surfaces are often covered with sessile organisms such as sponges, cnidarians 

and xenophyophores,  but crevices are also inhabited by meiofauna, such as nematodes, 

harpacticoid  copepods, tardigrades,  and foraminiferan  protists (Miljutin et al., 2010; Miljutina 

et al., 2010;  Thiel et al., 1993;  Veillette  et al.,  2007b).  Nodule  surface  and adjacent  soft 

sediment fauna are distinct in a number of protozoan  and metazoan  taxa (Thiel et al., 1993; 

Veillette  et al., 2007a;  Mullineaux,  1987;  Dugolinsky  et al., 1977).  Epifaunal  densities  are 

higher in regions with dense nodule seafloor coverage, and epifauna such as alcyonacean and 

antipatharian  corals are virtually absent in nodule-free  areas (Vanreusel  et al., 2016). Many 

larger  epifaunal   species   appear  to  be  widespread,   but  these  distributions   are  based 

predominantly on morphological examination from video and/or still images which provide 

insufficient resolution for species-level identification. Nonetheless, recent analysis of nodule 

encrusting foraminiferans revealed that most morpho-species are widely distributed across the 

CCZ (Gooday et al., 2015). Remarkably  little is known regarding the geographic distribution of 

the nodule  associated  fauna,  such as whether  species  are unique  to nodules  or whether 

adjacent seamount crusts host these same species. 
 

 
 
4.Mineral mining 

 
4.1.Licencing in international and national waters 
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Many deep-sea  mineral  resources  are found in areas beyond  national jurisdiction  i.e. “The 

Area” (>200 nautical miles offshore, depending on whether a state has an extended continental 

shelf), which are managed by the International Seabed Authority (ISA). Contractors may apply 

for a 15-year exploration contract at the ISA, which gives them exclusive rights to prospect for 

mineral resources in a specific exploration area. In the case of manganese  nodules, a single 

exploration area covers up to 75 000 km2 of seafloor (Fig. 3), but areas are smaller in the case 

of polymetallic sulphide or crust exploration comprising 3000 and 10 000 km2, respectively 

(Weaver,  2016).  Ocean-wide,  26 exploration  contracts  have  been issued  to date.  In 2014 

alone, the ISA approved seven new mineral exploration licences (https://www.isa.org.jm/dee p- 

seabed- minerals-contractors).  The first six pioneer contractors ended their 15-year exploration 

period in 2016. These contractors have applied for exploration extensions for a further 5-year 

period.   Subsequent   to  the  exploration   contract,   nations/companies    may   apply   for  an 

exploitation  licence. 

Within  the Exclusive  Economic  Zone  (EEZ)  of a country,  mineral  resources  on the 

ocean floor are not managed  by the ISA,  but are instead  managed  by national  regulation. 

Nations may grant exploration and exploitation licences to companies. Within EEZs, most 

exploration licenses for deep-sea minerals have been issued by island states in the SW Pacific, 

Japan, and New Zealand (SPC, 2013; Boschen et al., 2016a). Nautilus minerals,  Bluewater 

Minerals  (Nautilus subsidiary),  Neptune  Minerals,  Bismarck  (Neptune subsidiary),  Diamond 

Fields International,  Korea Institute  of Ocean Science and Technology  (KIOST), Japan Oil, 

Gas & Metals National Corp (JOGMEC) have applied for or have been granted SMS or cobalt- 

rich crust exploration licences in the South Pacific. The first exploitation license for polymetallic 

sulphides and for deep-sea minerals in general was granted by Papua New Guinea to the 

company Nautilus minerals  in 2011. Approximately  10 ha are being considered for mining at 

Solwara1 (VanDover et al., 2014; Coffey Systems, 2008). Neptune Minerals has prospecting 

license applications  and granted prospecting  licenses covering  175 000 km2 in the EEZ of 

Japan, Papua, New Guinea, Solomon Islands, Vanuatu, Fiji, Tonga and New Zealand 

(http://www.neptuneminerals.com/   our-business/tenements/). 

 
4.2.Mineral mining  operations 

 
The anticipated mining disturbance varies greatly among the different mineral resources and 

their associated ecosystems.  Mining operations will be conducted by machines  operating at 

water  depths  down  to several  kilometers.  Seabed  crawlers  for sulphide  mining  will  have 

auxiliary  cutters  and bulk cutters  to shred  mineral  deposits  (Fig. 3 b) and also collecting 

machines (Fig. 3 c). The resulting rock mixture will be transported to a surface support vessel 

as a slurry by a riser and lifting system (Fig. 3 c). Similar  conceptual plans exist for mining 

crusts (Fig. 3 d). Machines  for nodule collection are not yet available, but several concepts 

exist and prototypes have been built. Nodule-mining  machines are proposed to plough tens of 

centimeters  into the seafloor sediments,  mechanically  or hydraulically  removing  the nodules 

from the sediment. The nodule-sediment  mixture will be transported to a surface support vessel 

as a slurry by a riser and lifting system, where the sediment  will be separated  from the nodules 

and returned to the water column  through a discharge pipe (Lehmkoester,  2014) (Fig. 3 e). 

The nature of mining disturbance will also depend on the technology used, even for the same 

mineral type. For example,  tools proposed for sulphide mining by Nautilus for Solwara 1 are 

less smothering than methods suggested by the Japan Deep Sea Technology Association 

(DESTA) (Boschen et al., 2013) (and references therein). 

The  potential  size  of  mined  areas  may  vary  greatly  among  the  different  mineral 

resources. For each exploitation license issued by the ISA, nodules may be extracted from 300 

to 800 square kilo- meters in a year of mining (Wedding et al., 2015; Smith et al., 2008) and 

~8500  square  kilometers  over a 20 year period  (Van  Dover,  2014;  Boschen  et al., 2013; 

Madureira et al., 2016; Hein et al., 2009). In contrast, Nautilus Minerals would target only 0.112 

km2 of seabed   during polymetallic sulphide mining at Solwara 1, although it could disrupt 

connectivity  of hydrothermal  habitat in the region (Boschen  et al., 2013; Nautilus Minerals, 

http://www.isa.org.jm/dee
http://www.neptuneminerals.com/
http://www.neptuneminerals.com/
http://www.neptuneminerals.com/
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2008).  Some  mining  plans, such as those  of Nautilus Minerals,  propose  a patchy  removal  

 

strategy with a mixture of temporary and quasi- permanent refuge areas (Boschen et al., 2013). 

 
4.3.Mining  threats 

 
Mining activities will impose disturbances with novel nature, strength, persistence, and spatial 

and temporal scale on deep-sea ecosystems.  Direct mining impacts will include mortality and 

removal of fauna living on mined substrata, removal of substrata and habitat loss, habitat 

fragmentation,   habitat  modification   (i.e.  change   of  mineral   and  sediment   composition, 

topography, chemical regimes), and diverse other direct impacts such as sound and 

electromagnetic  radiation by mining instruments. Indirect impacts comprise the formation of 

(potentially toxic) sediment plumes by the activity of crawlers, seabed installations and risers, 

and potential release of toxic substances into the water column along the riser system and/or 

by process material discharged from the ship (return plume) (Van Dover, 2014; Ramirez-Llodra 

et al., 2011; Oebius et al., 2001; Glover and Smith, 2003; Leduc et al., 2015; Boschen et al., 

2013; Van Dover, 2011; SPC, 2013; SPC, 2013; SPC,2013; Clark and Smith, 2013). Further 

details are discussed in the reversibility chapter (5.3). 
 

 
 
5.Estimating resilience of deep-sea ecosystems 

 
5.1.Resistance 

 
To date, large-scale commercial  mineral mining has not taken place. Very likely, the removal 

of minerals will kill fauna inhabiting mineral deposits. However, the capacity for populations of 

deep-  sea  species  to stay  essentially  unchanged  despite  disturbances  (resistance  sensu 

(Grimm and Wissel, 1997)) associated with deep- sea mining remains uncertain. Resistance 

(natural ability to remain  unaffected by a force) may apply to species response to sound/vi- 

bration and electromagnetic  radiation produced by mining operations. Shallow-water marine 

mammals,  fish, and invertebrates are physiologically sensitive to acoustic disturbance (Aguilar 

de Soto and Kight, 2016) with potential for ecological effects such as alteration in natural 

behaviour, reduction in communication  ranges,  reduction  in  foraging  ability,  prevention  of 

predator avoidance, complete  habitat avoidance, and death (Stanley and Jeffs, 2016; Burritt 

and Lamare, 2016). These physiological and behavioral effects can alter the ecology of marine 

systems (Moreau et al., 2016). However, the effects of these potential stressors on deep-sea 

fauna are poorly constrained: data on sound/vibration and/or electromagnetic  radiation impact 

at deep-sea  vents,  sea- mounts  or nodule  fields  are few and uninformative  in a deep-sea 

mining  context.  For  example,  high-intensity  illumination  associated  with  Human-Occupied 

Vehicles  (HOVs)  and Remotely  Operated  Vehicles  (ROVs)  has been implicated  in 

photoreceptor damage in shrimp that aggregate on black smokers at Mid-Atlantic  Ridge vents 

(Van Dover,  2014). The structure  and light-sensitive  visual pigment  (rhodopsin)  of thoracic 

eyes in adult vent shrimp suggests that they are adapted to detecting the dim light generated 

by high- temperature venting as a near-field remote-sensing  means of avoiding thermal stress 

and mortality. The initial description of these photoreceptors  identified degradation inferred to 

result from light exposure (Van Dover et al., 1989) and it was suggested that cellular machinery 

to support recovery from light damage disappears during ontogeny (Chamberlain,  2000). The 

behavioral con- sequences of light-damaged  photoreceptors  in vent shrimp are unknown, but 

there is no evidence of impacts  on shrimp  populations  repeatedly  exposed  to high-intensity 

illumination  (Copley  et   al.,   2007b).     However,   these   shrimp    populations    are     only 

intermittently   exposed  to  high-intensity  illumination,   which  may  not  be  representative  of 

exposures that will occur during mineral exploitation.  Further, the significant variation in visual 

ecology among deep-sea taxa (Herring, 1990) is likely to influence resistance. Consequently, 

extrapolating   resistance   potential  to  radiation  caused  by  deep-sea  mineral   exploitation 

processes to other taxa is not yet possible. 
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Mining will produce sediment plumes on the sea floor, as well as producing discharge  

 

sediment  plumes in the water column, following mineral washing and fractioning procedures 

on board of the support vessels. Plumes will disperse beyond the area of direct mining impact. 

