
OPEN 3  ACCESS Freely available online © PLOSI o -

Synthesis of Knowledge on Marine Biodiversity in 
European Seas: From Census to Sustainable 
Management
Bhavani E. Narayanaswamy1*, Marta Coli29, Roberto Danovaro39, Keith Davidson19, Henn Ojaveer49, 
Paul E. Renaud5'69
1 Scottish Association for Marine Science, Scottish Marine Institute, Oban, Argyll, United Kingdom, 2  Institut de Ciències del Mar, Scientific Spanish Council (ICM-CSIC), 
Barcelona, Spain, 3  Department of Life and Environmental Sciences, Polytechnic University of Marche, Ancona, Italy, 4  Estonian Marine Institute, University of Tartu, Pärnu, 
Estonia, 5 Akvaplan-NIVA, Fram Centre for Climate and the Environment, Tromso, Norway, 6The University Centre in Svalbard, Longyearbyen, Norway

Abstract
T h e  r e c e n t ly  c o m p l e t e d  E u ro p e a n  C e n s u s  o f  M arine  Life, c o n d u c t e d  w i th in  t h e  f r a m e w o r k  o f  t h e  g lo b a l  C e n s u s  o f  M arine  
Life p r o g r a m m e  (2 0 0 0 -2 0 1 0 ) ,  m a rk e d ly  e n h a n c e d  o u r  u n d e r s t a n d i n g  o f  m a r in e  b iod ivers i ty  in E u ro p e a n  Seas, its 
i m p o r t a n c e  w i th in  e c o lo g ica l  sy s te m s ,  a n d  t h e  im p l ic a t io n s  for  h u m a n  use .  H ere  w e  u n d e r t a k e  a  sy n th e s i s  o f  p r e s e n t  
k n o w l e d g e  o f  b iod ivers i ty  in E u ro p e a n  S eas  a n d  iden t i fy  r e m a in in g  c h a l l e n g e s  t h a t  p r e v e n t  su s t a in a b le  m a n a g e m e n t  o f  
m a r in e  b iod ivers i ty  in o n e  o f  t h e  m o s t  e x p lo i t e d  c o n t i n e n t s  o f  t h e  g lo b e .  O u r  ana lys is  d e m o n s t r a t e s  t h a t  c h a n g e s  in f auna l  
s t a n d in g  s to c k  w i th  d e p t h  d e p e n d s  o n  t h e  size o f  t h e  f a u n a ,  w i th  m a c ro fa u n a l  a b u n d a n c e  on ly  d ec l in in g  w i th  in c reas in g  
w a t e r  d e p t h  b e lo w  1000  m, w h ils t  t h e r e  w a s  n o  o b v io u s  d e c r e a s e  in m e io f a u n a  w i th  in c reas in g  d e p t h .  S p ec ie s  r ich n ess  w a s  
h igh ly  v a r iab le  for  b o t h  d e e p  w a t e r  m a c ro -  a n d  m e io -  f a u n a  a lo n g  la t i tud ina l  a n d  lo n g i tu d in a l  g r a d i e n t s .  N e m a t o d e  
b iod ivers i ty  d e c r e a s e d  f ro m  t h e  A tlan t ic  in to  t h e  M e d i te r r a n e a n  w h ils t  la t i tud ina l  re la te d  b iod iv e rs i ty  p a t t e r n s  w e r e  s imilar  
for  b o t h  f au n a l  g r o u p s  in v e s t ig a te d ,  s u g g e s t i n g  t h a t  t h e  s a m e  e n v i r o n m e n t a l  d r ivers  w e r e  in f lu e n c in g  t h e  fa u n a .  While
c l im a te  c h a n g e  a n d  h a b i t a t  d e g r a d a t i o n  a r e  t h e  m o s t  f r e q u e n t ly  im p l ic a te d  s t r e s s o r s  a f fe c t in g  b iod iv e rs i ty  t h r o u g h o u t
E u ro p e a n  Seas, q u a n t i t a t i v e  u n d e r s t a n d i n g ,  b o t h  a t  ind iv idua l  a n d  c u m u la t iv e / s y n e rg i s t i c  level, o f  t h e i r  in f lu e n c e s  a r e  o f t e n  
lacking. Full id en t i f ica t io n  a n d  q u a n t i f ic a t io n  o f  sp e c ie s ,  in e v e n  a  s in g le  m a r in e  h a b i ta t ,  r e m a in s  a  d i s t a n t  g oa l ,  a s  w e  lack 
i n t e g r a t e d  d a t a - s e t s  t o  q u a n t i f y  t h e s e .  W hile  t h e  i m p o r t a n c e  o f  s a f e g u a rd in g  m a r in e  b io d ivers i ty  is r e c o g n i s e d  by  policy 
m ak ers ,  t h e  lack o f  a d v a n c e d  u n d e r s t a n d i n g  o f  s p e c ie s  d ivers i ty  a n d  o f  a  full su rv e y  o f  a n y  s in g le  h a b i t a t  ra ises  h u g e  
c h a l l e n g e s  in q u a n t i fy in g  c h a n g e ,  a n d  fac i l i ta t ing /p r io r i t is ing  h a b i t a t / e c o s y s t e m  p r o te c t io n .  O u r  s t u d y  h ig h l ig h ts  a  p re s s in g  
r e q u i r e m e n t  fo r  m o r e  c o m p l e t e  b iod ivers i ty  su rv ey s  t o  b e  u n d e r t a k e n  w i th in  c o n t r a s t i n g  h a b i t a t s ,  t o g e t h e r  w i th  
in v e s t ig a t io n s  in b io d iv e r s i ty -e c o sy s te m  f u n c t io n in g  links a n d  id en t i f ica t io n  o f  s e p a r a t e  a n d  s y n e rg i s t ic /c u m u la t iv e  h u m a n -  
i n d u c e d  im p a c t s  o n  b iodiversi ty .

C i t a t i o n :  Narayanaswamy BE, Coli M, Danovaro R, Davidson K, Ojaveer H, et al. (2013) Synthesis of Knowledge on Marine Biodiversity in European Seas: From 
Census to Sustainable Management. PLoS ONE 8(3): e58909. doi:10.1371/journal.pone.0058909

E d i to r :  Konstantinos I. Stergiou, Aristotle University of Thessaloniki, Greece

R e c e iv e d  October 25, 2012; A c c e p t e d  February 7, 2013; P u b l i s h e d  March 18, 2013

C o p y r i g h t :  © 2013 Narayanaswamy et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

F u n d i n g :  BN was supported by the Total Foundation and a grant from the Census of Marine Life (OL100098), funding to MC was given by a European 
Community Marie-Curie Postdoctoral Fellowship through the International Outgoing Fellowships to ECOFUN, and by the Spanish National program Ramon y Cajal 
whilst RD was supported by the national funding within the frame of the project RITMARE. The contribution of HO was partially financed by the Estonian Ministry 
of Education and Research (grant SF0180005s 10) and by the European Community's Seventh Framework Programme (FP7/2007-2013 under Grant Agreement 
No. 266445) for the project Vectors of Change in Oceans and Seas Marine Life, Impact on Economic Sectors (VECTORS). Contribution of HO was also supported by 
the project The status of marine biodiversity and its potential futures in the Estonian coastal sea' 3.2.0802.11-0029 of Environmental Protection and Technology 
Programme of the European Regional Fund. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the 
manuscript.

