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Isopoda
In Isopoda, analyses indicated seven supraspecific taxa: Desmosomatidae, Macrostylidae, Mun-
nopsidae, Nannoniscidae, Haploniscidae, Haplomunnidae and Dendrotionidae (S4 Table).
The most abundant morpho-species were assigned to a new species of Macrostylidae (Macro-
stylis sp.5; 15% RAD (excluding singletons)). Most abundant taxa, for which sequences could

Fig 2. Molecular Neighbor Joining tree (p-distance) of COI polychaete sequences, includingmarked CD-Hit cluster (MOTUs). Highlighted clusters
are those sharing MOTUs only across license areas at a similarity threshold of 97%.

doi:10.1371/journal.pone.0117790.g002
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strategies, from brooding with direct development to free spawning with planktotrophic larvae
[36]. However, information on the biology and ecology of deep-sea species is sparse and often
inferred from knowledge of shallow-water species.

Asellotan isopods (i.e. the majority of deep-sea isopods) are mainly detritivores and forami-
niferivores [37,38]. They brood their young externally in a ventral brood pouch and follow ei-
ther an infaunal or epifaunal lifestyle (i.e. living in or on the sediment). Data on reproduction
patterns in deep-sea isopods are very limited; continuous recruitment throughout the year and
several broods within a lifetime (iteroparity) has been reported [39,40], with each brood yield-
ing up to 30 eggs [39,41].

Fig 1. Study area. A Sampling locations in the German and French license areas; B Detailed map of
sampling locations in French license area; C Detailed map of sampling locations in German license area.

doi:10.1371/journal.pone.0117790.g001

Table 1. List of stations and successfully sequenced organisms.

license
area

station exped. date start lat
(°N)

start long
(°W)

depth
(m)

Trawling distance
(m)

no of
polychaetes

no of
isopods

German EBS12 Mangan 28.04.2010 11.30111 -119.25 4403 2115 65 0

German EBS26 Mangan 02.05.2010 11.830833 -116.447222 4221 2174 80 0

German EBS40 Mangan 05.05.2010 11.938055 -117.052222 3954 463 3 0

German EBS47 Mangan 07.05.2010 12.031944 -117.108333 4128 672 51 0

German EBS61 Mangan 16.05.2010 13.304722 -118.309444 4280 2506 40 0

German EBS06 BioNod12 02.04.2012 11.770345 -116.685561 4259 2271 55 27

German EBS16 BioNod12 04.04.2012 11.794859 -116.885527 4135 2439 19 2

German EBS33 BioNod12 07.04.2012 11.862434 -117.052893 4133 1917 45 14

German EBS43 BioNod12 09.04.2012 11.803588 -117.534345 4358 2163 47 33

German EBS51 BioNod12 11.04.2012 12.520562 -118.223339 4274 2307 31 0

French EBS67 BioNod12 19.04.2012 14.051210 -130.076788 5021 3009 2 15

French EBS73 BioNod12 20.04.2012 14.051245 -130.094259 5027 3459 11 23

French EBS80 BioNod12 21.04.2012 14.093988 -130.066574 4986 3261 18 10

French EBS101 BioNod12 25.04.2012 14.080841 -130.10455 5055 2937 34 17

French EBS107 BioNod12 26.04.2012 14.073819 -130.099879 5023 3879 55 9

556 150

doi:10.1371/journal.pone.0117790.t001
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HURL Video Log Database 
• Records of all fauna seen in submersible dives 
• Pisces IV and V 
• Subset of 13,175 records 
• 200 -2000 m 
• 16 sites, 83 dives 
• Benthic invertebrates only 
• 448 species 

MANGANESE NODULES 21

In general, deep sea habitats are influenced by a number of key 
ecosystem parameters including hydrodynamic regime, bot-
tom-water temperatures, and the flux or flow of sinking food 
material (particulate organic carbon) from the zone, far above, 
where enough light penetrates to enable photosynthesis (Smith 
and Demopoulos 2003; Smith et al. 2008a). The abyssal regions 
experience relative extremes in all of these influences, with typ-
ically very slow bottom currents (and, therefore, high physical 
stability), low bottom-water temperatures (around 2°C), and very 
low annual fluxes of particulate organic carbon. Because animals 
in the abyssal regions rely on the organic material sinking from 
above, abyssal ecosystems are among the most food-limited on 
the planet (Smith et al. 2008a), and ecosystem structure and 
function vary regionally, largely in response to the flux of particu-
late organic carbon (Smith et al. 2008a; Figure 15). 

Species diversity is often high in abyssal habitats, compared 
to more food-rich, shallow-water settings (Snelgrove and Smith 
2002). For example, hundreds of species of polychaete worms 
and isopod crustaceans, such as shrimp, are typically found at 
single abyssal sampling sites (Glover et al. 2002; Brandt et al. 

2005; Ebbe et al. 2010). High diversity is also common among 
relatively large animals, especially echinoderms such as sea 
stars and sea cucumbers, and among much smaller animals, 
including nematode worms and the tiny single-cell, shell-clad 
protozoan foraminiferans. For example, more than 500 species 
of nematodes and over 200 species of foraminiferans have 
been found in single study areas of about 20 x 20 km (Nozawa 
et al. 2006; Smith et al. 2008b; Miljutina et al. 2010). At region-
al scales, diversity is less well quantified but is thought to be 
high, with many thousands of species inhabiting abyssal basins 
(Snelgrove and Smith 2002; Ebbe et al. 2010). 

Some of these abyssal species – especially fish, sea cucumbers, 
and some foraminiferans – are widely distributed. However, many 
species have been collected, sometimes in very high abundance, 
in single localities only (Mullineaux 1987; Glover et al. 2002; 
Brandt et al. 2005; Nozawa et al. 2006; Smith et al. 2008b; Ebbe 
et al. 2010). Thus, there is likely no characteristic scale of distribu-
tion for abyssal species. Some species may be very widely distrib-
uted at abyssal depths across ocean basins, while others appear 
to have very restricted ranges spanning only 100 to 1 000 km.

Large foraminifera growing on manganese nodule from abyssal depths in the CCZ. Photo courtesy of C. Smith.

Crusts	


Nodules	


SMS	


Background - mineral deposits are 
habitats for deep-sea species	
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Effects of mining on deep-sea organisms!

Direct physical 	

damage to habitat	


	


Plume fallout	

	


Extinction of local	

populations	
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The game – use conflicts 
Key Players (stakeholders): 
Mining interests 
•  Exploitation of crusts, nodules and SMS 
 

Deep-sea biologists  
•  Approx. 600 experts worldwide 
•  Primary source of knowledge about 

deep-sea biodiversity 
•  New interest in ecosystem services 
 

Conservation NGO’s 
•  Recent interest in deep-sea conservation 
•  Genetic resource potential 
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….many conservation players	


INDEEP	

Deep-sea ecology and 
biodiversity network	


DOSI	

Promoting deep-sea 	


stewardship	


VentBase	

SMS stakeholder forum	


Primer & best practices documents	


IUCN Commission	


International 	

Seabed Authority	


(EU project 2013-2016) 	
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-  Evolved from Census of Marine Life 
-  International network for deep-sea ecosystem research  
-  Aims: 

•  Advance understanding of biodiversity and  
ecosystem function in global deep ocean. 

•  Bridge gap between science and society to inform 
sustainable management. 

-  Funded by Total Foundation for 2011-2016 
-  450 members in 36 countries 

 

….. who are the players?	

INDEEP	


DOSI	


VentBase	
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Artwork by Tanya Young	


Deep-Ocean Stewardship Initiative	


Inaugural Meeting	

April 15-17, 2013	


Mexico City	


Mission Statement	

DOSI seeks to integrate science, technology, policy, law 
and economics to advise on ecosystem-based 
management of  resource use in the deep ocean 	

and strategies to maintain the integrity of deep-ocean 
ecosystems within and beyond national jurisdictions	


INDEEP	


DOSI	


VentBase	
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Future DOSI Workshops 
•  Strategic Environmental Assessment of mining 

along the mid-Atlantic ridge (SMS and crusts) 
 
•  Environmental Management Strategy for The 

Area.  