The concept of resistance applies to communities  living in these indirectly impacted areas that 

may cover larger areas than the directly mined area. Sulphide test mining at the Solwara 1 site 

off Papua New Guinea, indicated increased sedimentation  (up to 500 mm) within 1 km of the 

discharge site, with some material  potentially dispersing up to 10 km away (Boschen et al., 

2013; Nautilus Minerals, 2008). Natural sedimentation  rates at vents are much lower, ranging 

for example from ~1 to 2 mm per year in Guaymas basin (Atkins et al., 2000) to ~ 0.0025e0.03 

mm per year at Juan de Fuca (Costa et al., 2016). On abyssal plains and sea- mounts, natural 

sedimentation  rates are in the order of only several mm per thousand years (Petersen et al., 

2016). Yet, it remains un- clear if and to what extent deep-sea communities  may be resistant 

to particle plumes generated by mineral extraction and resus- pension of sediments. 

Environmental  impact assessment  of the deep-water oil and gas exploitation  industry 

indicates that both increased sedimentation  and toxicant exposure have significant ecological 

effects that can extend to more than 5 km from the point source (see (Cordes et al., 2016) and 

references cited therein). However, impacts depend on both the magnitude and composition 

of the released material  which differs significantly  both within and between the deep-sea oil 

and gas industry and the deep-sea mineral industry, preventing direct inferences of resistance 

to deep-sea mining impacts. 

Particle   plumes   generated   by  mineral   mining   may   physically   smother   benthic 

organisms, clogging gas exchange and feeding structures (Cordes et al., 2016). Seafloor 

coverage by a 3 mm thick layer of drill cuttings can significantly  affect infaunal communities 

(Schaaning et al., 2008). However, significant quantitative impacts on meiofaunal abundance 

and community  composition  have also been observed beyond the  extent of observable drill 

cuttings deposition (Netto et al., 2009). Resistance to sedimentation  generated by mineral 

extraction processes is likely to vary based on the ecology of individual species, for example 

depending on whether taxa are epifauna or infauna, errant or sessile, suspension feeders, filter 

feeders,  deposit  feeders,  or necrophages  (see (Cordes  et al., 2016)  and references  cited 

therein). 

Shifts in density, biomass, and diversity of benthic assemblages in response to offshore 

oil and gas exploitation  have also been linked to increased toxicant concentrations (Breuer et 

al., 2004; Holdway, 2002; Santos et al., 2009; Trannum et al., 2010). However, sulfide mineral 

metal bioavailability  and toxicity data are currently only available from laboratory studies with 

shallow- water fauna (Nautilus Minerals, 2008; Simpson  and Spadaro, 2016), which may be 

unrepresentative  of deep-adapted  fauna  (Mestre  et al., 2014).  Mineral  particles  have  high 

metal concentrations and deep-sea sediments are typically metal enriched (Ramirez-Llodra  et 

al., 2011). Metal concentrations  present in mineral particle plumes appear less toxic than the 

corresponding concentration of dissolved metals (Simpson and Spadaro, 2016) thus the 

oxidation/reduction  processes during mining operations will significantly affect toxicant 

bioavailability.  Mineral dissolution rates depend on the composition  of mineral  deposits and 

are  also  sensitive  to  redox  conditions  (Knight   and  Roberts,   2016),  therefore   toxicant 

bioavailability will be site specific with spatial and temporal variability. Further, toxicant 

bioavailability may also be influenced by the ecology of individual species, depending on e.g. 

whether  taxa are epifauna  or infauna,  errant  or sessile,  suspension  feeders,  filter feeders, 

deposit feeders, or necrophages (McLusky et al., 1986). For example, the ability of species to 

tolerate (and resist) potentially toxic particles is likely higher at active vents, which are already 

under the influence of the putatively toxic hydrothermal fluid and plumes (Childress and Fisher, 

1992), than at inactive vents and in the wider deep sea, where taxa are not typically exposed 

to such toxicants. 

Deep-sea hydrothermal  vent organisms appear to have developed enhanced defence 

pathways  to respond to the presence  of high concentrations of dissolved metals released at 

hydrothermal  vents.  Induction  of antioxidant,  biotransformation   enzymes,  or metal-binding 

proteins that are able to remove  the reactive oxygen species formed by molecular reactions 

with toxic metals, or detoxification  of metals by sequestering  them in a non-bioavailable  form 



1
1 

 

 

and/or by eliminating the metal, have been observed in hydrothermal vent fauna at ecologically 
relevant metal concentrations  at in situ temperature  and hydrostatic pressure (Auguste et al., 

2016;  Company  et al.,  2006).  These  responses  represent  an energetic  commitment   with 

potential  consequences  for reproductive  capacity  and population  survival  (Sokolova  et al., 

2012). However, extrapolation  from resistance in experimental  exposures to resistance in the 

environment  remains challenging:  ecological processes and interactions  must be understood 

before experiments  in laboratories, micro- or meso-cosms  can be related reliably to natural 

conditions (Mayer-Pinto et al., 2010). Further, the physical and chemical composition of the 

particle  plume  generated  by  mineral   extraction   is  likely  to  differ  significantly   from  the 

hydrothermal  vent fluid and plume, as may the duration of exposure to the chemical mixtures 

presented by mineral extraction processes, impeding inferences regarding potential resistance 

to toxicological  exposures among vent fauna. 

The structure and functioning of benthic assemblages  at vents, and to a lesser extent 

at seamounts,  are highly dependent on key foundation species (Clark et al., 2010; Mullineaux 

et al., 2012) and may quickly collapse if the resistance of these species is exceeded.  Large 

sessile suspension feeders, common  at inactive vents and on seamounts,  also thrive in high 

particle loads, although they may be sensitive to burial, distinct particle size and shapes, and 

toxic compounds  (Boschen et al., 2016a; Fisher et al., 2014; Larsson et al., 2013). As natural 

sedimentation  rates are extremely  low on abyssal  plains, the abyssal  fauna are likely least 

tolerant to enhanced particle load and sedimentation.  Although we expect that such species 

are to some  level resistant to mining plumes,  current knowledge is insufficient to predict the 

extent of resistance. 

 
5.2.Recovery after  small-scale disturbance  events 

 
5.2.1.Hydrothermal  vents 

5.2.1.1.Active vents. Active vents exhibit distinct biogeographic faunal patterns and natural 

background disturbance regimes, suggesting region-dependent recovery at slow- and fast- 

spreading centres. In the last three decades, faunal recovery following volcanic eruption events 

were documented  after the 1993 and 1998 eruptions on the intermediate-spreading  Juan de 

Fuca Ridge (JFR) on Co-Axial Segment and Axial Volcano (Marcus et al., 2009; Tunnicliffe et 

al., 1997), and after the 1991 and 2006 eruptions on the fast-spreading  9oN vent field on the 

East Pacific Rise (EPR) (Gollner et al., 2015a; Shank et al., 1998). 

At Juan de Fuca, mean mega- and macrofaunal  densities reached and even exceeded 

pre-eruption values after 2 years (17% mean recovery after 1 year; 290% mean recovery after 

2 years) (Fig. 4, Appendix A). Biomass showed a similar recovery response (12% after 1 year; 

102%  after  2  years,  Appendix  A).  Meio-  and  macrofauna   abundances  at  the  EPR  also 

recovered relatively quickly, with no significant differences in abundances across all tubeworm 

sites relative to pre-eruption data (Gollner et al., 2015a). Similarly, Wilcoxon tests revealed no 

significant increase in mean percent recovery over years. Comparing  meio- and macrofauna 

recovery data across Juan de Fuca and the EPR revealed that macrofauna densities recovered 

more quickly than meiofauna (p < 0.01; Fig. 5; Fig. 6). At single vent sites, such as at Tica at 

the EPR, recovery of abundance was slow, with mean macrofauna  abundance reaching only 

11-24% and mean  meiofauna  abundance reaching 2-9% 1-4 years after eruption (Appendix 

A). However, abundance standard deviation was very high both pre- and post-eruption  at this 

site  (Gollner  et  al.,  2015a,b,  Fig.  5).  For  example,   abundances  at  the  Tica  site  varied 

significantly with 3125 ± 1261 macrofauna and 2255 ± 3455 meiofauna ind. per 64 cm2 before 

the eruption, and with 342 ± 209 macro- and 213 ± 224 meiofauna ind. per 64 cm2 four years 

after eruption. The natural high variability of abundances ranging several orders of magnitude, 

combined with low quantitative sampling (three samples per site and time), make it impossible 

to detect potential significant differences pre- and post-eruption.  More extensive  sampling is 

needed to understand natural variability at active vents. 