C o m p e t i n g  I n t e r e s t s :  The authors have declared that no competing interests exist.

* E-mail: Bhavani.Narayanaswamy@sams.ac.uk 

9  These authors contributed equally to this work.

Introduction

“W e have a  catalogue of all the celestial bodies our instrum ents 
can detect in the universe, bu t we ignore how  m any living beings 
share the E arth  w ith us” , so said, ecologist R o bert M ay in 1992 
(see also [1]). Biodiversity is the degree o f variation that exists 
am ong “living beings” an d  can be defined by genetic, species or 
hab ita t factors, w ith consensus being that m aintain ing  biodiversity 
in all its forms is fundam ental to the future health  o f the planet 
[2,3]. In  fact, biodiversity is not ju st an  im portan t elem ent o f 
na tura l ecosystems, it is o f overarching im portance bo th  scientif­

ically and  for society [4,5], being critical to the understand ing  of 
biogeographic patterns, evolutionary history, ecosystem function­
ing [6,7], and  to ecosystem services and  resources, w hich provide 
m onetary, recreational o r o ther values [8].

H um ans have long had  a  great curiosity about the sea, with 
evidence o f hu m an  study of the m arine  b io ta  in E uropean  Seas 
existing from  the 3ld century B.C. [9], Form al scientific studies 
started in the 18th C entury  in the M ed iterranean  Sea and  early 
19th C entury  elsewhere in E urope [10,11], T hese and  subsequent 
studies have generated  an  abu n d an t archive o f sem i-quantitative
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inform ation [12 14], although systematic collections and  descrip­
tions o f m arine  biodiversity have a substantially shorter history.

In  tile 20 years since M ay’s statem ent, our understanding of 
m arine diversity and  ecosystem function has increased exponen­
tially [15]. T h e  Census o f M arine Life (CoML), a decadal global 
p rogram m e from  2000 2010, greatly increased ou r knowledge of 
m arine biodiversity and  con tributed  enorm ously towards tile 
investigation o f the “known, unknow n and  unknow able’’ biodi­
versity th roughout tile W orld ’s oceans [16]. H ow ever, it is clear 
th a t m ost o f the m arine biodiversity still rem ains unknow n and 
recen t estim ates vary in tile tim e it will take to com plete gain this 
knowledge, w ith estim ates ranging from  — 100 years [15] to 
> 1 0 0 0  years [17].

T h e  knowledge o f the biodiversity o f E uropean  Seas, which 
contain some o f the historically and  presently best explored m arine 
areas o f the world, has been substantially im proved in recen t years 
[9,18 20], C u rren t E uropean  m arine biodiversity studies include 
some o f the m ost extensive investigations into tile description, 
p roduction  and  m aintenance o f biodiversity patterns, as well as 
quantification o f tile consequences o f changes in biodiversity for 
system sustainability and production  of ecosystem goods and 
services [21 24]. In  addition, increasing efforts are being m ade to 
m ap  and p red ic t species occurrence and  distribution using 
available (and m ost o f the tim e, imperfect) d a ta  (e.g. [25,26]). 
C u rren t understanding, therefore, relies on synthetic efforts that 
bridge sam pling m ethodologies from  nets to rem ote sensing, 
perspectives from  genetic analyses to h ab ita t m apping, and 
analytical techniques from  novel experim ental design to innovative 
statistical models. H ow ever, there  is a need to synthesise tile 
existing knowledge in o rder to provide an overview o f cu rren t and 
future challenges, identify existing gaps and  provide inform ation 
th a t is useful for a sustainable m anagem ent o f m arine  biodiversity 
in E uropean  Seas.

In  this w ork we have considered the species sub-com ponent o f 
biodiversity and used both  new  and  existing databases in 
E uropean  Seas to address tile following questions: (1) w hat is 
currently  known and  unknow n regarding m arine biodiversity, (2) 
w hat is the role and  im portance o f biodiversity in tile functioning 
o f m arine ecosystems, (3) w hich are the anthropogenic threats to 
biodiversity and  w hat im plications do they have for the goods and 
services th a t biodiversity provides, and (4) how  can sueli a synthesis 
o f cu rren t regional biodiversity inform ation contribute to satisfying 
Europe-w ide m anagem ent directives.

W e chose tile E uropean  Seas (defined here as four sub regions: 
the E uropean  Arctic, the W estern E uropean  M argin, and  tile 
Baltic and  the M ed iterranean  Seas. O th e r seas, e.g. the Black Sea 
w ere n o t included as they were originally excluded from  tile 
C oM L  M editerranean  regional assessment) (Figure 1) as ou r area 
o f interest as these are globally well studied regional seas [9,18 
20], M oreover, in this region there  is an established dialogue 
betw een biodiversity science and  policy, and  a growing will to 
inform  policy using biodiversity indicators. In  fact, biological 
diversity is the first o f tile 11 descriptors o f G ood E nvironm ental 
Status (GES) on the E uropean  agenda for assessment and 
m anagem ent o f m arine  ecosystems, the M arine Strategy Fram e­
work D irective (MSFD) [27], and it is a fundam ental com ponent 
o f tile E U  H abitats D irective (9 2 /4 3 /E E C ) as well as for the Baltic 
Sea A ction P lan o f the Helsinki C om m ission (H E L C O M  BSAP).

Results and Discussion

Synthesis o f the known and unknown
T o date, m ore than  26,000 unique species are known for all 

E uropean  Seas excluding bacteria  and  viruses [28], bu t m ore than
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Figure 1. The major European Regional Seas.
doi:10.1371 /journal.pone.0058909.g001

30,000 if they were included ([29], w ith — 16,000 along tile 
W estern E uropean  m argin, — 17,000 in the M editerranean, 
~ 6 ,0 0 0  in the Baltic and  ~ 2 ,5 0 0  in the E uropean  Arctic 
(Figure 2a, b) [9,18 20,30], H ow ever, the heterogeneity o f tile 
m arine environm ent as well as the variability in life habits across 
the dom ains o f life creates significant challenges in collecting and 
docum enting m arine biodiversity [31].