•  Deep-sea economic tools and cost-benefit 
analysis for fisheries and mining 
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 VentBase 
Forum for all stakeholders to develop a consensus on 

best way to manage the mining of SMS deposits. 

….. who are the players?	


Production of best-practice and primer documents 
to inform stakeholders and highlight up-to-date 

science to underpin effective management.	


INDEEP	


DOSI	


VentBase	
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www.eu-midas.net

Managing Impacts of Deep Sea Resource Exploitation

The international legal framework 
for deep sea mining: a primer

In a radical departure from the tradition of open access and freedom of the high seas, the 1982 United Nations 
Convention on the Law of the Sea (UNCLOS) declared the seabed area beyond national jurisdiction (the Area) and 
its mineral resources as the “common heritage of mankind”, to be administered for the benefit of mankind as a whole.  
All mineral exploration and exploitation activities must be sponsored by a State Party to UNCLOS and approved by 
the International Seabed Authority (the Authority).  In its 20 years of existence, the Authority has adopted regulations 
and guidance for exploration activities; in 2013 it commenced the development of regulations to govern the future 
exploitation of seabed minerals, starting with polymetallic nodules.

UN Convention on the Law of the Sea
UNCLOS in Part XI, together with its 1994 Implementation 
Agreement relating to Part XI, sets forth the international 
legal framework for activities related to deep seabed 
NJOJOH�BOE�NBSJOF�TDJFOUJmD� SFTFBSDI� JO� UIF�"SFB�� �5IF�
guiding principle of the common heritage of mankind is 
manifested in many ways: 1) all rights in the resources 
of the Area are vested in mankind as a whole; 2) no 
State or natural or juridical persons can claim, acquire 
or exercise rights in connection to resources in the Area 
except in accordance with Part XI; 3) all mining and any 
minerals recovered may only be alienated in accordance 
with UNCLOS and the rules adopted by the Authority; 4) 
States are required to ensure that they exercise “effective 
control” over any activities by their state enterprises 
and other natural or juridical persons they sponsor; 5) 
BDUJWJUJFT�JO�UIF�"SFB�JODMVEJOH�NBSJOF�TDJFOUJmD�SFTFBSDI�
BSF�UP�CF�DBSSJFE�PVU�GPS�UIF�CFOFmU�PG�NBOLJOE�BT�B�XIPMF��
BOE��
�mOBODJBM�BOE�PUIFS�FDPOPNJD�CFOFmUT�GSPN�TFBCFE�
mining are subject to equitable sharing under rules to be 
developed by the Authority (UNCLOS articles 133-143).

UNCLOS requires that necessary measures shall be taken 
to ensure effective protection for the marine environment 
from harmful effects which may arise from mining-
SFMBUFE� BDUJWJUJFT�� 5IF� "VUIPSJUZ� JT� UP� BEPQU� BQQSPQSJBUF�
rules, regulations and procedures for inter alia: 1) the 
prevention, reduction and control of pollution and other 
hazards to the marine environment, and 2) the protection 
and conservation of the natural resources of the Area and 
UIF�QSFWFOUJPO� PG� EBNBHF� UP� UIF� nPSB� BOE� GBVOB� PG� UIF�
marine environment (UNCLOS article 145).

UNCLOS in Part XII requires national rules for pollution 
from seabed activities in the Area as well as within national 
jurisdiction to be no less effective than international rules, 
standards and recommended practices and procedures 
(UNCLOS articles 208-209).  Additionally, all States share 
a common obligation to protect and preserve the marine 
environment, including rare or fragile ecosystems as well 
as the habitat of depleted, threatened or endangered 
species and other forms of marine life (UNCLOS articles 
192 & 194.5).

Institutions
5IF�NBJO�PSHBOT�GPS�UIF�"VUIPSJUZ�BSF�UIF�"TTFNCMZ�UIF�
$PVODJM�UIF�-FHBM�BOE�5FDIOJDBM�$PNNJTTJPO�	-5$
�UIF�
'JOBODF� $PNNJUUFF� BOE� UIF� 4FDSFUBSJBU�� 5IF� "TTFNCMZ�
DPOTJTUT�PG�BMM�NFNCFS�4UBUFT�BOE�FMFDUT�PGmDFST�	$IBJST�
Secretary-General etc) and sets the general policies for 
UIF�"VUIPSJUZ��5IF�$PVODJM�DPOTJTUT�PG����NFNCFS�4UBUFT�
which are elected by the Assembly based on varying 
economic interests and geographic representation. 
5IF�$PVODJM�BDUT�BT�UIF�FYFDVUJWF�PSHBO�BOE�EJTDVTTFT�
TVCTUBOUJWF�NBUUFST��5IF�-5$�SFWJFXT�JOUFS�BMJB�BQQMJDBUJPOT�
for approval of a plan of activities in the Area, supervises 
the contractors and drafts rules and regulations for 
submission to the Council.

5IF� -JMJQVU� IZESPUIFSNBM� WFOU� mFME� .JE�"UMBOUJD�
3JEHF��*NBHF�DPVSUFTZ�307,JFM����(&0."3�

EU Project 2013-2016	
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Multiple players  
Multiple approaches to the game 

DOSI 

Acknowledgments 
• HURL for provision of image data 
• CenSeam for coordinating analyses 
• ISA for funding workshops and 

publications 
• SOPAC for funding participation 

Isopoda
In Isopoda, analyses indicated seven supraspecific taxa: Desmosomatidae, Macrostylidae, Mun-
nopsidae, Nannoniscidae, Haploniscidae, Haplomunnidae and Dendrotionidae (S4 Table).
The most abundant morpho-species were assigned to a new species of Macrostylidae (Macro-
stylis sp.5; 15% RAD (excluding singletons)). Most abundant taxa, for which sequences could

Fig 2. Molecular Neighbor Joining tree (p-distance) of COI polychaete sequences, includingmarked CD-Hit cluster (MOTUs). Highlighted clusters
are those sharing MOTUs only across license areas at a similarity threshold of 97%.

doi:10.1371/journal.pone.0117790.g002
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strategies, from brooding with direct development to free spawning with planktotrophic larvae
[36]. However, information on the biology and ecology of deep-sea species is sparse and often
inferred from knowledge of shallow-water species.

Asellotan isopods (i.e. the majority of deep-sea isopods) are mainly detritivores and forami-
niferivores [37,38]. They brood their young externally in a ventral brood pouch and follow ei-
ther an infaunal or epifaunal lifestyle (i.e. living in or on the sediment). Data on reproduction
patterns in deep-sea isopods are very limited; continuous recruitment throughout the year and
several broods within a lifetime (iteroparity) has been reported [39,40], with each brood yield-
ing up to 30 eggs [39,41].