Mean percent recovery of faunal diversity significantly increased from 1 to 2 years after 

eruption (p = 0.013), from 1 to 4 years (p = 0.013) after eruption, but not from 2 to 3 years (p 

> 0.05), 2-4 years (p > 0.05), or 3-4 years (p > 0.05) (see data Appendix A). Total mega- and 
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macrofauna  species richness at the Juan de Fuca vents reached 75% of the pre-disturbance 

values three years after the 1998 eruption (Marcus et al., 2009), and 90% two years after the 

1993 eruption (Tunnicliffe et al., 1997), representing about 30-60% of species from the larger 

regional species pool. At the EPR, total mega- and macrofauna  species richness reached 69% 

of pre- disturbance values 4.6 years after the 1991 eruption (Shank et al., 1998). After the EPR 

2006 eruption, the recovery reached 55% for macrofauna and 48% for meiofauna species after 

4 years (Gollner et al., 2015a) (for data see Appendix A), with 39% of the macro- and 42% of 

meiofaunal   species  returned.  In  addition,  several  new  species  appeared  in  the  region, 

including some early colonizers that were dominant in the first post-eruption years (Gollner et 

al., 2015a). Species richness at Tica vent site reached 52% of pre- eruption values for 

macrofauna,  and 106% for meiofauna  after 4 years (Appendix  A). At this site and time, the 

physical-chemical   parameters   of  vent  fluids  were  comparable  to    values  measured  pre- 

eruption (Gollner et al., 2015a). The fast recovery of meiofauna at Tica site shows that distinct 

size  classes  (in  this  case  meiofauna)   may  recover  more  quickly  than  others.  However, 

Wilcoxon  rank  tests  revealed  no  significant  differences  between  meio-  and  macrofauna 

diversity recovery rates, and also no differences between the EPR and JFR region (Fig. 6). 

The observations at Tica site in comparison to regional observations highlight that single sites 

may  not capture  regional  recovery;  instead  several  vent sites need  to be studied.  Similar 

patterns of recovery were observed using several diversity parameters (observed species 

richness, expected number of species, Shannon's H, Pielou's J) (Appendix A). The variability 

of diversity values within sites was not exceptionally high, with similar range pre- and post- eruption 

overall (Fig. 5, Appendix A). 

At the EPR and at the Juan de Fuca vents community  succession patterns following 

major  disturbance  events were attributed  to species responses  to changes in hydrothermal 

vent  fluid  composition.   Typically,  vent  fluid  emissions  were  high  following  eruptions  but 

declined   within   few   years.   However,   biological   interactions   and   larval   dispersal   and 

recruitment    also played   important  roles   in succession  processes  (Gollner  et al., 2015a; 

Gollner et al., 2013; Mullineaux et al., 2012; Marcus et al., 2009; Shank et al., 1998; Mullineaux 

et al., 2003, 2009). Interestingly, post-eruption species (e.g. the limpet Ctenopelta porifera) 

originating from remote areas invaded disturbed and undisturbed vent sites in the region 

(Mullineaux et al., 2012). As a consequence,  large scale mining may also indirectly influence 

community  composition  at neighboring  non-mined  vent sites.  Meiofauna  succession  at the 

EPR was consistent  with dispersal  potential.  Species  with pelagic  dispersal  demonstrated 

rapid  recovery  (e.g.  dirivultid  copepods)  (Gollner  et al.,  2015a),  whereas  species  lacking 

pelagic dispersal stages (e.g. nematodes)  demonstrated  slow and poor recovery (Gollner et 

al., 2013). Species that were highly abundant in the region and inhabited more than one habitat 

pre-eruption (e.g. diverse vent- sites and the vent periphery) returned quickly after the eruption 

at the EPR (Gollner et al., 2015a). Populations in the vent periphery and at sites where venting 

recently  ceased, as well as at more  distant exposed  basalt areas,  may  represent potential 

source population locations for vent meiofauna recovery (Gollner et al., 2015a; Gollner et al., 

2013).  Current observations  of vent succession  at 9oN on the EPR thus suggest complex 

recovery dynamics in meta- communities,  with species differing in their ability to disperse and 

with successful colonizers outcompeting  poor competitors. 

There has not yet been a volcanic eruption documented  on slow- spreading  ridges, 

resulting in an absence of empirical data. Long- term studies at the Logatechev site (MAR) showed 

no major successional  stages, but a decline in vesicomyid  clams (probably due to a land slide) 

and an increase in bathymodiolin  mussels, gastropods, and shrimps occurred over a 10 year 

period (Gebruk et al., 2010). At Lucky Strike (MAR), a 14-year study revealed stable mussel 

coverage (Cuvelier et al., 2011). Overall, the relatively low back- ground disturbance regimes 

on slow-spreading ridges suggest that recovery after natural and/or anthropogenic disturbances  

might be slower than at fast-spreading  ridges, but this remains  conjecture. As with  vents  on  

fast-spreading   ridges,  connectivity  and  colonization   potential  will  also  be essential for 

recovery processes at slow- spreading ridges. 

Colonization potential, and therefore recovery potential after disturbance events (either 

natural  or  anthropogenic),  can  be  described  in  the  framework  of  population  connectivity 
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(Boschen  et al., 2016b; Excoffier  et al., 2013;  Laurent et al., 2016; Sousa  and Hey, 2013; 

Loewe and Allendorf,  2010; Baco et al., 2016). Genetic  analyses have been  performed  on 

various vent meio-, macro-, and megafaunal  species (e.g. crustaceans, bivalves, gastropods, 

polychaetes)  in  distinct  geographical  settings  (e.g.  on  the  MAR,  the  EPR,  Eastern  Lau 

Spreading  Center,  Kermadec  back-arc  basin  and CIR)  (Vrijenhoek,  2010;  Boschen  et al., 

2016c). Results suggest that gene flow and migration capability between subpopulations is 

potentially high at both fast- and slow-spreading  ridges (Breusing et al., 2015; Gollner et al., 

2011; Teixeira et al., 2010; Beedessee  et al., 2013). A general pattern of high intrapopulation 

genetic diversity and expansive population growth has emerged among various species from 

different  vent  sites  (Beedessee  et  al.,  2013;  Teixeira  et al.,  2012;  Gollner  et  al.,  2016). 

However, vent organisms studied genetically are typically highly abundant and have pelagic 

dispersal. No study has yet analyzed patterns of genetic connectivity for vent species that are 

less abundant and/or lack pelagic dispersal. 

Underlying mechanisms  of high connectivity  (migration  capability) across the studied 

active vent species are not fully under- stood. Data on life history (i.e. reproduction, larval 

behaviour,  juvenile  settlement  cues)  are currently  scarce.  Life history  traits  likely  play an 

important role, since they can allow long-term planktonic larval duration and/or rapid population 

growth,  and connectivity  between  invertebrate  populations  is often  maintained  by passive 

larval drift. However, passive larval drift is influenced by abiotic  characteristics  such as plume 

height,  or  ocean  currents (Hilario et al., 2015). The rate of exchange of individuals between 

vent fields is likely also influenced by vent field frequency and distance between individual vent 

sites since  typically  vent-  restricted  fauna  need  to migrate  between  isolated  vent fields to 

ensure survival. Thus, exchange  rates may be higher at closer proximity  fast-spreading  vent 

sites compared to more distantly spaced slow-spreading vent sites. 

To conclude, recovery after natural volcanic eruptions at active hydrothermal  vents at 

fast-spreading centres is highly variable but can be relatively rapid. Vent communities  at fast- 

spreading centres experience  frequent volcanic eruptions (at the studied EPR location every 

~15 years (Tolstoy et al., 2006)) and seem to be resilient and adapted   to  such  natural 

disturbance   events.  Abundance   and biomass values reach pre-disturbance  values within a 

few years. However, very high variability is typically observed, pre- and post- eruption. Diversity 

values partly reach pre-disturbance values within only a few years, but community composition 

often remains  different, following a sequence of faunal succession.  Faunal responses differ 

among  taxa and life history traits. The drivers of vent community  resilience are diverse and 

include availability and composition of hydrothermal fluids as well as biotic controls such as species 

specific factors of dispersal and connectivity and biotic interactions of competition and predation. 

However,  recovery  data were only available  for two regions  in the East-Pacific  that 

experience  frequent volcanic eruptions.  Distinct biogeographic  faunal  patterns, distinct vent 

site distance  and natural  background  disturbance  regimes  make  it currently  impossible  to 

predict recovery rates following volcanic eruptions in other regions, and especially at slow- 

spreading  centres.  Further,  volcanic  eruptions  pave  over   areas  which  contrasts  with the 

scraping and excavating disturbances that will be imposed by mining machines. Eruptions also 

do not lead  to extensive  sediment  plumes,  as are expected  with mining.  To what  extent 

changes in substratum surface area and generation of (potentially toxic) sediment plumes may 

delay or may prevent recovery of vent communities  (i.e. disruption of larval dispersal, mortality 

of larvae, and success of larval settlement) is currently unknown. 

 
5.2.1.2.Inactive  vents. There is currently no data available for recovery at inactive vent sites. 

Megafauna typically found at inactive vents includes sponges and cnidarians, such as corals 

(Boschen et al., 2015; Galkin, 1997; Levin et al., 2016a; Boschen et al., 2016a). Little is known 

about   the  age,   growth  rates,   biogeography,   or  connectivity   patterns   of  inactive   vent 

megafauna.   In  general,   such  taxa   are  considered   rather  slow-growing   and  long-lived 

(hundreds to thousands  years)  with  slow recovery  rates  (Clark et al., 2016). It is yet unclear 

whether assemblages  that thrive at inactive vents are overall partly similar to active vent fauna, 

are similar to those inhabiting hard-substrate fauna on non-mineral rich grounds, or are unique 
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(Van Dover, 2011). A recent study comparing megafaua from active and inactive chimneys off 

New Zealand found that deposits support unique megafauna  assemblages  but that species 

partly overlap (Boschen et al., 2016a). Similarly, a study of a young inactive vent site and active 

vent sites at the EPR revealed that these environments share some nematode species (Gollner 

et al., 2013). The finding of shared species at inactive and active vents suggests that they may 

provide potential source populations  for each other after disturbance  events (Gollner et al., 

2013). Consequently, active and inactive sites in each region have to be studied to understand 

potential recovery after mining disturbance  at active and/or inactive vents. Thus it has been 

suggested that both active and inactive features need to be included within a framework 

establishing protected areas to mitigate mining impacts at hydrothermal  vents (Boschen et al., 

2016b,c). 