W hen  assessing each taxonom ic group for each region on a 
scale from  1 5 in o rder to determ ine w hat the state o f knowledge
is for each group, we observed th a t fish, o ther vertebrates and 
echinoderm s were tile groups th a t were m ost well know n in all seas 
(Figure 3). A long the W estern E uropean  M argin  several o f tile 
invertebrate taxonom ic groups were very well known (e.g. tile 
crustaceans and  bryozoans), whilst annelids and  molluscs were well 
known from  all tile regions (Figure 3). O n  the contrary, tile 
prokaryotic biodiversity and  their biogeographic patterns (i.e. 
Bacteria and  Archaea) could n o t be properly assessed as they are 
poorly known from  m ost o f the E uropean  regions.

Microbial diversity
M icrobes are ubiquitous in tile sea, in both  the pelagic and 

benthic environm ent. An upper lim it o f species abundance o f 
2 x l 0 6 globally was suggested by Curtis e t al. [32], however, tile
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Figure 2. Comparison of species in different taxonomic groups 
in all four regions investigated. A) The percen tage  accum ulation of 
species found per taxonom ic g roup  in each region (Arctic, W estern 
European Margin, Baltic and M editerranean Sea); B) The total num ber of 
species found per taxonom ic g roup  in each region (Arctic, W estern 
European Margin, Baltic and M editerranean Seas). (Sources: Coli e t al. 
[9], Danovaro et al. [18], Narayanaswamy et al. [19], Ojaveer et al. [20]). 
doi:10.1371/journal.pone.0058909.g002

absolute diversity o f prokaryotes is widely held to be  unknowable, 
and  this also applies to E uropean  Seas (Figure 3). Similar 
uncertain ty  exists w ith respect to m arine photosynthetic protists. 
M edlin an d  K ooistra  [33] suggested that we have identified less 
th an  10% of these organism s worldwide. Differences in the 
m ethodologies, types o f studies and  the continuously im proving 
state o f our knowledge o f m arine m icrobial diversity makes it 
difficult to provide full species estimates and  establish com parisons. 
For exam ple, last estim ates highlighted that > 2 5 %  o f all known 
biodiversity species corresponded to prokaryotic (Bacteria and  
Archaea) and  eukaryotic (Protists) m arine m icrobes in the 
M ed iterranean  Sea, the E uropean  Arctic and  along the W estern 
E uropean  M argin, w hereas in the Baltic this figure was > 4 5 %  
[9,19,20,30]. But the da ta  available for Bacteria, A rchaea, and  
Protists were very limited; therefore these estim ates m ust be 
treated  with caution.

Interestingly enough, the m ost recent data  reported  in this study 
from  the Arctic, N orth  and  C entra l A tlantic and  M editerranean  
Sea indicated that bacterial diversity (expressed as genotype 
richness, w hich is expected to provide a trend  for the most 
represented  putative taxa) does no t change significantly with 
increasing w ater dep th  (Figure 4). Flowever, different taxa are 
present in different systems and  different regions are  characterised 
by a different biodiversity [34]. C onsidering this high uncertain ty  
in abundance (and distribution) it is unsurprising that the factors 
controlling m icrobial biodiversity, their m ajor and  multiple 
different roles in biogeochem ical cycling, and  as a  biological 
resource to hum ans still rem ains largely unknow n. Some 
prelim inary results suggest that there  m ay be a  link betw een 
bacterial biodiversity an d  biogeochem ical processes in coastal

lagoons (e.g. V enice lagoon) bu t the relationship could be habitat 
specific [35]. G iven their environm ental diversity and  natural 
variability, together w ith advanced infrastructure and  hum an  
resource, E uropean  Seas are likely to be significant in advancing 
our understand ing  o f how m icrobes support ecosystem structure. 
T h rough  the developm ent o f m olecular taxonom ic techniques, 
one o f the key hypotheses in m icrobial ecology “ everything is 
everywhere, bu t the environm ent selects” [36] is now being 
challenged [37]. A nother missing point relates to the interactions 
betw een m icrobial an d  faunal diversity and  their interactive 
functional roles.

Animal diversity
T h e  diversity knowledge o f m ulti-cellular anim als in E uropean 

Seas is h igher in com parison to m icrobes (Figures 2a, 3 an d  4). 
Flowever, in the pelagic environm ent, the num ber o f identified 
species is only well know n for six groups, with < 1 0 0 0  species each 
o f fish and  opisthobranchs, < 7 0  species each of euphausiids and  
chaetognaths, < 5 0  species o f m am m als, and  even the m ost diverse 
group, the C alanoid  copepod, have less than  3,000 species 
identified [38], In  contrast to the pelagic zone, greater heteroge­
neity o f habitats generates h igher benthic biodiversity (Figure 2a).

W ithin  a  given taxon, regional-independent patterns exist across 
all four regions o f E uropean  Seas (Figure. 1) w ith differing 
num bers o f m ulti-cellular anim al species pe r taxonom ic group 
(Figure 2a, b). H ow ever, crustaceans have the greatest species 
richness, w ith alm ost twice the num ber o f  species com pared  to 
o ther taxonom ic groups; followed by the annelids and  molluscs. In 
addition, in the Baltic Sea, higher num bers o f  Platyhelm inthes 
species are present, an d  in the E uropean  Arctic there are higher 
num bers o f Foram inifera species. How ever, it is unclear w hether 
there  are actually m ore species in a  given taxon e.g. Crustacea 
especially along the W estern E uropean  M argin, or w hether this is 
an  artefact o f  sam pling a n d /o r  available knowledge (Figure 3).

Bathymetric pattern o f biodiversity across different 
habitats

A lthough num erous discussions have taken place regarding 
patterns o f biodiversity with depth, the patterns themselves are not 
clear. In  the M editerranean , for exam ple, there  has been  some 
docum ented  evidence o f decreasing diversity w ith increasing depth  
for invertebrate and  fish species ([9] and  references therein) and, in 
general, biodiversity is concen tra ted  in coastal areas and  
continental shelves, m ainly above 200 m  depth. H ow ever, these 
patterns did no t necessarily show a m onotonie decrease with depth  
and  clear exceptions to the p a tte rn  o f  decreasing diversity with 
dep th  were also docum ented [9]. A long the W estern E uropean 
M argin, there are varying trends w ith dep th  dependent on  the 
faunal group being studied as well as the location. T h e  pa tte rn  
ranges from  no change in diversity th rough  to sometimes an 
exponential or m onotonie decrease w ith increasing dep th  ([19] 
and  references therein).