Fig 1. Study area. A Sampling locations in the German and French license areas; B Detailed map of
sampling locations in French license area; C Detailed map of sampling locations in German license area.

doi:10.1371/journal.pone.0117790.g001

Table 1. List of stations and successfully sequenced organisms.

license
area

station exped. date start lat
(°N)

start long
(°W)

depth
(m)

Trawling distance
(m)

no of
polychaetes

no of
isopods

German EBS12 Mangan 28.04.2010 11.30111 -119.25 4403 2115 65 0

German EBS26 Mangan 02.05.2010 11.830833 -116.447222 4221 2174 80 0

German EBS40 Mangan 05.05.2010 11.938055 -117.052222 3954 463 3 0

German EBS47 Mangan 07.05.2010 12.031944 -117.108333 4128 672 51 0

German EBS61 Mangan 16.05.2010 13.304722 -118.309444 4280 2506 40 0

German EBS06 BioNod12 02.04.2012 11.770345 -116.685561 4259 2271 55 27

German EBS16 BioNod12 04.04.2012 11.794859 -116.885527 4135 2439 19 2

German EBS33 BioNod12 07.04.2012 11.862434 -117.052893 4133 1917 45 14

German EBS43 BioNod12 09.04.2012 11.803588 -117.534345 4358 2163 47 33

German EBS51 BioNod12 11.04.2012 12.520562 -118.223339 4274 2307 31 0

French EBS67 BioNod12 19.04.2012 14.051210 -130.076788 5021 3009 2 15

French EBS73 BioNod12 20.04.2012 14.051245 -130.094259 5027 3459 11 23

French EBS80 BioNod12 21.04.2012 14.093988 -130.066574 4986 3261 18 10

French EBS101 BioNod12 25.04.2012 14.080841 -130.10455 5055 2937 34 17

French EBS107 BioNod12 26.04.2012 14.073819 -130.099879 5023 3879 55 9

556 150

doi:10.1371/journal.pone.0117790.t001

Macrofaunal Distribution Patterns in the Pacific Abyss, CCZ
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Simplified framework for considering 
impacts of seabed mining on deep-sea 

organisms 
•  Valuation 

o  What’s there? (rarity, uniqueness)  
o  Value to marine ecosystem? (ecosystem function) 
o  Value to society? (ecosystem goods and services) 
 

•  Recovery Trajectory 
o  How long? 
 

•  Spatial Planning Considerations 
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Valuation - What’s there?	
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Uniqueness of 
local gene pool	


Geographic range of 
affected species	


Bacharty et al 2009	


Valuation – Rarity or Uniqueness	

(everything is not everywhere)	
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Valuation – Ecosystem function	

(“benefits that ecosystems derive from different components”)	


Ecosystem Function 
Category 

Examples 

Food  Photosynthesis by plankton 
supports fisheries 

Regeneration processes Recycling and filtration of natural 
and human waste 

Physical habitat Corals and sponges create habitat 
for fish and other organisms 

Unknown Ecosystem functions yet to be 
discovered 
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Valuation – Ecosystem services	

(“the benefits that people derive from ecosystems”)	


Ecosystem Service 
Category 

Examples 

Production of goods Food, Pharmaceuticals 
Durable materials 
Energy 

Stabilization processes Seabed and seashore stabilization 
Weather and climate modulation 

Scientific and Cultural value Scientific discovery 
Educational value 

Preservation of options Goods and services yet to be 
discovered 
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Marine Scientific Research is major stakeholder in deep-sea	

•  > 600 researchers globally, approx. 30 laboratories	

•  > $250M annually in research funding	


Valuation – Scientific Value	
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Valuation - Cultural Value	

•  Entertainment	

•  Public education	
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Valuation – Potential Economic Value	


Genetic Resources in the Deep Sea 
 – The Promise 

“… a source of new and viable wealth creation”*	

	


* National strategy on marine bioprospecting, Norway, 2009	
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Ecteinascidia turbinata	


Yondelis® (trabectedin) 
-  Marine derived anti-tumoral agent 
discovered in the colonial tunicate 

Ecteinascidia turbinata and now produced 
synthetically by PharmaMar.	


	

- Currently approved for treatment of ovarian 

cancer in 57 countries	
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Samples collected	


Samples screened	


Hits 	

(bioactivity)	


Leads	

identified	


Preclinical trials	


Clinical trials	


Commercial drug	


Timeline	


?	


1 yr	


1 yr	


1-2 yrs	


2-4 yrs	


4-6 yrs	


Number of samples/species	


Drug discovery and development from natural products  

15-20 years from sample to market	

US$900M development cost for one drug	


(adapted from Hunt & Vincent (2006) Ambio 35, No. 2)	


Currently 7 approved 
(by US FDA) drugs from 

marine organisms	
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Framework – evaluating seabed 
mining impacts 

•  Valuation 
o  What’s there? (rarity, uniqueness)  
o  Value to marine ecosystem? (ecosystem function) 
o  Value to society? (ecosystem goods and services) 
 

•  Recovery Trajectory 
o  How long? 
 

•  Spatial Planning Considerations 
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Recovery Trajectory	


•  Extent of physical habitat disturbance	

•  Need for physical habitat to return to original state	

•  Natural rate of habitat recovery	

•  Rates of recolonization by fauna	

•  Species growth rates	
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Framework – evaluating seabed 
mining impacts 

•  Valuation 
o  What’s there? (rarity, uniqueness)  
o  Value to marine ecosystem? (ecosystem function) 
o  Value to society? (ecosystem goods and services) 
 

•  Recovery Trajectory 
o  How long? 

•  Spatial planning considerations 
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Effects of Productivity 

Even at great depth, gradients in 
the  amount  of  “food”  sinking  to  
the seafloor has a major effect 

Mincks & Smith 2006 

Spatial Planning Considerations	


•  Regional patterns in species distribution	

•  Is recovery a realistic goal?	

•  Location and size of reserve areas	
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Crusts 	

(Co-rich, Fe-Mn)	


-  Fauna data from studies in 
Hawaiian seamount chain	


-  Video from submersible & 
ROV dives	


recorded at less than five individuals on the dive were scored

as a ‘1’. Thus, the final abundance ranks reflect whether a

taxon was absent (rank = 0), present in comparatively low

numbers throughout a dive even when consistently found

(rank 1) or comparatively more abundant (rank 2). This

method of assessing relative abundance therefore reflects

whether a taxon was ever more abundant than any other

taxon on a dive while also preserving a measure of abun-

dance (i.e. unlike the drastic reduction that a presence/

absence transformation would entail). Technically, we

adopted this ordinal scale because it is not possible to obtain

an absolute measure of abundance or frequency of occur-

rence at the scale of the sampling unit (i.e. a submersible

dive) because of variability in the speed of the submersible

and changes to the field of view that may occur within and

between the 5-min observation intervals making up a dive.

From the full dataset, we culled all records that were not

benthic invertebrates.

Environmental data

Seafloor characteristics were described using three comple-

mentary properties: (1) principal substratum type and parti-

cle size (e.g. sediment, pebbles, cobbles, boulders, bedrock,

man-made), (2) bottom topography or relief (e.g. ledges,

pillow lava extrusions) and (3) substratum composition (e.g.

basalt, mudstone, limestone). To convert these qualitative

classes from visual observations into values suitable for

numerical analysis, we first scored the observational data for

relative hardness (soft/unconsolidated = 0, hard = 1), size

(sediment = 0, pebble = 0.25, cobble = 0.5, boulder = 0.75,

bedrock = 1) and for relief (low = 0, medium = 0.5,

high = 1). Because the substratum data are associated with

individual biological records, the amount of data varied

depending on the number of taxa recorded per 5-min obser-

vation interval. To obtain an unbiased descriptor of seafloor

characteristics which is representative of a whole dive, we

first calculated the mean score within each 5-min observation

window and then averaged across all these mean values that

made-up a dive (‘mean of the mean’ or grand mean).

To generate a single metric for substratum type, we ran a

principal component analysis (PCA) of the hardness and size

values for all dives. This analysis indicated that the first axis

of the PCA accounted for 65% of the total variation, and

thus, the score of this axis could be used as a quantitative

value for substratum type. The same type of PCA analysis

(first axis accounted for 50% of total variation) was used to

derive a single metric for substratum composition per dive:

here, the underlying data were values of the relative

frequency of occurrence of sediment, basalt, mudstone and

limestone per dive.