 
5.2.1.3.Vent periphery. Faunal recovery on basalt in the vent periphery has been studied once, 

following volcanic eruption disturbances on the 9oN EPR in 2006 (Gollner et al., 2015a). One 

year post-eruption  meio-  and macrofauna  abundances  were similar  to pre-eruption abundances, 

but showed very high variation (Gollner et al., 2015a,b). Mean recovery of meio- and macrofaua  

abundances  were >100% after one year (Fig. 7). Abundances  varied highly with 21 ± 28 

macrofauna  and 113 ± 147 meiofauna ind. per 64 cm2 before the eruption, and with 566 ± 685 

macro- and 1623 ± 2599 meiofauna  ind. per 64 cm2 four years after eruption (Fig. 8; Appendix  

A). Wilcoxon  rank tests revealed no significant differences between meio- and macrofauna  

density  recovery   rates  (Fig. 6), and there  was no significant  increase  in percent recovery 

throughout the years. 

Total  regional  macrofauna  richness,  primarily  comprised  of  juvenile  individuals  of 

typical vent species, had recovered to mean 64% of pre-disturbance  levels four years after a 

volcanic  eruption  (Fig.  7). Meiofauna  diversity  recovered  more  slowly  than  macro-  fauna 

diversity  (p = 0.021).  Total regional  meiofauna  richness  reached  only 28% of pre-eruption 

values after four years (Gollner et al., 2015a). Many meiofauna species, which were rare prior 

to the eruption, had not returned. Thus, whilst mean richness recovery was 111% for the 

macrofauna,  mean richness recovery was only 48% for meiofauna after four years. Rare pre- 

eruption  species  at individual  sites  were  replaced  by  common  species  from  the regional 

species   pool.   Other   diversity   measures   showed   compara-   ble  responses.   Meiofauna 

community composition in the vent periphery changed significantly with time (e.g. dominant 

species one, two, and four years after disturbance were the copepod Tisbe sp. nov. 1., the copepod   

Amphiascus   sp.  1  (aff.   varians),  and   the  ostracod   Xylocythere   vanharteni, respectively).  

Changes were similar to the ones reported for active vent meiofauna and were related to 

meiofauna  species dispersal  potential (Gollner et al., 2015a). However, Wilcoxon tests showed 

that mean percent diversity recovery remained similar in the vent periphery throughout the years 

(all p > 0.05), and diversity did - in contrast to active vents – not increase with years, indicating 

slower recovery. 

To conclude, recovery of meiofaunal vent peripheral communities  is likely slower than 

communities  at active vents. After four years, only 28% of meiofauna species of the pre- 

disturbance  periphery  species  pool had returned  to the EPR,  whereas  42% of meiofauna 

species of the pre-disturbance vent species pool had returned to the EPR at active vents after 

four years. In contrast, macrofauna  recovery of the pre-disturbance  species pool was similar 

at  active  vents  and  in  vent  peripheral  communities.   Macrofauna   recovery  of  the  pre- 

disturbance  vent species  pool at active  vents varied  between  75% (Juan  de Fuca, after 3 

years), 69% (EPR, after 4.6 years in 1996), and 42% (EPR, after 4 years in 2009; not including 

new species), whereas macrofauna  recovery of the pre- disturbance species pool in the vent 

periphery was 64%. 

The discovery of a juvenile subset of typical vent species in the vent periphery suggests 

the interconnection  of vent periphery and active vent communities.  Little is known about 

connectivity and dispersal rates in typical peripheral meiofauna species, but nematode species 

lack specific planktonic dispersal stages and demonstrate limited dispersal potential since they 

are rarely observed in the pelagic. In contrast, typical vent meiofauna species such as dirivultid 
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copepods disperse via abundant nauplii and copepodites in the pelagic and are known for their 

high genetic connectivity (Gollner et al., 2015a, 2016). 

The study  on vent periphery  recovery  investigated  only areas  close  to active  sites 

(some meters) or recent inactive vent sites, but there is no information available on recovery 

potential of more distant vent peripheral communities.  Also, there is no information available 

on recovery  potential  of vent  peripheral  communities   from  slow-spreading  areas  that are 

disturbed by volcanic eruptions less frequently. 

 
5.2.2.Seamounts 

Fisheries currently impose a severe impact on seamounts, with global catches estimated at ~3 

million tonnes per year (Clark et al., 2016; Watson and Morato, 2004; Clark, 2009; Norse et 

al., 2012; Pitcher et al., 2010). Unfished seamounts have been observed to support double the 

overall  benthic  biomass  and species  richness  than  fished  seamounts  (Roberts,  2002).  In 

particular cold-water corals  and  other  sessile  filter feeders,  which  provide  habitat  to many 

other benthic organisms (Baillon et al., 2012; D'Onghia et al., 2010; Pham et al., 2015), are 

extremely  susceptible  to  bottom  trawling  (Kaiser  et al.,  2006;  Clark  and Tittensor,  2010) 

because they grow extremely slowly (few mm to ~1 mm per year) and are long-lived (decades 

and  centuries  to  millennia)  (Clark  et  al.,  2016;  Roark  et  al.,  2006;  Fallon  et  al.,  2014). 

Knowledge on the coral cover necessary to sustain stony coral communities  (and associated 

species)  is scarce.  However,  most  seamounts  with high trawling  impact  have  coral  cover 

reduced to below 30-50%   of   the   coral cover estimated  as necessary  to maintain  habitat 

viability (Clark and Tittensor, 2010). 

Knowledge on recovery rates following the cessation of bottom trawling are rare, and 

the uniqueness of seamounts hampers a direct comparison  of communities  across seamounts 

to  determine   recovery   rates   (e.g.   fished   vs.  unfished)   because   biological   seamount 

communities  experience  different  environmental  conditions  and may respond  differently  to 

physical disturbance. Thus, only seamounts with similar environmental  conditions and in close 

vicinity can be considered eligible for comparison  (Althaus et al., 2009; Williams et al., 2010; 

Watson and Morato, 2004). 

Althaus  et al. (2009) observed that mean  megafauna  density recovered to 33%, and 

mean coral density to only 6% 5-10 years after trawling ceased (Fig. 9, Appendix A). However, 

there were large differences in recovery among  taxa, ranging from <5% to up to 1100% for 

anthozoan taxa. Watson and Morato (2004) observed 23% recovery in fish densities 15 years 

after fisheries  collapsed  and fishing  ceased.  Williams  et al. (2010)  distinguished  between 

recovery on hard substratum (coral and rock) and on unconsolidated substratum (sand, gravel 

rubble). Mean megafauna  density recovery was 36% after 5 years and 111% after 10 years 

on hard sub- stratum,  and 167% after 5 years and 143% after 10 years on unconsolidated 

substratum.  Similar  to Althaus  et al. (2009), Williams  et al. (2010) identified large variations 

among  taxa (17%-800%  after 5 years, and 13%-2600%  after 10 years on hard substratum; 

27%-2840% after 5 years, and 17%-1100% after 10 years on unconsolidated  substratum; see 

Appendix A). Standard deviation within taxa was usually not very high (Fig. 10, Appendix A), 

but  for many  data  points  replicates  were  not  available.  Wilcoxon  rank  tests  revealed  no 

significant differences  between mean  mobile and sessile megafaunal  density recovery (Fig. 

11). Density  recovery  was faster  on seamounts  off Australia  than on seamounts  off New 

Zealand when considering only one study, but was faster on seamounts off New Zealand than 

on seamounts  off Australia when considering  two studies (Fig. 11). There was no significant 

increase in mean percent recovery throughout the investigated years (all p > 0.05). 

Althaus et al. (2009) reported mean megafauna species richness recovery of 32% after 

5-10 years (Appendix A). Williams et al. (2010) presented megafauna recovery data using 

Simpson's diversity index that ranged from 129% after 5 years to 198% after 10 years on hard 

substratum, and from 30% after 5 years to 774% after 10 years on unconsolidated substratum. 

Wilcoxon   rank   tests   revealed   no  significant   differences   between   mobile   and   sessile 

megafaunal diversity recovery. Mean diversity recovery was greater on seamounts off New 

Zealand than on seamounts off Australia (Fig. 11). However, no significant increase in mean 

diversity percent recovery was observed throughout the years (all p > 0.05). 
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To summarize,  data on community  recovery following bottom trawling are sparse and 

available  only  for  fauna  large  enough  to  be  detected  using  image  analysis.  Recovery 

processes in seamount megafauna show large variations depending on taxa and indicate 

significant  changes  in community  composition  following  disturbance.  A few individual  taxa 

were found in very high abundance after trawling which may have resulted from resistance to 

trawling impact or from protection in natural refuges inaccessible to trawls. Alternatively,  these 

highly  abundant  taxa  may  represent  the  early  stage  of  succession  after  trawling  impact 

(Williams et al., 2010). Overall, recovery to original (pre-disturbance)  species richness and 

community composition following fisheries is likely rather slow and is predicted to take decades 

to centuries  since many seamount  taxa,  especially climax  species, are long-lived with slow 

growth  and  are  potentially  geographically  isolated  (Clark  et al.,  2016).  In  addition,  many 

species live in association  with thickets of a key stone coral (such as Solenosmilia variabilis) 

that have been built over millennia (Williams et al., 2010). Data on recovery rates of such 

associated meio- and macrofauna  after trawling do not exist to our knowledge, but resilience 

may be low where fauna can only live in association  with a distinct slow-growing  keystone 

species. Our understanding  of ecosystem recovery on seamounts  is highly fragmentary  and 

requires further investigation. 