W hen  m erging together the available da ta  with that o f new  data  
generated  (collected th rough  the Italian  R IT M A R E  and  EFT 
H E R M IO N E  projects), giving.a total o f> 3 0 0 0  biodiversity 
records for E uropean  Seas, .the results.revealed no evidence o f a 
decline in m eiofauna with increasing w ater depth, whilst the 
m acrofauna displayed a  general trend  o f decreasing diversity 
below 1000 m  (Figure 5a). How ever, there  was a clear change in 
species com position across the different bathym etric  zones, 
indicating that biodiversity m ay be strongly influenced by different 
forcing factors an d  affected by  m ultiple m echanism s/processes 
that act a t different spatial scales. This is also evident from  the 
analysis o f biodiversity patterns a t regional scales w here different
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Figure 3. State of knowledge of taxonomic groups ranked from 1 -5 . Rankings eq uate  to: 5 =  very well known; 4 =  well known; 3 =  poorly 
known; 2 = very poorly known; 1 = unknow n (Sources: B Bluhm pers. com m ; Coli e t al. [9], Danovaro e t al. [18], Narayanaswamy e t al. [19], Ojaveer et 
al. [20]).
doi:10.1371/journal.pone.0058909.g003

variables appears to be the m ain drivers o f biodiversity distribution 
(see discussions in [9,18,19,39]). Overall, species num ber de­
creased by alm ost 50% with increasing depth, however, different 
faunal groups decreased a t different rates w ith increasing w ater 
dep th  so that the contribution  o f the smaller m eiofauna to the 
overall diversity was found to increase. Below 2000 m, foram inif­
era! diversity increased by 20-30%  whilst m eiofaunal diversity 
increased by 60-80%  [18],

W ith in  a  single region, benthic biodiversity o f different faunal 
size groups can vary differently across different habitats. For 
exam ple, significantly h igher m egafaunal diversity was observed in 
deep-sea canyons th an  on open slopes in the M editerranean  
(Table 1), bu t this p a tte rn  does not hold for foram inifera and  
m eiofauna, w hich displayed similar values along open slopes and  
canyons [18], All benthic com ponents investigated displayed lower 
values in the deep basin th an  along slopes an d  canyons. For cold- 
w ater corals, the com plex structure provided by the frame- 
building species provides refuges for m any  species and  increases 
hab ita t heterogeneity, creating a suitable environm ent for 
recruitm ent and  grow th of m any o ther species [40], This is 
confirm ed by the large num ber o f m egafaunal species (com parable 
to that o f slopes) and  by the extrem ely high values o f m eiofaunal 
(as N em atoda) diversity a round  coral reefs.

Meta-analysis o f latitude and longitude
A lthough spatial patterns o f biodiversity a re  poorly known, 

regional studies have shown clear gradients o f biodiversity by 
latitude and  longitude. For exam ple, results for the deep waters o f 
the M edite rranean  Sea showed a clear longitudinal biodiversity

gradient that also occurred along the open slopes, w here values 
decreased eastw ard, from  C atalonia to the m argins o f southern 
C rete [9,18], Species distribution m odels also pred ic ted  clear 
patterns o f declining biodiversity with longitude (e.g. m oving from 
the W estern to the E astern  M ed iterranean  Sea) and  some 
declining trends from  N orth  to South following a  latitudinal 
transect [9].

T h e  new  m eta-analysis we conducted  on  pan-E uropean  deep- 
w ater datasets revealed the high variability o f species richness (as 
Expected Species N um ber) in a  random  sample o f 51 individuals 
[ES(51)] for bo th  m eiofauna and  m acrofauna a t all longitudes and  
latitudes (Figure 5b-c). N em atodes dom inated  the m eiofauna, their 
biodiversity varied longitudinally (Figure 5b), an d  it decreased 
from  the A tlantic to the E astern M editerranean. T hese findings 
are consistent an d  expand those previously reported  for longitu­
dinal patterns across the M edite rranean  basin and  related  to food 
quality and  quantity  [41], In  the A tlantic, diversity o f bo th  
m eiofauna and  m acrofauna generally increased w ith latitude (30" 
to 82" N) (Figure 5c). Interestingly, latitudinal patterns for 
m eiofauna and  m acrofauna were very similar indicating th a t bo th  
com ponents responded to the same environm ental drivers. These 
patterns are likely due to the increasing productivity o f the 
no rth ern  E uropean  regions, and  a  similar p a tte rn  was also 
reported  w ithin the M ed iterranean  basin, w here the northern  
portion  is richer due to the h igher river an d  nu trien t input. 
How ever, R en au d  et al. [42] found little evidence of any 
latitudinal p a tte rn  for the shelf infauna, from  the M editerranean  
th rough  to Frans Jo sef Land. These findings highlight the 
im portance o f analysing large da ta  set, w hich enable the
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Figure 4. Spatial patterns of bacterial diversity as genotype  
richness. Reported are bathym etric gradients of A) bacterial diversity 
and B) Bacterial Evenness (ARISA). Data are from the  Arctic (n = 42), 
North Atlantic (n = 33), central Atlantic (n = 100) and M editerranean Sea 
(n = 113) (Sources = HERMIONE project and the  Pangea database). 
doi:10.1371/journal.pone.0058909.g004

identification o f patterns w hich are  no t always evident on  analyses 
at smaller spatial scale.

Importance o f marine biodiversity to ecosystem 
functioning

Biodiversity is tightly linked to ecosystem functioning, w hich in 
tu rn  regulates the ecosystem services supplied to hum ans. In 
general, h igher species richness leads to greater biomass accum u­
lation and  resource use w ithin trophic levels [43]. In  m arine 
systems this can  be observed through direct an d  indirect effects o f 
biodiversity on  system productivity and  stability [44], T he 
complexity o f these linkages is m ediated  th rough  food-web 
interactions, an d  can  produce feedback loops w hereby system 
functioning can im pact biodiversity itself [44,45]. Based on m eta- 
analyses o f a  large and  varied data  set, W orm  et al. [8] concluded 
that biodiversity loss negatively im pacts critical functions o f m arine 
ecosystems, including provision o f food, w ater quality, and  ability 
to recover from  perturbations. Similarly, ecosystem resilience to 
na tura l an d  anthropogenic im pacts has also been shown to be 
enhanced  by h igher levels o f genetic, species, and  functional 
biodiversity (e.g. [46-49]). A global scale study conducted  in deep-

Depth (m)

O meiofauna •macrofauna

Longitude (E)

Latitude (N)