Dive records contained annotations on whether manganese

crust was observed on the seafloor. The presence of crust is of

interest in examining whether it is correlated with variation in

the structure of benthic assemblages. Whether the observed

crusts had high or low cobalt content, or were of a particular

thickness, however, is not known. In the absence of such data,

the presence of manganese crusts themselves remains a useful

proxy for cobalt-rich crusts. Thus, substratum data for each

record were scored to obtain a metric for crust occurrence

(manganese crust = 1, no crust = 0), and the grand mean was

calculated as for data on relief and substratum size to obtain a

measure of ‘Mn-crust prevalence’ in each dive.

Whether a dive occurred in or outside a prime region for

the development of thick, cobalt-rich crust was determined

by reference to Hein et al. (2009). Data for seafloor tempera-

ture (°C), salinity (&), and oxygen (ml l!1) were obtained

from the CARS2009 dataset, which contains mean values,

standard deviations and seasonal coefficients created by aver-

aging/interpolating available global oceanographic cast data

(including ARGO float data) for 79 depth layers at a

resolution of 0.5° latitude⁄longitude (Ridgway et al., 2002)

Figure 1 Map showing the position of
dives at sites in and outside a cobalt-rich
crust region (defined by Hein et al.,
2009) in the vicinity of the Hawaiian
archipelago (inset shows position of the
study area in the Pacific Ocean).
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Challenges for seamount conservation by seabed mining
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•  967 ‘species’	

•  What lives where?	
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Seamounts with Co-crusts may have different 	

fauna from non-crust seamounts	


Surugiu et al., 2008) and corals (Hall-Spencer et al., 2007)

over distances of 100s of km, reporting up to 70% dissimi-

larity between seamounts. In the South-west Pacific, the rela-

tionship between spatial separation of seamounts and biotic

similarity of the fauna has been examined for mixed inverte-

brate assemblages at distances up to 3000 km by Richer de

Forges et al. (2000). Subsequent studies on molluscs (Samadi

et al., 2006; Castelin et al., 2010, 2011), galatheids (Rowden

et al., 2010b) and ophiuroids (O’Hara et al., 2008) in the

same general region reported an effect of geographic dis-

tances of 100s to 1000s of km on the degree of resemblance

among assemblages. O’Hara et al. (2010) found that species

composition changed along the 950 km Vitoria-Trindade

seamount chain in the western South Atlantic. These recent

studies emphasize that it is difficult to generalize about

the geographic scales over which faunal assemblages of

seamounts are structured.

The results of our analyses show that distinct differences

in assemblages on a seamount are often not evident at dis-

tances < 2 km, possibly due to overlap of monospecific beds

at this scale. Patterns of taxa turnover at distances > 2 km

within a seamount were most pronounced for assemblages at

intermediate (300–700 m) water depths. The pattern of taxa

turnover with distance was very gradual across the region.

Turnover rates across the region were highest among assem-

blages on the deepest seamounts (700–2000 m), but even for

these seamounts geographic separation was a poor predictor

of assemblage dissimilarity.

Our analyses revealed that a broad suite of environmental

variables are potential drivers of assemblage structure on sea-

mounts in the region. These drivers include hydrographic

conditions as well as seafloor characteristics – a result similar

to comparable studies elsewhere (e.g. O’Hara et al., 2010;

Rowden et al., 2010b). Of particular interest for this study

was that the prevalence of Mn-crust was identified as one

potential determinant of benthic assemblage structure on

seamounts in the region. However, the likely influence of

Mn-crust (as suggested by our modelling) is comparable to

that of other properties of the seafloor (e.g. relief, topogra-

phy, hardness) and thus must not be viewed in isolation.

Nevertheless, this result does provide some support for the

contention that the presence of Mn-crusts has an influence

on the structure of benthic assemblages (Pratt, 1967; Grigg

et al., 1987).

Difference between assemblages inside and outside
the cobalt-rich crust region

We found a significant difference in assemblage structure in

and out of the cobalt-rich crust region. This difference was

not driven by a higher number of taxa being unique to the

cobalt-rich crust region nor, as implied by the work of Grigg

et al. (1987), a lower number of taxa in the cobalt-rich crust

region. Rather, the difference results mainly from difference

in abundance scores of taxa in each region. Although the

abundance estimates are based on simple visual abundance

scores, our data indicate that more taxa are likely to be less

abundant inside the cobalt-rich crust region, particularly on

deep seamounts. Whether the relatively low abundance

scores of benthic fauna on cobalt-rich crusts are a result of

the chemical nature of the crusts remains to be determined,

but these findings provide support for Grigg et al. (1987)

Table 2 Summary of permutational multivariate analysis of variance (PERMANOVA) contrasting the structure of seamount
assemblages between dives located inside and outside the cobalt-rich crust region. The model used sequential (Type 1) sum of squares
and included Depth as a covariate. The primary test of interest is to examine the effect of ‘Location’ (highlighted), after accounting for
the effects of depth, submersible type and the principal investigator

Source d.f. SS MS Pseudo-F P (perm) Unique permutations

Depth (covariate) 1 36,863 36,863 13.38 <0.001 998

Principal investigator 7 10,1220 14,460 5.25 <0.001 997

Submersible type 1 5822 5822 2.11 <0.001 996

Location (in or outside the cobalt-rich crust region) 1 11,135 11,135 4.04 <0.001 998

Residual 122 336,140 2755

Total 132 491,180

Figure 3 Ordination (non-metric multidimensional scaling)
comparing benthic assemblage structure among dives inside and
outside the cobalt-rich crust region at three depth strata (cf. Fig.
S1 for depth strata classification).
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Preliminary results 
• Depth is a key driver of community composition 
• Substrate is important driver of community 

composition 
• Mn-crust does influence community composition 

zero/low (<0.20) 

low / medium (0.21-0.80) 

high (>0.80) 

Mn-Crust 

2009 study for ISA	

- no crust influence	


2011 workshop with more data	

- some crust influence	
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Ecosystem Function - Biogenic habitat	
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Ecosystem Function - Biofiltration	


TREE vol. 13, no. 8 August 1998

while increasing information content. He has also pointed
out that a gradual increase in energy from outside the 
community will increase community complexity because,
although the energy entering a system is additive, the effect
of new additions is to multiply the structural complexity of
the system. Therefore, although the different exploitation
strategies are an outcome of the ecological and morpho-
logical diversity of benthic invertebrates, a small increase in
the available energy via an increase in the number and
diversity of allochthonous particles (i.e. exogenous food
particles transported into the system) will increase the
opportunities for exploitation by communities of suspen-
sion feeders, causing the number of different strategies to
rise. As a result, different communities of suspension feed-
ers develop according to the available energy. The commu-
nity starts with a variety of small and opportunistic species
(e.g. hydroids, bryozoans and ascidians), which are similar
to the fouling communities (i.e. assemblage of organisms
growing on the surface of floating or submerged man-made
objects) with a laminar flow above the suspension feeding
bed. Step by step, while the size and the number of erect 
and massive species increase, the hydrodynamic regime
becomes more heterogeneous, enhancing habitats that
cause flow retention, which favour the development of rich
and diverse communities. Consequently, a chain of succes-
sion can be drawn from estuarine bivalve communities to
complex Mediterranean and coral reef communities.

As proposed by Margalef35, succession and community
development are bound together both spatially and tempo-
rally. It therefore follows that communities of suspension
feeders have not only evolved towards highly complex,
three-dimensional structures capable of processing and
absorbing large quantities of energy, but have also become
adept at economizing and maximizing the benefit derived
from the energy captured from food particles. Mediterranean
rocky coralligenous communities are a good example of this.