Impact  by trawling  fisheries  is likely  less destructive  than mining.  A trawl net may 

bounce along the seabed to some degree, so that the more flexible corals and some occasional 

individuals may be missed and escape damage. In the case of mining, the entire rock surface 

will be scraped away  so the chance  of avoiding removal  is much  slimmer.  In addition,  the 

influence of (potentially toxic) sediment plumes on larval dispersal, survival and settlement 

success is unknown. Faunal recovery and resilience after mining disturbance is therefore likely 

to be slower than recovery after trawling. 

 
5.2.3.Nodule fields 

Since  1970,  11  small-scale   disturbance  experiments   have  been  conducted  to  study  the 

potential effects of nodule mining on the benthos (reviewed by (Jones et al., 2017)). During 

these  experiments,   disturbance  gear  was  towed  over  the  seafloor,  removing  or  burying 

nodules. These experiments  were performed in three regions: the Clarion-Clipperton  Fracture 

Zone (CCZ), Peru Basin, and Central Indian Ocean Basin (CIOB) (Jones et al., 2017). 

 
5.2.3.1.Peru  basin.  During  the  German  “DISturbance  and  reCOLo-  nization  experiment” 

(DISCOL), a polymetallic  nodule area in the Peru Basin was artificially disturbed in 1989, using a 

plough harrow to  simulate   manganese   nodule   extraction.   The  impact   by  the plough 

created a ~11 km2 patch-mosaic  of disturbed tracks and adjacent sites disturbed indirectly by 

the sediment plume suspended. 

DISCOL  results showed that megafauna  densities were still diminished  7 years after 

disturbance, with minimal  recovery (Bluhm, 2001). Density recovery was on average only 9% 

for sessile megafauna,  and 49% for the mobile megafauna  (see Appendix A). After 26 years, 

megafauna densities demonstrated  high variability in recovery rates among taxa, ranging from 

only 11% in Anthozoa to 167% in Holothuridea, and major changes in community composition 

persisting (unpublished data by Purser et al., Appendix A, Fig. 12, Fig. 13). In contrast, macrofauna  

density in sediments  recovered  more  quickly, reaching  mean  recovery of 85% after 7 years  

(Borowski,   2001).  Mean  density  recovery  rates  differed among macrofauna taxa,  with 

several  taxa  reaching  ~100%  pre-  disturbance  conditions  (polychaetes, tanaidaceans, isopods, 

scaphopods, echinoids), whilst others showed lower recovery ranging from 15 to 47% 

(cumaceans,  bivalves, gastropods, ophiuroids) (Borowski, 2001; Borowski and Thiel, 1998) 

(Appendix A, Fig. 12). After 26 years, mean meiofauna densities had recovered to 90% 

(unpublished  data by Mevenkamp,  Egho & Vanreusel,  Appendix  A). However, high variation 

in densities was observed, particularly in impacted sites. Wilcoxon tests revealed a significant 

increase in mean percent density recovery from 0.003 years to 0.5 years (p = 0.05), 

3 years (p = 0.04), 7 years (p = 0.04), and 26 years (p = 0.05). No increase was detected from 

0.5 years to 3, 7 and 26 years (all p > 0.05), from 3 years to 7 and 26 years (all p > 0.05), and 

from 7-26 years (p > 0.05). 
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Diversity  was studied  in less detail  during  DISCOL,  but diversity  recovery  was on 

average only 16% for sessile megafauna,  and 33% for the mobile megafauna  after 7 years 

(Bluhm, 2001). In contrast, mean  polychaete  diversity  had  recovered  to  greater  extent  of 

~80-99% (Borowski, 2001; Vopel and Thiel, 2001) (Appendix  A). Diversity recovery after 26 

years is currently under investigation. Wilcoxon tests showed no significant increase of mean 

diversity with years (p > 0.05). 

 
5.2.3.2.CCZ. Total mean meiofauna, nematode, copepod and foraminifera densities recovered 

to pre-disturbance  values within two to three years in the CCZ (Kitazato and Okamoto, 1997; 

Shirayama   &  Fukushima,;   Radziejewska,   2002)  (IOM-BIE   &  JET  experiments).   Mean 

macrofauna  densities recovered to 93% after one year, with recovery rates ranging from 48% 

(amphipods) to 108% (polychaetes) (Trueblood and Ozturgut, 1997) (BIE). Mean mobile 

megafauna densities reached 290% of pre-disturbance values after three years (Radziejewska 

and Stoyanova, 2000) (IOM-BIE)  (Appendix A, Fig. 12). 

26 years after the OMCO disturbance experiment,  mean total meiofauna densities had 

recovered to 105% (Appendix A), but taxa responded differently with density recovery ranging 

from 50% (tantulocarids) to 552% (kinorhynchs) (Mahatma, 2009) (Appendix A). Nematode 

abundances were significantly lower 26 years after the disturbance  (Miljutin et al., 2011) with 

mean recovery of 73% (Appendix A). The number of meiofauna genera was higher post- 

disturbance (70 genera) than pre-disturbance (50 genera) (Mahatma, 2009), but nematode 

diversity remained significantly lower than pre-disturbance with diversity recovery only 81-94% 

after 26 years (Miljutin et al., 2011). Further, nematode community  composition remained 

significantly different 26 years after disturbance (Miljutin et al., 2011). After 37 years, epifauna 

remained  almost  absent, indicating that recovery of epifauna is very slow (Vanreusel  et al., 

2016). 

In  the  CCZ  no clear  trend  of  an increase  of mean  density  percent  recovery  with 

increasing years past disturbance  could be observed. Typically, percent recovery was similar 

among years past disturbance (p > 0.05), with a few exceptions (mean density recovery greater 

after 0.08 years (p = 0.03), 2 years (p < 0.01), 3 years (p < 0.01) and 26 years (p = 0.03) 

compared to after 0.04 years; mean density recovery greater after 3 years than compared to 

after 0.08 years (p = 0.03) and 1 year (p = 0.01)). 

 
5.2.3.3.Indian      ocean.  Almost     four    years    after   the    INDEX disturbance,  mean total 

meio- and macrofauna  infauna densities had recovered to ~100%. Recovery differed among 

taxa, ranging from 27% (harpacticoids)  to 290% (gastrotricha)  for meiofauna  taxa (Ingole et 

al., 2001, 2000, 2005) (Appendix A, Fig. 12). Mean percent density recovery was significantly 

greater 3.8 years after disturbance than 0.08 years after disturbance (p = 0.05). 

 
5.2.3.4.Analyses  of recovery   in   the   Peru   basin,   CCZ,   and   Indian  Ocean.  Analysis  of 

available density and diversity datasets from the Peru Basin (DISCOL),  from the CCZ (JET, 

IOM-BIE,  OMCO, BIE),  and from the Indian  Ocean (INDEX)  reveals that absolute recovery 

and percent density and diversity recovery varied greatly within and among taxa (Figs. 12-14). 

However, there was a trend across all samples with small and mobile species recovering faster 

than large and sessile species (Fig. 15). Jones et al. (2017) observed the same trend. Due to 

lack of information  owing to low taxonomic  resolution in some of the original publications, we 

could not separate our analysis   into  sediment   infauna   and   nodule   epifauna.   However, 

sessile species typically require hard substrate. 

Mean  density  recovery  was greater  for mobile  meiofauna  than for macrofauna  and 

megafauna.   In  contrast,  there  was  no  difference  between  mean  meio-  and  macrofauna 

diversity  recovery  (Fig. 15). However,  both meiofauna  and macrofauna  diversity  recovered 

more quickly than megafauna  diversity (Fig. 15). 

Mobile megafauna diversity showed greater recovery than sessile megafauna  diversity 

(Figs. 13 and 15). The response of megafauna may reflect differences in feeding guilds: mobile 

species are typically detritus feeders or scavengers (such as ophiuroids, holothurians, 

polychaetes)   whereas   sessile   species   are  typically   filter-feeding   (such   as  poriferans, 
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anthozoans, cnidarians). Mobile and sessile macrofauna taxa showed similar percent recovery 

in density (diversity data were not available). Some mobile  taxa such as peracarids that are 

assumed  to have  limited  capacity  for dispersal  due to brooding  reproductive  mode,  show 

recovery similar to sessile macrofaunal  taxa, suggesting a role for reproductive strategy in 

recovery potential. Thus low population connectivity in deep-sea species such as polychaetes 

or isopods (Janssen et al., 2015) implies slow recovery potential after disturbance. 

To summarize,  disturbance experiments  designed to mimic polymetallic  nodule mining 

on  abyssal  plains  have  provided  first  insight  into  recovery  processes  after  small-scale 

disturbance events on abyssal plains with nodules. Analysis of faunal densities indicates that 

mobile and smaller organisms tend to have greater recovery potential, sometimes reaching or 

exceeding pre- disturbance levels following disturbance.  However, in some cases meiofauna 

density  had  not recovered  even  26 years  after  disturbance  (Miljutin  et al.,  2011).  Fewer 

diversity data were available,  and the taxonomic  resolution  of analyses varied considerably 

among studies from species to order level. Further, different diversity parameters  were used 

(e.g. number  of taxa,  Shannon's  H, Pielou's  J) in different  studies.  Nonetheless,  diversity 

recovery appears greater for mobile and small organisms, although there were exceptions (e.g. 

nematode diversity had not recovered after 26 years (Miljutin et al., 2011)). In all cases, there 

was high variance in recovery rates among taxa, preventing prediction of a general pattern of 

recovery or a sequence  of successional  stages at nodule fields. Despite this, it is clear that 

large sessile fauna have very slow recovery after disturbance. 