Figure 5. Spatial patterns of meiofaunal and macrofaunal 
diversity as ES(51). Reported are A) bathym etric g radient, B) 
longitudinal and C) latitudinal. The equations of the  fitting lines are: 
y = - 5 e ~ 05"+ 24 .1  (n = 3 0 6 , R2 = 7 e ~ 0'5, ns fo r  m e io fa u n a ,  
y = 0.0002 x+19.4 (n = 2226, R2 = 7e~05, ns for m acrofauna along the  
bathym etric gradient; y = -0 .2 9 x + 2 5 .5  (n = 306, R2 = 0.18, p<0.01) for 
m eiofauna, y = 0.05 x+ 17.15(n = 2789, R2 = 0.07, ns) for m acrofauna 
along th e  longitudinal gradient; y = 0.37x+8.9 (n = 306, R2 = 0.04, ns) 
for m eiofauna, y = 0 .4 6 x —9.3 (n = 2821, R2 = 0 .30 , p< 0 .01 ) for 
m acrofauna along th e  latitudinal g radient (sources for m acrofaunal 
data: Rees e t al. [39], Kröncke e t al. [78],.new data  for the  deep  
M editerranean Sea and Atlantic margin; m eiofauna Danovaro e t al. [41] 
and 108 additional sites from the  M editerranean and Atlantic Margins). 
Overall 3130 sam pling sites w ere assem bled covering th e  European 
m argins from continental shelves to  th e  deep-sea floor (down to  ca. 
5000 m depth).
doi:10.1371/journal.pone.0058909.g005

sea ecosystems for the first tim e found em pirical evidence from  the 
real world that the rates o f ecosystem processes an d  their efficiency 
are exponentially related  to biodiversity, so that even a  m inor 
diversity loss can lead to a  dram atic  decrease o f ecosystem 
functions an d  thus to the collapse o f ecosystem services [22]. These 
findings have been confirm ed by subsequent investigations 
conducted  on  tropical habitats an d  it can  be  hypothesised that 
similar interactions occur in biodiversity-hotspot ecosystems. H ere
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Table 1 .  Biodiversi ty  o f  d i f fe re n t  d e e p - w a t e r  h a b i t a t s  in t h e  M e d i te r r a n e a n  Sea.

E c o s y s t e m F o r a m i n i f e r a E S  (1 0 0 ) M e i o f a u n a  ES(100) M a c r o f a u n a  ES(100) M e g a f a u n a  S p e c i e s  R ic h n e s s

Slope 31.1 ±2.2 42.4±1.7 23.3±2.0 109±2.6

Canyon 27±4 39.7±2.2 n/a 187±0.8

Deep-water corals n/a 48.5 ±1.1 n/a 129

Basin n/a 30±2.3 +1,¡rod n/a

The habitats were the slope, canyon, deep-water corals and deep basin ecosystem (ES100) as expected species number for 100 individuals) (source: Danovaro et al. [18]). 
doi:10.1371 /journal.pone.0058909.t001

we report new  results o f  biodiversity da ta  from  different E uropean 
Seas showing the presence of exponential relationships o f species 
biodiversity with ecosystem functions (Figure 6). These relation­
ships w ere consistent across latitudes an d  longitudes for all areas 
investigated (Eastern Atlantic m argin, W estern, C entra l and  
E astern  M editerranean; Figure 6a-e). These findings, not only 
confirm ed the im portance o f biodiversity in m aintain ing  ecosystem 
functioning in these regions bu t also provide new  insights into the 
BEF relationships in  E uropean  Seas. In  fact, the equations o f the 
relationships changed notably from  system to system. In  particular, 
the A tlantic O cean  (y = 3.84e°'12x, R~ = 0.41) and  the C entral 
M ed iterranean  (y = 0 .50e°'1423x, R 2 = 0.46) displayed, for equal 
biodiversity levels, significantly h igher values o f ecosystem 
functioning (expressed as benthic biomass) than  the Eastern 
M ed iterranean  (y = 0.44e°'1Ox, R 2 = 0.45). I f  these equations can 
be used to pred ict the im pact o f biodiversity loss on  ecosystem 
functions [43], then  we can  hypothesise that a  local species 
extinction o f the same m agnitude can have a higher im pact on the 
C entra l M edite rranean  and  A tlantic O cean  th an  in the Eastern 
M editerranean . I f  confirm ed, this finding could have im portant 
implications for p lann ing  strategies o f biodiversity conservation 
and  prioritizing the p rotection  o f different m arine regions..Positive 
exponential relationships o f diversity with benthic biomass 
highlight that even small declines o f biodiversity m ay result in 
large reductions in ecosystem functioning, thus potentially 
prejudging the sustainable functioning of those ecosystems 
displaying a biodiversity loss.

This consistency betw een different large-scale studies gives 
strong support to the hypothesis that the m aintenance o f high 
levels o f biodiversity is necessary to ensure ecosystem function, and  
in turn , security o f ecosystem goods and  services for hum ans. 
E laboration  o f the links betw een biodiversity and  function provide 
a  m echanistic approach  to how ecosystem services are provisioned, 
and  im portantly, w hich ecosystem properties should be  m onitored  
and  m itigated. This, therefore, is a  m ajor issue of increasing and  
significant im portance for environm ental m anagem ent o f E uro­
pean  Seas: to determ ine the link betw een biodiversity and  good 
environm ental status with ecosystem functioning an d  provisioning 
o f ecosystem services to hum ans.

Threats to biodiversity and their consequences for good 
and services

M ultiple hu m an  uses such as resource exploitation, habitat 
destruction, pollution, nu trien t loading, an d  alien species invasions 
have resulted in present day E uropean  Seas looking quite different 
from  their original states (e.g. [14,31,50]). ETncertainty regarding 
the curren t state o f im pact, the potential changes in the ecological 
drivers o f biodiversity, and  how they m ight affect different faunal 
groups makes com parison betw een tim e periods problem atic. T he 
use o f a  relative th rea t index, however, m inim izes these issues [31].

New  analysis o f these indicators shows that biodiversity is 
th reatened  by similar drivers across E urope’s regional seas 
(Figure 7a). W hile biodiversity threats caused by  increased 
nutrients are m ainly expressed in p rim ary  producer groups, this 
together w ith overall shifts in com m unity structure, com position 
and  increased biological productivity, hab ita t degradation  and  
species invasions effects until now have m ostly been  confined to 
benthic invertebrates. Im pacts associated w ith clim ate change are 
observed across the organism  groups from  bacteria  to m arine 
birds. Prim ary  invasions and  range extensions o f the already 
existing alien species can  increase biodiversity, bo th  species and  
functional diversity [51], bu t w ith unknow n consequences for 
ecosystem function an d  goods an d  services provisioning. T he 
curren t intensity o f anthropogenic threats to biodiversity is 
geographically variable, w ith larger threats present in the enclosed 
seas (M editerranean and  Baltic Seas, Figure 7a).