Suspension feeder communities as a boundary system:
from the standpoint of succession and energy transfer 

The sea shore is a clear example of a boundary between
ecological systems (i.e. the terrestrial and marine). Com-
munities of benthic suspension feeders also lie at a bound-
ary between the substratum (‘bottom’) and the water col-
umn (‘sea’). From the standpoint of water column structure
and dynamics, the hard bottom benthos – that is, the living
stratum immediately above the substratum – has usually
been regarded as a sink where the remains of the water col-
umn production comes to rest. However, in littoral systems,
the benthos, such as suspension feeder communities, is an
extremely active part of the system, not only receiving food
particles that settle out of the water column, but also ac-
tively exploiting and temporarily storing particles that are
transported by current flows within the water column. Con-
sequently, communities of suspension feeders make up a
highly active boundary system. Given the Margalef pro-
posal35, this type of boundary system is more dynamic than
those traditionally considered in ecology, that is, disconti-
nuities and ecotones.

Among the main reasons that make this boundary system
so active is that a system dominated by suspension feeders
is highly structured and quite efficient at exploiting the less
structured system of plankton. For example, the cost of cap-
ture is virtually nil in passive benthic suspension feeders,
whereas in active suspension feeders, pumping may account
for up to 4% of energy demand8. Furthermore, quantitative
assessment of particle and prey capture by suspension
feeders has shown them to be a key element in the economy

of the littoral system. However, much more comparable
information needs to be compiled on the amount of energy
captured that is transferred to other marine ecosystems.

From a successional standpoint, the ability of suspen-
sion feeders to exploit the plankton links the benthic and
planktonic systems together. Communities of benthic sus-
pension feeders can be classified along a gradient of suc-
cessional development, defined in terms of the energy they
obtain from particulate matter. It has been suggested that

REVIEWS

319

Fig. 1. (a) Diagrammatic localization and configuration of four Mediterranean sub-
littoral communities from a vertical wall outside a cave to a horizontal one inside
the cave. The number at the top of each representation is the biomass in dry
weight. The width and direction of arrows roughly indicate the direction and inten-
sity of water flow in each community. (b) The stacked bars represent the biomass
(ash free dry weight) of the main groups comprising each community. The num-
bers at the side of each bar indicate the number of species within each group. 
(c) Representation of the Mediterranean ‘coralligenous’ sublittoral community
(approximately 1 m2) as an example of a complex three-dimensional community
dominated by suspension feeders.
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Ecosystem Function - Biofiltration	


than under 5.0 cm s−1
flow speed (Purser et al., 2010), and they are

even higher for specimens from the Mediterranean Sea (12 °C) under
1 cm s−1

flow speed (Tsounis et al., 2010). However, the effects of
flow and temperature on capture rates may be species-specific and
may contribute to explain interspecific differences in geographic distri-
bution of CWC species. The known distribution of the non-reef forming
CWC Dendrophyllia cornigera is restricted to the Mediterranean Sea and
the eastern Atlantic from the south of Ireland to the Cape Verde Islands,
at temperatures ranging from 11 to 17 °C (Gori et al., 2014 and refer-
ences herein). A severe reduction in the rates of the main physiological
processes at 8 °C (Gori et al., 2014)may explain the absence of this CWC
from most of the north-eastern Atlantic, where temperatures range
from 5 to 10 °C and CWC reefs are dominated by L. pertusa (Dullo
et al., 2008; Fosså et al., 2002; Purser et al., 2013; Roberts et al.,
2009b). Conversely, its capability to maintain physiological functions
between 12 and 16 °C (Gori et al., 2014) probably contributes to make
D. cornigera to be the most abundant CWC species in deep-sea ecosys-
tems around the Canary Islands, where temperature (13–16 °C, Barton
et al., 1998) is not suitable for the otherwise more widespread CWC
L. pertusa and Madrepora oculata (Brito and Ocaña, 2004; Brooke et al.,
2013; Roberts et al., 2006). However, the reduction in the metabolism
induced by coldwaters (Gori et al., 2014) could also affect the capability
of D. cornigera to capture zooplankton, as previously observed in tropi-
cal corals (Johannes and Tepley, 1974; Palardy et al., 2005). On the other
hand, a higher feeding success at increased temperatures may contrib-
ute to explain the preference of this CWC species for temperate rather
than strictly cold environments.

The aim of this study was to investigate the efficiency of D. cornigera
to capture meso- and macrozooplankton under different flow speeds
and seawater temperatures. Bothmeso- andmacrozooplankton capture
by D. cornigera were quantified under three different flow speeds (2, 5
and 10 cm s− 1) for colonies grown at two temperatures (12 and
16 °C) near the extremes of the known thermal range of this species,
and at a lower temperature (8 °C) that is characteristic of the north-
eastern Atlantic CWC reefs (Dullo et al., 2008; Roberts et al., 2009b)
where the species is absent.

2. Materials and methods

2.1. Coral collection and preparation

Coral specimenswere collected in theMenorca Channel bymeans of
the JAGO manned submersible (IFM-GEOMAR) during the cruise
INDEMARES 3, and were maintained alive on board. After recovery,
the coral specimens were brought to the Institut de Ciències del Mar
(CSIC; Barcelona, Spain) andmaintained in a tank (140 l) with a contin-
uousflowofMediterranean seawater pumped from15mdepth at a rate
of 60 l h−1 and filtered by a 50 μm sand filter (Olariaga et al., 2009).
Water temperature was maintained close to in situ conditions (12 ±
1.0 °C), and continuous water movement in the tank was provided by
two submersible pumps with a flow rate of 3200 l h−1. Corals were
fed 5 times a week with frozen Mysis (Crustacea, Eumalacostraca) and
Artemia salina (Crustacea, Sarsostraca) adults. For the development of
the experimental work, the specimens of D. cornigerawere transferred
to the Centre Scientifique de Monaco (CSM, Monaco, Principality of
Monaco) and maintained during a month at the same water tempera-
ture as in Barcelona in order to allow the specimens to acclimate. Corals
were then placed into three different 25 l darkened tanks (4 nubbins per
tank) with a continuous flow of Mediterranean seawater freshly
pumped from 50 m depth at a rate of 20 l h−1. A submersible pump
provided continuous water movement with a flow rate of 320 l h−1,
and water temperature was maintained in each tank at 12 ± 0.5 °C by
means of chillers (Teco TR 20, Ravenna, Italy) and 300 W heaters
(Aquarium Systems Visi-therm, Sarrebourg, France) connected to inde-
pendent temperature controllers (West 6100, Kassel, Germany). Coral
nubbins were distributed in order to have approximately the same

skeletal mass and polyp number in each tank (Table 1). After one
week under the above controlled conditions, seawater temperature of
two of the three thanks was progressively changed (0.5 °C per day) to
reach three experimental temperatures: 8 ± 0.5 °C, 12 ± 0.5 °C and
16 ± 0.5 °C. Corals were maintained during 10 months under these
conditions before the experiments started, and were fed 5 times a
week with Mysis.

2.2. Experimental setup

Capture rate experiments were conducted in 7 l methacrylate incu-
bation flow chambers (40 cm long × 10 cm wide × 20 cm high)
(Fig. 1), equipped with a motor driven propeller with a defined rota-
tional speed. These chambers were designed to create a laminar current
that circulates around a central platform where nubbins are placed
during the experimental runs (for a detailed description, see:
Houlbreque et al., 2004). Flow speeds were established by means of
an electromagnetic current meter (AEM1-D, ALEC Electronics, Kobe,
Japan), and the chambers were placed in a water bath, which main-
tained a constant temperature. For each experimental run, one coral
nubbin was placed in the incubation chamber, which was filled with
Mediterranean seawater at the selected temperature (with a constant
water renewal of 20 l h−1), and allowed to acclimate under a constant
flow. When polyps were fully expanded, the water renewal was
stopped, the flow speed was adjusted to the tested speed, and the
experimental run started by prey delivery in the chamber. Four replicat-
ed experiments were conducted per each combination of temperature
(8 °C, 12 °C, and 16 °C), flow speed (2, 5, and 10 cm s−1), and prey

Table 1
Weight, surface, calyx area and number of polyps of the Dendrophyllia cornigera nubbins
incubated under the three experimental temperatures.