Changes  in species abundances  following small-scale  test mining  may be linked to 

multiple factors. Some taxa have exceeded pre-disturbance density values, and may represent 

opportunistic species (Norkko et al., 2006). Others showed slow or no recovery. Understanding 

connectivity may be a key parameter for predicting recovery after large-scale disturbances 

(Janssen et al., 2015). Further, substratum availability is essential for the nodule epifauna. 

Without hard-substratum  (nodules), nodule epifauna are unlikely to recover. The response of 

some  fauna  may  be  further  linked  to  biotic  controls.  Increases  in  faunal  densities  after 

disturbance at DISCOL and in the CCZ may be related to enhanced food (phyto-detritus) inputs 

(Bluhm, 2001; Borowski, 2001; Borowski and Thiel, 1998; Radziejewska,  2002; Radziejewska 

and Stoyanova,  2000; Ahnert and Schriever, 2001). There is a clear need to assess natural 

community  variance over time and spatial scale in order to be able to understand impacts of 

disturbance. 

The scale  of disturbance  experiments  was rather small  in all cases  (a few km2)  in 

comparison  to the disturbance scale anticipated for nodule mining activities (>100 km2). Our 

analyses  revealed  for   example  that mean  megafauna  densities  recovered  quicker  after a 

smaller-scale disturbance in the CCZ (single test mining track) than after a larger scale 

disturbance  (several km2)  at DISCOL.  The underlying reasons  for this observation  may be 

diverse (different taxa and regions were observed), but scale of disturbance 

may have influenced recovery. Mining of large areas could disrupt faunal connectivity and thus 

prolong or impede recovery. In addition, the effect of (potentially toxic)  sediment  plumes on 

e.g.  larval  dispersal  and recruitment  is unknown.  Faunal  resilience  to and  recovery  from 

mining-disturbance  is likely to be (much)  slower than recovery after small-scale  disturbance 

experiments. 

 
5.3.Reversibility after mineral mining impacts 

 
In the context of the United Nations Convention on the Law of the Sea (UNCLOS), the International   

Seabed   Authority   (ISA)   must   ensure   effective   protection   of  the  marine environment  on  

behalf  of humankind.  In  the  international  legal  context  this  includes  that “serious harm”  must 

be avoided during deep-sea mining. However, the definition of “serious harm” is challenging in 

deep ecosystems,  where lack of knowledge is the rule rather than the exception (Levin et al., 

2016b). Mineral mining will modify or remove substrata that organisms inhabit, and sediment 

plumes will affect areas beyond mining sites. A key question is whether similar species or 

functional groups will recover in modified environments,  or if disturbed areas will shift to altered 

or depauperate  states. Whether processes are reversible and whether the 
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deep-sea system can re- turn to pre-disturbance  condition requires investigation  (Palumbi et 

al., 2008; Lotze et al., 2011). 

To date, large-scale commercial  mineral mining has not taken place. Nonetheless, we 

need to understand and predict resilience of communities  to these disturbances in order to be 

able  to  define  “serious  harm”  and  to  propose  successful  mitigation  actions.  To estimate 

reversibility,  it has to be considered that the nature and scale of mining  disturbance  will be 

different to the above described  recovery scenarios. Volcanic  eruptions pave over areas of 

seabed in a single locality. A trawl net may bounce a little along the seabed so that not all 

fauna are entirely removed.  Experiments  that mimic  nodule mining  typically did not remove 

nodules but buried them, and the disturbed area was considerably smaller than expected for 

future  mining  scenarios.  The   spatial  (at   most  a   few   km2)  and temporal  (typically 

independent  events)  scales  of disturbances  were  in  significantly  more  limited  than  those 

proposed  for any mining  activities,  which may range  from 100's  to 1000's  km2  per nodule 

mining operation per year (Wedding et al., 2015), from 10's to 100's km2 for crust mining (Hein 

et al., 2009), and some hectares per polymetallic  sulphide mining operation (Van Dover et al., 

2014). The scale  of mining  operations  will result in habitat fragmentation  which may affect 

reversibility. Large continuous nodule fields will be fragmented  into a system of smaller-sized 

nodule  fields.  Naturally  patchily  distributed   active  and  inactive  hydrothermal   vents  and 

seamounts will be further fragmented  by large-scale mining. 

Direct mining impacts will include mortality and removal of fauna living on mined substrata in 

all targeted ecosystems.  Removal of nodules will cause habitat loss for hard substrata fauna 

on  a geological  time  scale  because  nodules  reform  at rates  of mm  per  million  year.  At 

hydrothermal  vents and seamounts  mineral rich rocks will be removed,  leaving mineral-poor 

rocks which prevents thriving of species exclusively  relying on mineral  rich crusts. At nodule 

fields, fauna living in the sediments may be killed by sediment compression. Sediments below 

and adjacent to nodules will be compacted   by vehicle tracks,  which may result  in  long-term 

changes  in  sediment   porewater  geochemistry   (Petersen  et  al.,  2016).  Potentially   toxic 

sediment plumes may affect areas beyond the directly mined locality (SPC, 2013; SPC, 2013; 

SPC, 2013). To estimate the reversibility  of mineral mining  impacts,  geological timescale of 

habitat/mineral  reformation  as well as biological timescale and mode of community  recovery 

need to be considered. 

 
5.3.1.Hydrothermal  vents and polymetallic  sulphides 

5.3.1.1.Active  vents. Reversibility of mineral mining impacts at active vents will depend on the 

frequency and scale of sulphide mining operations. Assuming  that vent fluids do not change 

dramatically   and  that  connectivity   of  species  in  not  disrupted,  recovery  of  active  vent 

communities  at fast-spreading centres may occur within decades. However, large-scale mining 

may substantially diminish  species populations  and could hinder recolonization  by disrupting 

connectivity of source populations (Van Dover, 2014; Boschen et al., 2016a). The loss of 

foundation species may hinder the settlement of associated fauna, and may indicate a tipping 

point  where  resilience  capacity  is  exceeded  and  the  system  transitions  to  a new  state. 

Alternative states at active vents may be dominated by bacterial mats instead of rich faunal 

communities. 

The loss  of  topographic  features  such  as  black  smokers  may  change  settlement 

behaviour, and thus diversity of fauna (Mullineaux and Butman, 1990). Typically, active black 

smokers  can  reform  within  several  months  or  years  at  fast-spreading  centres  (Nautilus 

Minerals, 2008), but consequences  of large scale mining  on local fluid composition  are not 

know.  Sulphide  mining  at hydrothermal   vents  may  cause  local  modification  of  vent  fluid 

regimes  (i.e. flow rates, distribution,  chemistry)  by clogging vent fluid channels (Van Dover, 

2014), with severe consequences for active vent communities  which depend on fluid regimes. 

Low-diversity communities  are typically associated with high temperature  venting (i.e. around 

black smokers), whereas higher diversity is linked to low-temperature  venting (Gollner et al., 

2015b; Fisher et al., 2007). Further, symbiotic foundation species such as tubeworms,  snails, 

or mussels only thrive in specific vent regimes (Fisher et al., 2007). Therefore, modification  of 

vent-fluid regimes  could cause local habitat loss or change community  composition  at active 



20 

 

 

hydrothermal  vents, as well as at sites that are not directly affected by mining (Nakajima et al., 

2015). 

Set-aside  areas  are suggested  as part of environmental  management  strategies  to 

mitigate mining effects. Such areas should preserve biodiversity that may be lost at a mine site 

and should support connectivity among populations of vent organisms within the region. Set- 

aside  areas must  be suitably  connected  by the transport  of larvae  to ensure  exchange  of 

genetic material among remaining populations (Boschen et al., 2016b). Ideally, set-aside areas 

provide source  populations for  the  recovery of the mined site (Boschen et al., 2016b). 

 
5.3.1.2.Inactive  vents and vent periphery. The scarce knowledge on species diversity, role of 

functional  groups,  species  distribution,   connectivity,   and  settlement   behaviour  makes   it 

impossible  to estimate  reversibility  potential  at inactive  vents  and in vent peripheral  areas 

following mining disturbances. Primary considerations include permanent modification of 

topography, and change of mineral composition. Removal of polymetallic sulphide substratum 

at inactive vents cannot be reversed due to lack of active hydro- thermal fluids (Boschen et al., 

2013). Habitat homogeneity  (smoothing),  or habitat heterogeneity (roughening) may increase 

during collection of mineral resources (Boschen et al., 2013; Fukushima and Okamatsu, 2010). 

Substratum will be altered from mineral-rich to mineral-poor  rock at inactive vent sites. Yet it is 

not known to what extent,  if at all, species  will be able to settle and grow in such modified 

environments.  That inactive vents and vent periphery areas harbour unique communities  but 

also share several species with active vent areas (Boschen et al., 2016a; Gollner et al., 2013; 

Sen et al., 2016)  highlights  the importance  of including  hydrothermally  active  and inactive 

areas within networks of protected areas (Boschen et al., 2016a). 

 
5.3.2.Seamounts 

Habitat structure on seamounts will be changed by removal of upper centimeters of crust, and 

functional  groups  such as 100- or 1000-year  old corals and their associated  fauna  will be 

removed,  potentially  resulting  in slow (century-scale)  recovery (Clark  et al., 2016). Loss of 

crusts may hinder colonization  of substratum specific seamount species or prohibit recovery 

(Boschen et al., 2015; Mullineaux and Butman, 1990; Schlacher et al., 2013). Changes in 

topographic features may affect settlement behaviour (Mullineaux and Butman, 1990) and thus 

diversity of fauna in the long term. Cumulative effects may be especially severe around 

seamounts.  Many seamounts  are subject  to fisheries  impacts,  and shifting  ocean 

temperatures,  oxygenation,  and acidification may adversely affect distant source populations 

and thus may hinder recovery (Ramirez-Llodra  et al., 2011). 