Future threats, however, m ay evolve differently (Figure 7b). 
Relative to curren t levels, the Arctic, an d  to a  lesser extent the 
W estern E uropean  M argin  are expected to see the greatest 
increase in threats over the next decade. A lthough an  increase in 
th rea t is pred ic ted  for the already heavily im pacted M editerranean  
and  Baltic Seas, this is som ewhat m ore m odest com pared to the 
Arctic. Flowever, these “m odest increases” are still likely to cause 
further detrim ental im pacts to biodiversity (e.g. [25,52]). T he 
im pact that changes in biodiversity will have on ecosystem goods 
and  services cannot be  easily predicted, bu t the links betw een 
biodiversity with ecosystem functioning an d  system resilience 
described above suggest th a t future m arine ecosystems throughout 
E urope will present new m anagem ent challenges. It is im portant 
to highlight that separate, interactive and  cum ulative effects o f 
different threats on biodiversity are  still poorly understood [9 ,18- 
20], For instance, clim ate change, together with bio-invasions, 
could result in a  d ram atic  tu rnover o f the present biodiversity, 
w hich has the potential to disrupt ecosystem services by  altering 
the functions o f the biological assemblages [53]. In  the past few 
decades there has been a  d ram atic  increase in the num ber o f 
invasive alien species. Rilov et al. [54] suggested that no t only 
species loss, bu t also changes in species com position could be 
potentially detrim ental to the provision o f ecosystem services in 
E uropean  Seas (particularly the M ed iterranean  and  Baltic Seas) 
with respect to alien species. Species turnover, new  food webs and  
biotic interactions m ay occur across E urope, bu t will possibly be 
crucial in the Arctic due to its relatively un-im pacted  curren t state, 
and  because stressors that are now com m onplace at lower latitudes 
such as petro leum -related  pollution, fishing dam age especially 
th rough  trawling, and  tourism  are soon expected to significantly 
im pact this location [55].

Therefore, the way anthropogenic threats will in teract and  
accum ulate in the future is a  key scientific issue that needs further 
and  urgent assessment in all E uropean  Seas. Ecological m odelling 
applications are ideal tools to advance our understand ing  o f how
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Figure 6. M arine biodiversity, functional diversity and ecosystem functioning. A) Conceptual diagram  draw n using data  from the  North- 
Eastern Atlantic and M editerranean Sea (Dark green: positive linear relationship betw een  biodiversity and ecosystem  functioning indicating the  
presence o f functional com plem entarity  am ong species; Light green: saturating relationship betw een  biodiversity and ecosystem  functioning 
indicating functional redundancy; Purple line: non-linear negative relationship betw een  biodiversity and ecosystem  functioning indicating a possible 
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indicating a positive interspecific interaction, such as facilitation)..([22,43,80]). (B-E) The relationship betw een  expected  species num ber [ES(51 )] and 
ecosystem  functioning (as benthic biom ass pgC 10 cm"2) for nem atodes are based on European data  from Danovaro e t al. [41] with new  data  from 
198 sites from th e  Atlantic m argins and M editerranean Sea. The equation  of th e  fitting lines are: b) y = 3.84e012"(n = 64, R2 = 0.41, p<0.01) in the  
North-east Atlantic; c) y = 0.44e010"(n = 45, R2 = 0.45, p<0.01) in th e  Eastern M editerranean; d) y = 0 .50e°14"(n = 55, R2 = 0.46, p<0.01) in the  Central
M editerranean and e) y = 0.86e (n = 128, R 
doi:10.1371/journal.pone.0058909.g006

: 0.52, p<0.01) in the  W estern M editerranean.

cum ulative and  interactive effects o f m ultiple drivers m ay affect 
m arine biodiversity and  ecosystem functioning. V arious applica­
tions have been  developed in E uropean  Seas (e.g. [56]), and  
exponential developm ent is foreseen for the near future [57]. 
Param eterization  o f these models, however, relies on  continued 
advances in biodiversity knowledge and  understanding the 
ecological m echanism s linking biodiversity and  ecosystem func­
tioning. This synthesis suggests that a  regional sea ’case-study’ 
approach  is a  valuable first step w ithin E uropean  Seas, after which 
integration o f results into an  inform ed m anagem ent fram ework 
can proceed.

Marine biodiversity and European environmental 
management

Current initiatives. T h e  key piece o f E uropean  legislation 
on  the m arine environm ent, the M arine Strategy Fram ew ork 
D irective (MSFD), identifies biological diversity as an  im portant 
descriptor to ensure G ood E nvironm ental Status (GES) in 
E uropean  Seas. Specifically, biodiversity assessment is required

at several ecological levels, ecosystems, habitats and  species [58] to 
confirm  th a t “Biological diversity is maintained. The qua lit}’ and occurrence 
oj habitats and the distribution and abundance oj species are in line with 
prevailing physiographic, geographic ancl climatic conditions ”. Several o ther 
G ES descriptors an d  related assessment requirem ents, such as 
ecosystem functioning include m arine biodiversity implicitly or 
explicitly [27,58],

Flowever, the evaluation o f biodiversity status and  its threats, 
however, rem ains problem atic. For exam ple, the M SFD  eutro­
phication  task group [59] no ted  th a t research was still needed on 
how to evaluate the optim al extent and  status o f m arine habitats to 
support viable and  diverse com m unities an d  the valuation o f goods 
and  services they provide. This creates substantial challenges not 
only for EFT m em ber countries bu t also regional sea conventions, 
such as the Oslo-Paris C onvention (OSPAR) (NE Atlantic), the 
Flelsinki Com m ission (F1ELCOM) (Baltic Sea) and  the B arcelona 
C onvention (M editerranean Sea). In  addition, there  is also a role 
for international scientific organisations like the In ternational 
Council for the E xploration o f the Sea (ICES) or the In ternational
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perceived th rea t for com parison am ong regions. A negative value in the  
plot suggests predicted lessening of the  th reat (modified from Coli e t al. 
[9] and Costello e t al. [31]). 
doi:10.1371/journal.pone.0058909.g007

C om m ission for the exploration o f the M ed iterranean  Sea 
(CIESM) to fu rther advance knowledge pool o f m arine biodiver­
sity science and  advice, for instance, to develop, test an d  suggest 
new  indicators, and  investigate links betw een state an d  pressure 
indicators (e.g. [60]).

Scientific and  m anagem ent com m unities have devoted consid­
erable effort over the past decade to identify th reatened  and  
declining species and  habitats, characterize the extent o f the 
th rea t/decline , and  evaluate associated ecosystem consequences 
(e.g. [25,61]). M ost o f the studies dealing with th rea ten ed / 
declining species relate to upper trophic levels, an d  the findings are 
not encouraging. For exam ple, th rea t indicators based on  the 
estim ated population  status o f N o rth  Sea fishes using the 
In ternational U nion  for the Conservation o f N ature  (IUCN) R ed  
List decline criteria, suggested that the p roportion  of th reatened  
fishes and  the degree o f th rea t had  increased steadily over time, 
with all species since the late 1990s m eeting the “vulnerable” 
criterion [62]. In  the Baltic Sea, all four m arine m am m als and  34 
fish (~18% ) species have been  identified as high priority  for 
conservation ([63] an d  references therein). M ost th reatened  (fish) 
species have low intrinsic population  grow th rates an d  suffer high 
fishing m ortality. Species w ith a  lower risk o f  extinction have either 
resilient life histories or are species subject to intense fisheries 
m anagem ent [64], M any cartilaginous fish in the M editerranean  
Sea are vulnerable an d  several stocks have collapsed during  the 
last century [9,65,66], Thus, with regards to m anagem ent, 
biodiversity is generally considered in term s of a  relatively few 
(exploited) species a n d /o r  habitats (see below), while w ider 
g en e tic /taxonom ic/com m unity  aspects rem ain  as yet an  u n ­
achievable challenge.