Treatment Weight Surface Number of polypS Calyx area

(g) (cm2) (cm2)

8 °C 12.4 31.9 1 2.2
9.4 23.7 2 3.0
6.6 19.0 2 1.9
3.3 11.0 1 1.5
7.9 ± 3.9 21.4 ± 8.7 2.2 ± 0.6

12 °C 20.5 34.6 1 4.8
10.2 18.4 1 2.3
8.6 21.3 2 3.0
2.0 8.2 1 1.1
10.3 ± 7.7 20.6 ± 10.9 2.8 ± 1.5

16 °C 15.3 28.2 2 2.5
9.8 32.4 2 3.9
3.9 13.4 1 3.2
3.3 12.9 1 2.9
8.1 ± 5.6 21.7 ± 10.1 3.1 ± 0.6

Motor driven
propeller

Coral
nubbinDirection of

circulation

Fig. 1. Scale diagram of the recirculating flow chamber setup (7 l volume).

93A. Gori et al. / Journal of Experimental Marine Biology and Ecology 466 (2015) 92–97

Difficult to quantify	
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Potential loss of biofiltration capacity for 20 km2 mine 
sub-block on seamounts	


From Hein et al (2009)	


Working with DOSI researchers to develop estimates	

- Potentially tonnes of particulate material per day	
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Valuation Criterion Value 

What’s there? 967 ‘species’ on Hawaiian 
seamount chain 

Rare or unique Possibly … 

Ecosystem function Corals create physical habitat 
Corals and sponges filter seawater 

Scientific and  
Cultural value 

Seamounts are biodiversity 
hotspots 

Potential economic value Seamount fisheries 

Impact evaluation framework - crusts	
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Recovery Trajectory 	

•  crusts take millions of year to form	

•  large organisms on crusts grow very slowly	


(10’s to 100’s of years) 	

Hard substrate fauna 

• Corals and sponges dominant 
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Spatial Planning Considerations - Crusts	


recorded at less than five individuals on the dive were scored

as a ‘1’. Thus, the final abundance ranks reflect whether a

taxon was absent (rank = 0), present in comparatively low

numbers throughout a dive even when consistently found

(rank 1) or comparatively more abundant (rank 2). This

method of assessing relative abundance therefore reflects

whether a taxon was ever more abundant than any other

taxon on a dive while also preserving a measure of abun-

dance (i.e. unlike the drastic reduction that a presence/

absence transformation would entail). Technically, we

adopted this ordinal scale because it is not possible to obtain

an absolute measure of abundance or frequency of occur-

rence at the scale of the sampling unit (i.e. a submersible

dive) because of variability in the speed of the submersible

and changes to the field of view that may occur within and

between the 5-min observation intervals making up a dive.

From the full dataset, we culled all records that were not

benthic invertebrates.

Environmental data

Seafloor characteristics were described using three comple-

mentary properties: (1) principal substratum type and parti-

cle size (e.g. sediment, pebbles, cobbles, boulders, bedrock,

man-made), (2) bottom topography or relief (e.g. ledges,

pillow lava extrusions) and (3) substratum composition (e.g.

basalt, mudstone, limestone). To convert these qualitative

classes from visual observations into values suitable for

numerical analysis, we first scored the observational data for

relative hardness (soft/unconsolidated = 0, hard = 1), size

(sediment = 0, pebble = 0.25, cobble = 0.5, boulder = 0.75,

bedrock = 1) and for relief (low = 0, medium = 0.5,

high = 1). Because the substratum data are associated with

individual biological records, the amount of data varied

depending on the number of taxa recorded per 5-min obser-

vation interval. To obtain an unbiased descriptor of seafloor

characteristics which is representative of a whole dive, we

first calculated the mean score within each 5-min observation

window and then averaged across all these mean values that

made-up a dive (‘mean of the mean’ or grand mean).

To generate a single metric for substratum type, we ran a

principal component analysis (PCA) of the hardness and size

values for all dives. This analysis indicated that the first axis

of the PCA accounted for 65% of the total variation, and

thus, the score of this axis could be used as a quantitative

value for substratum type. The same type of PCA analysis

(first axis accounted for 50% of total variation) was used to

derive a single metric for substratum composition per dive:

here, the underlying data were values of the relative

frequency of occurrence of sediment, basalt, mudstone and

limestone per dive.

Dive records contained annotations on whether manganese

crust was observed on the seafloor. The presence of crust is of

interest in examining whether it is correlated with variation in

the structure of benthic assemblages. Whether the observed

crusts had high or low cobalt content, or were of a particular

thickness, however, is not known. In the absence of such data,

the presence of manganese crusts themselves remains a useful

proxy for cobalt-rich crusts. Thus, substratum data for each

record were scored to obtain a metric for crust occurrence

(manganese crust = 1, no crust = 0), and the grand mean was

calculated as for data on relief and substratum size to obtain a

measure of ‘Mn-crust prevalence’ in each dive.

Whether a dive occurred in or outside a prime region for

the development of thick, cobalt-rich crust was determined

by reference to Hein et al. (2009). Data for seafloor tempera-

ture (°C), salinity (&), and oxygen (ml l!1) were obtained

from the CARS2009 dataset, which contains mean values,

standard deviations and seasonal coefficients created by aver-

aging/interpolating available global oceanographic cast data

(including ARGO float data) for 79 depth layers at a

resolution of 0.5° latitude⁄longitude (Ridgway et al., 2002)

Figure 1 Map showing the position of
dives at sites in and outside a cobalt-rich
crust region (defined by Hein et al.,
2009) in the vicinity of the Hawaiian
archipelago (inset shows position of the
study area in the Pacific Ocean).
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Challenges for seamount conservation by seabed mining

Need to protect some crust habitat?	

Depth is important consideration.	
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Seafloor Massive Sulphides 
•  Depths 100-5000 metres 
•  Organisms directly colonize active 
(venting hot water) mineral deposits 
•  100’s of unique species 
•  High degree of genetic novelty 
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-  energy oases for !

specialized ecosystems!
!

H2S in hydrothermal fluids!
provides energy for !
chemosynthesis of new !

organic matter !

Specialised animals and !
microbes colonise seafloor !

vents!

Ø  High biomass	

Ø  Rapid growth	


Ø  Low animal biodiversity	

Ø  High microbial diversity	
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Genetic resources at hydrothermal vents 

•  Small number of animal species 
•  High, unquantified diversity of 

microbes 
•  Genetic novelty 
o  Growth at high temperatures 
o  Resistance to heavy metals 
o  Unusual symbioses 
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Valuation Criterion Value 

What’s there? Specialized animals and microbes at hydrothermal 
vents 

Rare or unique >80% unique to hydrothermal events 
Regional endemism 

Scientific value High 

Cultural value High 

Potential economic value High potential 

Recovery Trajectory = high capacity for rapid 
recolonisation – requires nearby mother populations	


Impact Evaluation Framework – SMS deposits	
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•  Larvae can recolonize disturbed 
sites from nearby populations  

•  Some species known from single 
sites only – need more info 

•  Identify nearby reserve areas  
 

Phase 1	
 Phase 2	


Larvae from reserve area	


Predominant bottom currents	


Spatial Planning Considerations – SMS	


www.eu-midas.net

Managing Impacts of Deep Sea Resource Exploitation

The international legal framework 
for deep sea mining: a primer

In a radical departure from the tradition of open access and freedom of the high seas, the 1982 United Nations 
Convention on the Law of the Sea (UNCLOS) declared the seabed area beyond national jurisdiction (the Area) and 
its mineral resources as the “common heritage of mankind”, to be administered for the benefit of mankind as a whole.  
All mineral exploration and exploitation activities must be sponsored by a State Party to UNCLOS and approved by 
the International Seabed Authority (the Authority).  In its 20 years of existence, the Authority has adopted regulations 
and guidance for exploration activities; in 2013 it commenced the development of regulations to govern the future 
exploitation of seabed minerals, starting with polymetallic nodules.