In  addition,  seamount  faunas  vary  even  at  local  (km)  spatial  scales  (O'Hara  and 

Tittensor, 2010; Schlacher et al., 2014; Clark et al., 2012). Variation in community composition 

and diversity  has been  related  to depth  and seabed  structure  (e.g.  relief,  substrate  type, 

presence of bio-constructors),  as well as current regimes and distance to source populations, 

amongst others factors (Boschen et al., 2015; Clark et al., 2010; Schlacher et al., 2014). 

Connectivity among seamount populations reveals contrasting patterns among species. Some 

seamount species are distributed across large geographic distances (e.g. some corals (Clark 

et al., 2010;  Miller  et al., 2010;  Smith  et al., 2004);  fish (Smith  et al., 2002);  harpacticoid 

copepods (Packmor et al., 2015)), whereas other coral and fish species have much more restricted 

distributions (Baco and Shank, 2005; Smolenski et al., 1993; Stockley et al., 2005). Several 

studies highlight high uniqueness in seamount fauna (Richer de Forges et al., 2000), but these 

may simply  reflect low sampling  effort (Clark et al., 2010). There is evidence that connectivity  

is directly linked  to life history  patterns (Samadi  et al., 2006); many  seamount fauna appear 

to have non-planktotrophic  larvae implying  restricted dispersal potential (Clark et al., 2010; 

Althaus et al., 2009; Parker and Tunnicliffe, 1994). However, there is contrasting evidence that 

wide geographic distributions exist in putatively poor dispersers (Packmor et al., 

2015;  Shank, 2010).  McClain  et al. (2009) revealed  that more  than 70% of species in the 

megafaunal  assemblages on a North Pacific seamount were cosmopolitan. The inconsistency 

of these  results  may  reflect  the  complex  interplay  of  several  ecological  and  evolutionary 
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processes shaping seamount systems,  or may be linked to the paucity of genetic studies on 

seamount species (Shank, 2010). 

Biogeography and connectivity of fauna, as well as abiotic characteristics that influence 

seamount fauna composition  need to be understood and considered in any mining mitigation 

concept. Recovery will be slow at seamounts and modifications  made by mining may be too 

great to allow for return to pre-disturbance community  composition and abundance. Spatial 

management  employing a systematic method to identify Ecologically or Biologically Significant 

Areas (EBSA criteria) for protection may help to mitigate mining effects (Clark et al., 2014). 

 
5.3.3.Nodule fields 

Removal of nodules will be associated with local loss of nodule-specific  fauna. Fauna relying 

on nodules  as a hard substratum may remain  absent until the substratum  recovers, i.e. for 

millions  of years. Species ranges and source/sink  dynamics  of the nodule- inhabiting fauna 

are unknown  and it is unclear  whether  populations  can survive  in unaffected  refugia.  Any 

refugia should harbour similar  nodule density as mined  sites, since epifaunal  densities and 

nodule coverage are linked. Nodule dense areas harbour more than two times higher epifaunal 

densities, and corals are essentially absent in nodule-free areas (Vanreusel et al., 2016). It is 

currently unknown  whether species are endemic  to nodules or whether adjacent seamount 

crusts  host  partly  the  same  species  as  nodules.  Future  studies  should  explore  whether 

adjacent  sea-  mounts  host potential  source  populations  capable  of recolonising  impacted 

habitats (Singh et al., 2016) or capable of maintaining  connectivity among undisturbed areas. 

The  potential  responses  of  communities   to  mitigation   and  restoration   actions,  such  as 

deployment  of artifical nodules, are currently unknown. 

Sediment-dwelling   fauna  in  mined   nodule  areas  may  also  experience   density 

decreases below a critical threshold. Sediments  will be compacted  by vehicle tracks, which 

may result in changes in sediment porewater geochemistry.  The organic-rich upper sediment 

layer, which is a food source for most sediment feeders, will be removed by the collector and/or 

re-suspended.  The sediment  that redeposits from the plume  in the immediate  vicinity of the 

collector may have an average composition of the topmost 10-25 cm of the sediment and thus 

will have an altered chemical composition  relative to the pre-disturbance  sediment (Petersen 

et al., 2016). Some long-term disturbance experiments  reported that sediment-dwelling  fauna 

had  not  recovered  after  almost  30  years,  potentially  because  organisms  were  unable  to 

penetrate compacted sediments  (Miljutin et al., 2011). However, other studies demonstrated 

density recovery potential for some sediment fauna. Nonetheless, nodules grow in areas with 

low sedimentation  rates  (<20 mm  per  thousand  years)  (Petersen  et al.,  2016)  and it will 

therefore take at least several decades  to millennia  for sediment  layers to recover.  Despite 

this, it remains  difficult to estimate  whether sediment  compaction  and/or extraction  of upper 

sediment  layers  will affect  density  and or diversity  of sediment  infauna  over an extended 

timescale (decades to centuries), or whether recovery to the pre-disturbance state is possible. 

 
5.3.4.Areas  adjacent to mining sites 

Enhanced sedimentation  caused by mining-generated  sediment plumes in areas surrounding 

mining sites may harm suspension and deposit feeders, causing depletion of functional groups 

and   shifts   in   community   composition   (Fukushima   et  al.,   2000).   On   abyssal   plains, 

sedimentation  will modify grain size composition,  which can change community  composition 

(Blake et al., 2009). Potentially toxic plumes  will impose additional stress on organisms  and 

may eventually become  lethal (Sokolova et al., 2012). Decreasing  effective population size, 

loss of subpopulations,  and/or  loss  of populations  in  mined  areas  may  hinder  population 

exchange  and diminish  genetic diversity  in areas surrounding  mining  sites (Boschen  et al., 

2016b). Fauna may be able to resist these stressors partly or may be able to recover from 

stressors. However, it is not yet possible to estimate the effect of these cumulative effects, or 

predict whether they will result in irreversibility  of changes, causing altered ecosystem states 

in areas surrounding mining. 
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6.Conclusion 

 
Resilience e the ability of a system to maintain structure and function, in the face of internal 

change and external disturbances e is a complex interplay of different processes, including the 

resistance   of  species  and  communities   to  alterations,  their  recovery  potential  following 

disturbance events, and the potential reversibility of ecosystem changes. 

The capacity for populations of deep-sea species to stay essentially unchanged despite 

stress and disturbances  (resistance sensu (Grimm and Wissel, 1997)) associated with deep- 

sea mining remains uncertain. Our review on resistance revealed that species may be to some 

level resistant to (potentially toxic) mining plumes or electromagnetic  radiation, but current 

knowledge is insufficient to predict the extent of resistance. 

We performed  meta-analyses  on post-disturbance  population  density  and  diversity 

mean percent recovery, after disturbances most similar to mining: volcanic eruptions at vents, 

fisheries on seamounts, and experiments  designed to mimic nodule mining on abyssal plains. 

Communities  can recover to some extent after mining-related  disturbance events since mean 

percent recovery density and diversity values are above cero (Fig. 16). Mean recovery was 

highly variable in distinct ecosystems  and among benthic taxa and variability among samples 

was often very high. In addition, as stated by Jones et al. (2017), many past recovery studies 

have limitations that reduce their effectiveness in determining responses. Our results can show 

some  potential large scale trends,  but current  knowledge is far from showing  the complete 

picture. 

At active vents, an increase in diversity percent recovery was observed with increasing 

time  past  disturbance.  Communities   at  active  hydrothermal  vents  at frequently  naturally- 

disturbed fast- spreading ridges can recover after such punctual natural disturbance  events 

and follow a sequence of succession,  related to abiotic (e.g. hydrothermal  fluid regime) and 

biotic (e.g. larval dispersal, predation, competition) factors. We lack data on recovery potential 

from  communities   along  slow-spreading  ridges  with  long  volcanic  eruption  intervals,  but 

suggest that fauna at those communities  may recover (much) more slowly. 

Knowledge  on recovery  from  communities  at inactive  vents  is lacking.  In  the vent 

periphery  no  significant  increase  of  diversity  with  increasing  time  past  disturbance  was 

detected. In general, recovery is expected to be slower compared to active vents since climax 

species typically have longer life times (decades to centuries) and a higher proportion of rare 

species is present at inactive vents and in the vent periphery. 

Recovery of keystone species from seamounts  is typically slow. Some  species, that 

may have survived seamount fisheries trawling or that present the early stages of succession 

after disturbance were highly abundant after 5-10 years but other pre-disturbance keystone 

species such as century old stony corals showed very little sign of recovery. Meta-analyses 

revealed no significant increase of mean percent density or diversity recovery with increasing 

time past disturbance, pointing to overall slow recovery processes. 

Similarly, sessile megafauna  associated with nodules showed very slow recovery after 

disturbance,  whilst small  and mobile  taxa recovered  or exceeded  pre-disturbance  densities 

after  a  few years.  Meta-analyses  of  mean  percent  recovery  revealed  that small  animals 

typically recover faster than large animals, and that mobile animals typically recover faster than 

sessile species. These results are in accordance with Jones et al. (2017). Larger spatial scale 

impacts at DISCOL may have prolonged faunal recovery in comparison to smaller spatial scale 

impacts in the CCZ. 

There are no data available on reversibility  after mining impacts, because large-scale 

mining has not yet been carried out. Nodule- mining is expected to have large-scale and long- 

term impacts,  particularly on the resident nodule-encrusting  and crevice fauna, and abyssal 

plains may shift to altered or depauperate states through removal of and change  in substrata. 