A n im portan t m echanism  for safeguarding the critical functions 
o f bo th  pelagic and  benthic biodiversity is the use o f M arine 
Protected  A reas (MPAs) and  these have now been  established in all 
E uropean  regional seas. O ne  o f the m ain  criteria for selection of 
MPAs is the presence o f a  species/hab itat in need o f pro tection  
(identified as th rea tened  a n d /o r  declining species and  habitats). 
C urrently, the three m ajor E uropean  regional m arine  environ­
m ent m anagem ent areas (i.e., M edite rranean  Sea, N ortheast 
A tlantic and  the Baltic) contain > 8 0 0  planned  or established 
Special P rotected  Areas (SPAs) an d  133 sites o f Scientific 
C om m unity  Im portance with an  overall surface area  o f 
~  124,000 km 2 an d  ~  179,000 km 2, respectively, bu t distribution 
is patchy  an d  the p roportion  o f spatial coverage in each area  is still 
lim ited [23,25,67,68], Regional studies o f biodiversity, ecosystem 
function, and  threats, therefore, can provide one o f the bases for 
identifying target areas for future MPAs.

T h ere  are two curren t m ajor initiatives to address conservation 
o f m arine biodiversity and  sustainable use in areas beyond 
national jurisd iction  in E uropean  Seas. T h e  Food and  Agriculture 
O rganization  o f the U n ited  Nations (FAO) has initiated a process 
to identify V ulnerable M arine Ecosystems (VMEs), and  adopted  
international guidelines to define m anagem ent fram eworks to 
p revent significant adverse im pacts on them . But, until now, 
m easures to pro tect V M Es have been  alm ost exclusively closure o f 
areas considered to have significant concentrations o f corals. 
A nother initiative was taken by the C onvention  of Biological 
Diversity (CBD), w hich m ost recently started a regional-scale 
initiative to identify ecologically or biologically significant m arine 
areas (EBSAs) through cooperation w ith national governm ents as 
well as relevant m anagem ent o r advisory organizations. T he 
process o f EBSA identification is a  scientific and  technical step and  
needs to be kept separate from  the processes used to decide on  the 
policy an d  m anagem ent responses that are appropria te  for 
providing the desired level o f  p ro tection  to those areas [69], In 
addition to these two global initiatives working in E uropean  Seas, 
O S PA R  has m ade considerable progress in establishing M PAs in 
the N orth  A tlantic, and  the B arcelona C onvention  has been 
designating SPAs in the M ed iterranean  areas beyond national 
jurisdiction.

New knowledge and tools for management: a regional 
approach. D eveloping a  toolbox for identifying G ES across 
E uropean  waters, as called for in the M SFD , is a  daunting  task and  
is p robably  best begun th rough  a  regional approach. Biodiversity 
itself is still unevenly described am ong different taxa, and  regions, 
and  knowledge syntheses can be  useful in highlighting this issue 
(Figure 3). For exam ple, our knowledge and  understand ing  of the 
smaller sized m eiofauna, w hich exhibit the highest num ber o f 
expected species and  the greatest p roportion  o f unknow n diversity, 
is relatively low com pared to their larger m acro- and  m ega- faunal 
counterparts. It is estim ated that potentially > 6 0 %  of the 
M ed iterranean  deep sea m eiofauna still rem ain  to be  discovered 
[18], T h e  m icrobial diversity is com pletely neglected although the 
key role o f m icrobial species in biogeochem ical cycles is fully 
recognized, in symbiotic interactions an d  in sustaining all o ther life 
forms. M oreover, com pared to species an d  populations, our 
knowledge-base on b io topes/hab ita ts is m uch weaker. For 
instance, a  critical analysis o f the m ost recent m arine habitat 
classification list p roduced  for the M ed iterranean  Sea showed that 
~ 4 0 %  of habitats (and associated species) considered w ere scarcely 
covered by scientific knowledge, and  generally scant quantitative 
inform ation on the geographical distribution o f selected habitats 
and  associated species was available [70], In  addition, all assessed 
b io topes/hab ita ts in the Baltic Sea are considered to be 
threatened, the conservation status o f m ost is inadequate, and  all
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are in u rgen t need o f protective m easures [63]. Therefore, 
im proved inventories o f m arine habitats are needed to support 
m apping activities and  spatial ecosystem -based m anagem ent 
[71,72].

H ow  successful has the scientific com m unity been in m eeting 
the m ultiple challenges regarding diversity in the oceans? 
E uropean  Seas are some of the m ost well studied [14,31], and  it 
can be argued th a t Europe has been possibly the m ost active in 
establishing regional m anagem ent policies. H ow ever, m uch  still 
rem ains to be  done before the ultim ate target (at least 10 % of all 
m arine ecological regions to be effectively conserved [73]) will be 
achieved across E urope. M oreover, future conservation strategies 
will need revision as curren t M PAs potentially miss hotspots o f 
diversity traits an d  anthropogenic im pacts (e.g. [23,25]).

Requirements to meet future challenges. H ere  we have 
a ttem pted  to synthesise the available knowledge on E uropean 
M arine  Biodiversity using b o th  new  da ta  an d  existing databases 
and  dem onstra ted  significant progress in species identification and  
understand ing  o f the link betw een anthropogenic drivers, biodi­
versity and  ecosystem function. How ever, m any species rem ain 
un-discovered a n d /o r  un-enum erated , w ith no h ab ita t having 
been fully explored and  hence our quantitative understand ing  of 
these links rem ains poor.

It is therefore clear th a t m uch still rem ains to be  done, with 
m ajor challenges to be faced in deciding w hat we can achieve and  
w hat inform ation will rem ain  unknowable. M eeting these chal­
lenges will require:

i) Investing resources in taxonom y (classical coupled with
m olecular taxonom ic studies) with specific train ing  of new 
specialists also able to undertake new m olecular techniques 
to describe cryptic biodiversity and  resolve uncertainties 
related to the use o f classical taxonom y,

ii) investigating species interactions, life traits, cycles and
histories an d  populations’ connectivity, o f  m ost m arine 
species an d  populations across different habitats and
ecosystems are still com pletely unknown,

iii) standard ising  m ethodologies in o rd e r to ensure  th a t
su b sequen t d a ta  a n d  results can  be rigorously  an d  
statistically com pared  and  validated,

iv) increasing sam pling effort an d  exploration o f novel habitats 
and  in identifying and  m apping biodiversity hotspots,

v) m aking bo th  historical and  new da ta  increasingly m ore 
accessible once published,

vi) expand ing  studies o f m icrobial diversity a n d  on the 
understanding of its interactions with o ther biological 
com ponents o f the m arine ecosystem,

vii) quantifying ecosystem services and  the im pact o f loss o f 
biodiversity on these goods and  services in different m arine 
hab ita ts/ecosystem s/reg ions, an d  how  cum ulative and  
synergistic an th ro p o g en ic  im pacts m ay  im p ac t these 
services,

viii) identifying and  quantifying the link betw een the pressure on 
biodiversity an d  state indicators,

ix) en h an c in g  the  im p o rtan ce  o f biodiversity  in m arine  
m anagem ent policy decisions.