UN Convention on the Law of the Sea
UNCLOS in Part XI, together with its 1994 Implementation 
Agreement relating to Part XI, sets forth the international 
legal framework for activities related to deep seabed 
NJOJOH�BOE�NBSJOF�TDJFOUJmD� SFTFBSDI� JO� UIF�"SFB�� �5IF�
guiding principle of the common heritage of mankind is 
manifested in many ways: 1) all rights in the resources 
of the Area are vested in mankind as a whole; 2) no 
State or natural or juridical persons can claim, acquire 
or exercise rights in connection to resources in the Area 
except in accordance with Part XI; 3) all mining and any 
minerals recovered may only be alienated in accordance 
with UNCLOS and the rules adopted by the Authority; 4) 
States are required to ensure that they exercise “effective 
control” over any activities by their state enterprises 
and other natural or juridical persons they sponsor; 5) 
BDUJWJUJFT�JO�UIF�"SFB�JODMVEJOH�NBSJOF�TDJFOUJmD�SFTFBSDI�
BSF�UP�CF�DBSSJFE�PVU�GPS�UIF�CFOFmU�PG�NBOLJOE�BT�B�XIPMF��
BOE��
�mOBODJBM�BOE�PUIFS�FDPOPNJD�CFOFmUT�GSPN�TFBCFE�
mining are subject to equitable sharing under rules to be 
developed by the Authority (UNCLOS articles 133-143).

UNCLOS requires that necessary measures shall be taken 
to ensure effective protection for the marine environment 
from harmful effects which may arise from mining-
SFMBUFE� BDUJWJUJFT�� 5IF� "VUIPSJUZ� JT� UP� BEPQU� BQQSPQSJBUF�
rules, regulations and procedures for inter alia: 1) the 
prevention, reduction and control of pollution and other 
hazards to the marine environment, and 2) the protection 
and conservation of the natural resources of the Area and 
UIF�QSFWFOUJPO� PG� EBNBHF� UP� UIF� nPSB� BOE� GBVOB� PG� UIF�
marine environment (UNCLOS article 145).

UNCLOS in Part XII requires national rules for pollution 
from seabed activities in the Area as well as within national 
jurisdiction to be no less effective than international rules, 
standards and recommended practices and procedures 
(UNCLOS articles 208-209).  Additionally, all States share 
a common obligation to protect and preserve the marine 
environment, including rare or fragile ecosystems as well 
as the habitat of depleted, threatened or endangered 
species and other forms of marine life (UNCLOS articles 
192 & 194.5).

Institutions
5IF�NBJO�PSHBOT�GPS�UIF�"VUIPSJUZ�BSF�UIF�"TTFNCMZ�UIF�
$PVODJM�UIF�-FHBM�BOE�5FDIOJDBM�$PNNJTTJPO�	-5$
�UIF�
'JOBODF� $PNNJUUFF� BOE� UIF� 4FDSFUBSJBU�� 5IF� "TTFNCMZ�
DPOTJTUT�PG�BMM�NFNCFS�4UBUFT�BOE�FMFDUT�PGmDFST�	$IBJST�
Secretary-General etc) and sets the general policies for 
UIF�"VUIPSJUZ��5IF�$PVODJM�DPOTJTUT�PG����NFNCFS�4UBUFT�
which are elected by the Assembly based on varying 
economic interests and geographic representation. 
5IF�$PVODJM�BDUT�BT�UIF�FYFDVUJWF�PSHBO�BOE�EJTDVTTFT�
TVCTUBOUJWF�NBUUFST��5IF�-5$�SFWJFXT�JOUFS�BMJB�BQQMJDBUJPOT�
for approval of a plan of activities in the Area, supervises 
the contractors and drafts rules and regulations for 
submission to the Council.

5IF� -JMJQVU� IZESPUIFSNBM� WFOU� mFME� .JE�"UMBOUJD�
3JEHF��*NBHF�DPVSUFTZ�307,JFM����(&0."3�

Seafloor Mining Tool	
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Habitats and biodiversity in 
manganese nodule regions

2.1

Manganese nodules occur widely on the vast, sediment-cov-
ered, rolling plains of the abyssal ocean (an environment that 
occupies more than half of Earth’s surface) at depths of about 
4 000 to 6 500 m. The nodules are especially widespread in the 
North and South Pacific basins at latitudes greater than 10° N 
and S (McMurtry 2001). Where nodules occur, they are typically 
the predominant hard substrate, covering up to 75 per cent of 
the sea floor. Manganese nodules vary in size, abundance, and 

surface texture, producing habitat heterogeneity, or diversity, 
at the sea floor on landscape (km) scales for both hard-bottom 
and soft-sediment biotas, or life forms. This habitat heteroge-
neity leads to variations in faunal (animal) abundance and com-
munity structure. Different communities live in sediments with 
heavy and light nodule cover, and distinct groups of animals 
live on the nodules themselves (Mullineaux 1987; Veillette et al. 
2007a and b; Miljutina et al. 2010). 

Figure 15. Habitats and biodiversity in nodule regions. Source GRID-Arendal.
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Manganese Nodules	
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In general, deep sea habitats are influenced by a number of key 
ecosystem parameters including hydrodynamic regime, bot-
tom-water temperatures, and the flux or flow of sinking food 
material (particulate organic carbon) from the zone, far above, 
where enough light penetrates to enable photosynthesis (Smith 
and Demopoulos 2003; Smith et al. 2008a). The abyssal regions 
experience relative extremes in all of these influences, with typ-
ically very slow bottom currents (and, therefore, high physical 
stability), low bottom-water temperatures (around 2°C), and very 
low annual fluxes of particulate organic carbon. Because animals 
in the abyssal regions rely on the organic material sinking from 
above, abyssal ecosystems are among the most food-limited on 
the planet (Smith et al. 2008a), and ecosystem structure and 
function vary regionally, largely in response to the flux of particu-
late organic carbon (Smith et al. 2008a; Figure 15). 

Species diversity is often high in abyssal habitats, compared 
to more food-rich, shallow-water settings (Snelgrove and Smith 
2002). For example, hundreds of species of polychaete worms 
and isopod crustaceans, such as shrimp, are typically found at 
single abyssal sampling sites (Glover et al. 2002; Brandt et al. 

2005; Ebbe et al. 2010). High diversity is also common among 
relatively large animals, especially echinoderms such as sea 
stars and sea cucumbers, and among much smaller animals, 
including nematode worms and the tiny single-cell, shell-clad 
protozoan foraminiferans. For example, more than 500 species 
of nematodes and over 200 species of foraminiferans have 
been found in single study areas of about 20 x 20 km (Nozawa 
et al. 2006; Smith et al. 2008b; Miljutina et al. 2010). At region-
al scales, diversity is less well quantified but is thought to be 
high, with many thousands of species inhabiting abyssal basins 
(Snelgrove and Smith 2002; Ebbe et al. 2010). 

Some of these abyssal species – especially fish, sea cucumbers, 
and some foraminiferans – are widely distributed. However, many 
species have been collected, sometimes in very high abundance, 
in single localities only (Mullineaux 1987; Glover et al. 2002; 
Brandt et al. 2005; Nozawa et al. 2006; Smith et al. 2008b; Ebbe 
et al. 2010). Thus, there is likely no characteristic scale of distribu-
tion for abyssal species. Some species may be very widely distrib-
uted at abyssal depths across ocean basins, while others appear 
to have very restricted ranges spanning only 100 to 1 000 km.

Large foraminifera growing on manganese nodule from abyssal depths in the CCZ. Photo courtesy of C. Smith.