Similarly, local modification of fluid sources at active vents may result in loss or change of 

chemosynthetic  communities  in exploited areas. Local extinction of keystone species, or loss 

of mineral-specific  faunas, may cause long-term or even permanent shifts in community 

composition  at vents and seamounts. 
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There  are  significant  knowledge   gaps  with  implications   for  understanding   faunal 

recovery  and  resilience  patterns  following  mining  impacts  (Table  1).  Lack  of  knowledge 

concerns  scales of mining  operations,  faunal recovery  processes  after large-scale disturbances, 

spatial and temporal influences on faunal community composition. Cumulative impacts may lead 

to unexpected ecosystem changes and need to be investigated (Van Dover, 

2014). Cumulative  impacts refer to the interaction of several mining operations within a given 

area, but also to additional non-mining  related natural and human  impacts such as volcanic 

eruptions (vents),  fishing  (seamounts),   and  changes  in  physical  and geochemical  ocean 

parameters   (e.g.  temperature,   pH,  O2).  In  addition,  potential  community   responses   to 

mitigation   and  restoration   actions  are  currently  unknown.  Substantial   community   shifts, 

including the loss of species, may persist over geological timescales  at directly mined  sites 

due to habitat loss (mineral removal). Therefore, spatial environmental  management  to detect 

and establish set-asides, protected areas of similar seafloor habitat as to be mined areas, may 

be especially important to mitigate species loss and maintain regional biodiversity (Swaddling, 

2016).  Future research   needs   to   substantially   increase   baseline   knowledge:  effective 

environmental  management  of deep-sea mining is dependent on data identifying the extent of 

resistance   to  and   capacity   to  recover   from   extractive   activities   in  deep-sea   benthic 

communities. 
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Figures 

 
Fig. 1. Examples  of deep-sea  minerals.  a. Polymetallic  sulphide sample  from Edmond  vent 

field in the Indian Ocean (photo courtesy BGR). b. Cobalt-rich ferromanganese  crust from the 

Great Meteor seamount chain (photo courtesy EMEPC). c. Polymetallic  nodule (size ~ 12 cm 

in length) from the Clarion-Clipperton  Fracture Zone (photo courtesy of S. Kaiser, SGN). 
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Fig. 2. Examples of ecosystems/habitats  and associated biological communities potentially 

affected  by  mineral  mining.  a.  Active  black  smoker  (Kairei;  Indian  Ocean).  b.  Vent  field 

colonized by shrimps, anemones, and mussels (Kairei; Indian Ocean). c. Inactive vent field 

(Edmond; Indian Ocean). d. Pillow lava in vent peripheral areas (adjacent to Sonne; Indian 

Ocean).  e.  Coral  gardens  on  inactive  vent/seamount  (near  Menez  Gwen,  Atlantic;  photo 

courtesy  of  Missao  Seahma).  f.  Nodule  field  (Clarion-Clipperton   Fracture  Zone,  Pacific). 

Photos a-d, f of courtesy of GEOMAR. 
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Fig. 3. a. Mining scenario  for polymetallic sulphides at hydrothermal  vents. b. Bulk cutter for 

sulphide mining (photo courtesy Nautilus Minerals). c. Collection machine for sulphide mining 

(photo courtesy Nautilus Minerals). d. Mining scenario for cobalt-rich ferromanganese  crusts 

at seamounts.  e. Mining  scenario  for polymetallic  nodules  on abyssal  plains. All scenarios 

show the marine environment, seafloor production tools and sediment plumes, riser and lifting 

system to the vessel, and release of mineral washings. 
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Fig. 4.  Mean recovery (%) relative to pre-disturbance faunal density and diversity at active 

hydrothermal  vents. For data see Appendix  A. EPR: East Pacific Rise. JFR: Juan de Fuca 

Ridge. 
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Fig. 5. Absolute numbers and standard deviation of density and diversity values measured pre- 

disturbance (indicated as P) and after disturbance (in years) for meiofauna and macrofauna at 

active hydrothermal  vents. For data and metric see Appendix A. Circles: mobile taxa. Triangle: 

sessile taxa. Square: mixed taxa (sessile and mobile). 
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Fig. 6.  Results of Wilcoxon  rank sum tests for differences in mean  recovery (%) relative to 

pre-disturbance  diversity and density between meio- and macrofauna  at active vents at the 

East Pacific Rise (EPR) and at the Juan de Fuca (JFR), and in the vent periphery (at EPR). P- 

values are given for significant differences. 
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Fig. 7. Mean recovery (%) relative to pre-disturbance  faunal density and diversity in the vent 

periphery. Circles: mobile taxa. Triangle: sessile taxa. Square: mixed taxa (sessile and mobile). 
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Fig. 8. Absolute numbers and standard deviation of density and diversity values measured pre- 

disturbance (indicated as P) and after disturbance (in years) for meiofauna and macrofauna in 

the vent periphery. For data and metric see Appendix A. Circles: mobile taxa. Triangle: sessile 

taxa. Square: mixed taxa (sessile and mobile). 
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Fig. 9. Mean  recovery  (%) relative  to pre-disturbance  megafaunal  density  and diversity  at  

 

seamounts.  For data see Appendix A. Aust: Australia. NZ: New Zealand. 
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Fig. 10. Absolute numbers  and standard deviation of density and diversity values measured  

 

pre-disturbance (indicated as P) and after disturbance (in years) for megafauna at seamounts. 

For data and metric see Appendix A. 
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Fig. 11. Results of Wilcoxon  rank  sum tests for differences in mean recovery (%) relative to 

pre-disturbance diversity and density for megafauna at seamounts. P-values are given for 

significant differences. 
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Fig. 12. Mean recovery (%) relative to pre-disturbance  faunal density and diversity at nodule  

 

fields. For data see Appendix A. CIO: Central Indian Ocean. CCZ:Clarion Clipperton Fracture 

Zone. DISCOL: “DISturbance and reCOLonization  experiment”  in Peru Basin. 
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Fig. 13. Mean recovery (%) relative to pre-disturbance faunal density and diversity at nodule  
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fields. For data see Appendix A  Circles: mobile taxa. Triangle: sessile taxa. Square: rrixed 
taxa (sessile and mobile). 
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Fig. 14. Absolute  numbers  and standard  deviation  of density  and diversity  values  measured 

pre-disturbance (indicated  asP) and after disturbance (in years)  for meio-.  macro-  and 

megafaun  at nodule  fields. For data and metric see Appendix  A Circles:  mobile taxa. 

Triangle:  sessile taxa. Square:  mixed taxa (sessile  and mobile).  CIO: Central Indian  Ocean. 

CCZ:Ciarion Clipperton  Fracture  Zone. DISCOL:  "DISturbance and reCOLonization 

experiment"  in Peru Basin. 
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Fig. 15. Results of Wilcoxon  rank sum tests for differences in mean recovery (%) relative to 

pre-disturbance   diversity  and  density  between  meio-  and  macrofauna   at  nodule  fields 

according  to  region,  size  class  and  mobility.  CIO:  Central  Indian  Ocean.  CCZ:Clarion 

Clipperton  Fracture  Zone. DISCOL:  “DISturbance  and reCOLonization  experiment”  in Peru 

Basin. P-values are given for significant differences. 
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Fig.  16.  Mean  recovery  (%)  relative  to  pre-disturbance   faunal  density  and  diversity  at 

seamounts,  active vents, vent periphery, and nodule fields. No recovery data were available 

for inactive vents. For data see Appendix A. 
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Table 
 
Table 1 
Short summary of main knowledge gaps and problem that currently hinder a precise prediction of 
resilience of benthic deep-sea fauna to mining activities, and potential solutions to diminish 
knowledge gaps. 

 

 
Knowledge gap  Problem Poten tial Solution 

Mining operations  Unknown spatial and temporal scale and nature of    Provide expected scales and conditions of mining operations 

mining operations 
Sediment plumes  Unknown scale or sediment plume (particle size. Provide expected sca les and conditions of sediment plumes 

toxicity. dispersion, temperature) 
Recovery processes Observed recovery patterns are from small-scale  Perform test-mining to investigate elfects 

dislllrbance studies and dirTerentareas 
Lack of methodological Lack hinders intercalibration of data sets even within Develop detailed standardized sampling protocols (sample number. size. area. 

sta ndardization same regions  Limeframe) 
Lack of samples from parts  Impedes estimation of how representative existing     Standardized sampling in license areas 

of license areas data are 

Lack of samples from Impedes whether recolonization can take place from Standardized sampling in potential protected areas 

potential protected  designated preservation areas 
.ue3s 

Faunal variabil ity across 

spatial and temporal 

scales 
undescribed species/lack 

of genetic data 
Biogeography and 

endemicity of fauna 
Umited taxon sampling 

 
Reproductive biology and 

settlement cues 

Difficulty to define pre-disturbance conditions and 
monitor change 
 
Hinders comparison between data sets and 

evaluation of .species range sizes 

Areas that may host source populations are onen 

unknown 

Biased data on biogeography. connectivity and 
recovery potential 

Llrvae and adults likely respond different to stress 
a nd dislllrbance 

Sta ndardized sampling before and aller (test) mi ning. obtain long-term datasets 

 
Describe species including genetic codes (material deposits) 

 
Study biogeography and endemicity (also outside areas of mining interest) 

Study species of different sizes and life traits 

Study biology of species 

RPi t.  rf)   nr tiPPf'-<P; 

species to toxicity 
Cumulative effects 

RP<<i nrP nf t1PPf1·i <P:I <J'PI"'iP< rn tnxir ['llumM m.w    Stwiy f)ffHt< nf tnxiriry nn tiP.Pf'oi(P.:\ <J"PriP< .:\ntl  c:h:aiJnw..w.HPr C::f'PriP<  tt\ tiPtPrminP 

not be esrimar.ed based on shallow-wa!er species suita biliry of shallow-water taxa as eco!Oxicological proxies ror deep-sea taxa 
Cumulative effects may reduce resilience and may act Consider cumulalive  effects 

synergistically 