Som e of the challenges oudined  above have been recendy 
identified as a  priority  activity for IC E S [60]. In  addition to 
describing biodiversity a t its m any levels, new  technology, 
m onitoring, and  analytical tools are  needed to define and  m aintain  
G ES in a  m eaningful and  practical m anner. Indicators o f
biodiversity m ust be developed an d  com pared  am ong regions,

with biodiversity syntheses providing the crucial g round-tru th ing  
data. H abita t, food-web, an d  statistical m odels can  be applied on  a 
regional basis in bo th  a descriptive m anner, and  in a  dynam ic 
m ode w hereby effects o f altered biodiversity can be experim entally 
evaluated to answ er questions regarding, e.g. effects o f in troduced 
species, im pacts on  ecosystem functioning, and  consequences for 
goods and  services. Preservation and  m aintenance o f biodiversity 
is a  com plex issue requiring  consideration o f geographic, political, 
econom ic an d  social factors [74], often differing considerably 
across a  region as diverse as E urope. R esolution o f these often- 
conflicting pressures, however, m ust be reached if we are to 
achieve the com m on aim  o f ecosystem -based m anagem ent o f the 
m arine environm ent [75]. T h rough  integration o f efforts to 
develop indicators, m onitoring, an d  im pact-assessm ent strategies, 
and  identification regional and  spatial threats an d  o ther hum an 
pressures, we can m ove closer to resolving conflicts while 
addressing E urope’s goals o f m anaging biodiversity in its m arine 
waters.

Materials and Methods

No specific perm its were requ ired  for the described field studies. 
T h e  field studies did no t involve endangered  or p ro tected  species.

Methods for Figure 2
H ere  we used datasets collected and  synthesised recently 

(sources: [9,18-20]) as well as accessing new and  updated  results 
from  E urO B IS  ([30]) and  integrated  them  to provide new results 
o f  biodiversity patterns a t a  E uropean  Sea scale.

Methods for Figure 3
A num ber o f taxonom ic experts from  each region w ere asked to 

assess each taxonom ic group and  rank  them  from  1-5, w here 5 is 
the m ost well-known. This enabled  us to determ ine the curren t 
state o f knowledge for each m ajor taxonom ic group. T he 
definitions for the rankings are as follows: 5 = very well known 
(> 80%  described, identification guides < 2 0  years old, an d  good 
taxonom ic expertise); 4 =  well know n (> 70%  described, identi­
fication guides < 5 0  years old, good taxonom ic expertise); 3 = 
poorly know n (< 50%  species described, identification guides old 
or incom plete, m oderate taxonom ic expertise); 2 = very poorly 
know n (only few species recorded, no identification guides, little 
taxonom ic expertise); 1 = unknow n (no species recorded, no 
identification guides, no expertise) (sources: B B luhm  pers com m ., 
[9,18-20]).

Methods for Figure 4
Bacterial diversity patterns were investigated using A R ISA  a 

highly reproducible fingerprinting technique com m only utilized 
for describing bacterial diversity distribution and  the m ain 
com ponents o f the bacterial assemblages in m arine environm ents 
[76,77]. A R ISA  involves P C R  am plification of the highly variable 
intergenic spacer region (ITS 1) betw een the 16 S an d  23 S rR N A  
genes, followed by separation an d  detection o f the different-length 
products. A R ISA  allows to discrim inate the “ O perational 
T axonom ic U nits” (OTUs) th a t differ by  ca. 98% or less in 16 S 
rR N A  sequence similarity. A R ISA  was preferred  to 454 tag  
sequencing because it allowed an  assessment o f  diversity patterns 
a t an  unparalleled sample size and  spatial scales [76].

Methods for Figure 5
Sam pling was carried  ou t in the N orth  and  C entral A tlantic 

O cean  (100 sites), the W estern and  E astern  M ed iterranean  Sea (98 
sites). These areas included continental shelves and  m argins as well
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as open-ocean sites. A t all o f the sites, m acro- an d  m eio- (namely 
nematodes) faunal samples were collected, identified to the lowest 
taxonom ic level and  species richness analyzed. P a rt o f the 
biodiversity data  set o f from  the A dantic  O cean  an d  M editerra­
nean  were obtained from  the literature [22,41], In  particular, 
sources for m acrofaunal da ta  are Rees et.al. [39], K röncke et al. 
[78] .and new  da ta  for the deep M ed iterranean  Sea and  A tlantic 
M argin are from  the E U  funded H E R M IO N E  project; m eiofauna 
D anovaro  et al. [41]; these da ta  were im plem ented in the present 
study with 108 additional sites from  the M ed iterranean  and  
Atlantic m argins. Since m ost species diversity indices are sample- 
size dependent, we applied the rarefaction m ethod was so th a t all 
samples could be reduced to the same size, w ith ES(51) as the 
expected num ber o f  species in a  hypothetical random  sample o f 51 
individuals. All indexes o f biodiversity w ere calculated w ith the 
P R IM E R  6 statistical package [79].

Methods for Figure 6
Ecosystem functioning [22,43] was determ ined as total faunal 

biomass, a  proxy for production . For the determ ination  o f faunal 
biomass, we calculated the individual biomass o f all anim als 
belonging to different taxa [80]. N em atode biomass was calculated 
from  bio-volum e (n = 100 pe r replicate) with A ndrassy’s form ula 
(V = L X W 2 X 0.063 X IO- 5 , in w hich body length, L, and  width, 
W , are expressed in pm). For all o f the o ther taxa, the biovolum e 
was m easured  for all o f the specimens encountered  and  was 
derived from  m easurem ents o f  body length (L, in mm) and  w idth 
(W, in mm), using the form ula V  = L x  W 2 x  C, w here C is the 
approxim ate conversion factor for each m eiofaunal taxon. E ach 
body volum e was m ultiplied by  an  average density (1.13 g cm  3)
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to obtain  the biomass ( pg  DW : pg  W W  = 0.25) and  the carbon 
content was considered to be 40%  o f the dry weight.

Methods for Figure 7
H ere  we standardized an d  m odified the m ethodology used by 

Coli et al. [9] an d  Costello et al. [31] to determ ine the cu rren t and  
future threats to biodiversity from  bo th  na tura l and  anthropogenic 
impacts. Following interviews with experts from  the different 
geographical regions, a  scale o f 1 (low im portance) -  5 (very 
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