MANGANESE NODULES24

Megafauna of the CCZ nodule province including (a) small-eyed omnivorous fish, (b) a predacious cirrate octopod, (c) suspension 
-feeding sponge and brisingid asteroids, (d) a deposit-feeding starfish (Hyphalaster), (e) a 50-cm long, deposit-feeding sea cucumber 
(Psychropodes longicauda), (f) a suspension-feeding anemone attached to a nodule, and (g) another large (50 cm) deposit-feeding sea 
cucumber (Psychropodes semperiana).

The macrofauna are the size class below the megafauna. 
These are animals large enough to be retained on a 300- to 
500-micrometre sieve. The macrofauna of the CCZ are a variety 
of sediment-dwelling animals, including polychaete worms, 
crustaceans, and bivalve molluscs (Borowski and Thiel 1998; 
Smith and Demopoulos 2003). The polychaetes dominate, ac-
counting for about 50 to 65 per cent of both abundance and 
biomass in nodule regions (Borowski and Thiel 1998; Smith 
and Demoupolos 2003). The level of macrofaunal abundance 
is relatively low in abyssal nodule regions, compared to most 
of the deep sea. The body size of the CCZ macrofauna is also 
relatively small, compared to those found on the continental 
margins. Most animals are only a few millimetres to 1 centime-
tre in length, with a median wet weight of about 0.4 mg (Smith 
and Demopoulos 2003). 

Most macrofaunal species appear to feed on surface deposits  
(Paterson et al. 1998; Smith and Demopoulos 2003; Smith et al. 
2008b). Subsurface deposit feeders (such as the paranoid poly-
chaetes) may also be abundant. Other trophic types, including 
predators and omnivores, make up a small percentage of the to-
tal macrofaunal community (Smith et al. 2008b). At least 95 per 
cent of macrofaunal abundance in abyssal sediments in nodule 
regions is concentrated in the top 5 cm of sediment. 

The size class below the macrofauna is called the meiofauna. 
These are animals that pass through a 300-micrometre sieve, 
but are retained on sieve sizes ranging from 32 to 63 microme-
tres, depending on the type of organisms studied. This very 
small size class is comprised primarily of the tiny, shell-clad 
foraminiferans, nematode worms, and shrimp-like harpacticoid 
copepods. The foraminiferans appear to be the dominant and 
most species-rich group in the CCZ (Nozawa et al. 2006). These 
poorly understood  protozoans appear to feed on sedimenta-
ry organic matter and sediment bacteria and, because of their 
abundance, may play a role in carbon cycling over the Pacific 
abyss, including the CCZ. The nematode worms are also nu-
merous in nodule-province sediments (Lambshead et al. 2002; 
Miljutina et al. 2010). Nematode abundance is linked with bac-
terial biomass, so many of these worms may graze on sediment 
bacteria (Brown et al. 2002).

The microfauna, mainly bacteria, constitutes the smallest size 
class of organisms in abyssal sediments. The estimated mi-
crobial biomass in CCZ sediments  (Smith et al. 1997) appears 
to be 10-fold larger than that of the macrofauna and 100-fold 
greater than that of the nematode worms (Smith and Demopou-
los 2003). Although much of the bacterial biomass in abyssal 
sediments may consist of inactive cells sinking out of the wa-
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Manganese Nodule Fauna	

Mobile megafauna	


Attached to nodules	


Sediment infauna	
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Valuation Criterion Value 

What’s there? High diversity, still counting 

Rare or unique Possibly, especially fauna on 
nodules 

Scientific value Huge reservoir of species 
Key to understanding ecology of 

the abyss 
Cultural value Undeveloped 

Potential economic value Unknown 

Impact evaluation framework – Mn nodules	
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Recovery trajectory = slow, very slow 	

Recovery is slow...very slow 

Dredge track after 26 years...(CCZ) 

Experimental response-
the DISCOL project 
(Peru Basin) 

Bluhm 2001 

26 years after experimental disturbance	
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Sediment plume 

Scale of up to 100 km for plume dispersal/settlement 
Omni-directional-no  clear  “downstream”  direction 
Need for buffer to protect from mining on boundary 

Sediment plumes travel at 100 km 
distance from mining operation	


Spatial Planning – Nodules	

•  Large scale mining operations	

•  Similar scales for buffer zones, 

protected areas  	

•  Consider E-W and N-S gradients 	


200 km	


CCZ  network  of  “protected  areas” 
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Valuation 
Criterion 

Crusts SMS Nodules 

What’s there? High diversity 
seamount fauna 

Low diversity 
vent fauna 

High diversity, 
still counting 

Rare or unique Possibly 80% of species 
found nowhere 

else 

Possibly, 
especially fauna 

on nodules 
Scientific value Larger reservoir 

of species 
 

High, unusual 
adaptations 

Huge reservoir 
of species 

 
Cultural value Undeveloped High 

 
Undeveloped 

Potential 
economic value 

Unknown High biotech 
potential 

Some fisheries, 
Otherwise 
unknown 

Summary – Crust, SMS and Nodules	
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Monitoring Technologies	

- How do we monitor environmental effects of mining 
operations in remote, deep ocean?	
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8 International Seabed Authority

and found it to be slightly rolling (i.e., with abyssal-hill topography) with occasional moderate 
slopes, and water depths ranging from 4,014 to 4,124 m.  Most areas appeared to be suitable for 
coring.  We then collected, at random points within this square, 13 box cores (nine using DNA-
friendly techniques (see below) and four using formalin preservation techniques) for infaunal 
macrobenthos, and 10 multiple cores for nematode, foraminiferan and microbial studies.
 

RV Umitaka-Maru Cruise to Site W, 14 - 21 Feb 2004, Hilo to Honolulu.  During this cruise 
to Site W (the western IFREMR claim area), a total of nine multiple cores were collected for meiofauna 
at random locations centred on rectangle of 10o x 10o centred approximately on 9° 33’ N, 150° 0.5’ W, 
with a water depth of approximately 5,050 m (Fig. 1).

RV L’Atalante (Nodinaut)  Cruise to Sites C and W, 17 May – 28 June 2004, Manzanillo, 
Mexico to Noumea, New Caledonia. During this cruise, funded by IFREMER, samples for 
macrofauna and meiofauna (nematoda and foraminifera) were collected at Sites C and W (Fig. 1), 
as follows.  

Site C. Macrofaunal samples included seven quantitative box cores collected at random 
locations within a 10o x 10o rectangle in nodule facies zero (an area with few nodules, where 

Figure 3.     Multiple  corer  during  recovery  from  sampling.  The  multiple  corer  collects  12  tube  samples  (each  
80  cm2)  in  area.    Photo  courtesy  of  P.  Martinez.

Ship-based monitoring programs	
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Underwater observatory technologies	
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Real-time cabled observatory technologies	
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Seafloor nodes provide 
power and communications 

to instrument platforms 

to instrument platforms	
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Real-time plume monitoring 
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COVIS with sonar 
image 

Plume 
imaging 
sonar	
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Cameras for monitoring recolonization 
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Autonomous cabled 
observatory  

Portable system for continuous monitoring 	

ROV recharges battery pack and downloads data	
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•  all sensor data and imagery archived	

•  online graphical previews of scalar data	

•  online viewing of video	

•  downloads of all data 	


Seatube	


Plotting utility	


Data Acquisition	
 Parser, Calibration	


Data QA/QC	


Data Storage	

File Management	


Archive	


Database	


Data Archiving	
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Issue Approach 
Observatory 

Experimentation 
Surveys and 

Sampling 
% Habitat 
destruction 

 
X 

Plume dispersal X 
Uniqueness of 
gene pool 

 
X 

Resilience/
recolonization 

 
X  

 
X 

Geographic 
range 

 
X 

Observatory monitoring versus shipboard 
surveys and sampling 
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