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T h e  seas along the w estern E uropean  m argin  encom pass a  vast 
geographical a rea  com prising num erous different habitats, and  are 
hom e to m ore than  10,000 m etazoan species. A lthough research in 
this extensive region has been  undertaken since the early 1800s, 
m any new  species are being  described an d  distributional patterns 
identified. R ecen t studies incorporating  the m ost extensive data  
series ever used in such E uropean  studies have failed to find any 
relationship betw een latitude an d  infaunal shelf biodiversity. A long 
the E uropean  shelf, species richness generally increases to a  depth  
o f 200 m  and  then  decreases from  300-500  m. In  the deep 
N ortheast A tlantic, a  unim odal curve illustrates how  m acrofaunal 
species diversity changes with dep th  whilst the m egafauna appear 
to have a  bim odal distribution. R egional studies are equivocal in 
that polew ard increases in species diversity have been observed in 
some studies o r taxa, bu t no t in others. In  the N orth  Sea, arguably 
the best studied system in E uropean  waters, there appears to be a 
distinct increase in diversity w ith increasing latitude. Since this 
tren d  is confounded by similar latitudinal gradients in dep th  and  
traw ling intensity, there  is no clear explanation for the biodiversity 
pattern . C lim atic shifts in diversity patterns an d  species ranges 
have recently been observed. H ere  we report previously 
unpublished da ta  on changes in species richness that have been 
observed along the N orw egian coast over the past two decades, 
w ith the m ost northerly  region seeing m ore than  a  15 % increase in 
the num ber o f species being  discovered there. This review 
synthesizes published an d  new biodiversity da ta  across multiple 
spatial and  tem poral scales, and  from  the coast to the deep-sea, to 
provide an  overview o f w hat is know n along the w estern E uropean 
m argin. T hreats to the biodiversity o f the region are highlighted, 
as well as identifying w here there  are still gaps in our knowledge.

Introduction

As anthropogenic d isturbance and  clim ate change th reaten  
biodiversity in terrestrial and  m arine habitats, one of the urgent 
challenges in ecosystem research is to identify causal links betw een 
biodiversity and  ecosystem functioning (BEE) and  services [1], 
Following progress in  this field in terrestrial systems [2,3], m any 
papers have appeared  over the last 10 years specifically dealing 
with m arine benthic com m unities. A n im portan t overview o f this 
field is presented  in the special issue by Solan et al. [4], M uch  of 
w hat is know n about effects o f species richness on  ecosystem 
function comes from  relatively small-scale experim entally m anip­
ulated systems, w here nu trien t fluxes w ere used as a  proxy for 
ecosystem function [5,6], Loss or gain o f  function in these 
ecosystems was often associated with the loss or gain o f key species 
with specific traits, ra th e r th an  with species richness pe r se. O ften 
such key species were ones w ith a  high b io turbation  potential [6 - 
8], bu t species with a  high grow th potential had  a  similar effect [9]. 
It has recently been argued that these small-scale studies m ay in 
fact underestim ate the im portance o f biodiversity for ecosystem 
functioning [10], Exam ples o f BEE studies conducted  on  m uch 
larger scales an d  involving na tura l ecosystems in the m arine realm

are those by W orm  et al. [1] and  D anovaro  et al. [11]. A lthough 
such large-scale studies necessarily rely on correlations for inferred 
causality, the outcom es are in agreem ent with experim ental and  
theoretical evidence, namely, that high diversity systems provide 
m ore services w ith less variability [1]. D anovaro  et al. [11] 
illustrated this specifically for benthic biodiversity in  the deep sea 
w here ecosystem function and  diversity are exponentially corre­
lated, im plying an  exponential loss in function with decreasing 
biodiversity. It is this developing understand ing  o f the critical role 
o f biodiversity in  m arine ecosystems that requires a  solid 
understand ing  o f how biodiversity varies in tim e and  space, what 
m echanism s are responsible, and  how  hum an  activities m ay alter 
present patterns.

Regional se t t ing
T h e  regional focus o f this p ap er is from  ca. 35" N  

(approxim ately the same latitude as the entrance to the 
M editerranean) to the Arctic an d  from  ca. 25" W  (the M id- 
A tlantic ridge as the w estern boundary) to ca. 30" E (the Svalbard 
archipelago as the eastern boundary), encom passing the shallow 
and  deep waters o f the N ortheast Atlantic, the N orth  Sea, and  the 
Arctic.

T h e  deep-w ater areas o f  the N ortheast A tlantic (Figure 1) 
contain m any  different habitats, including several anom alous 
shallow plateaus and  troughs, such as the Rockall P lateau and  
Rockall T rough  [12]; the vast Porcupine Abyssal Plain; num erous 
seam ounts an d  canyons; an d  semi-isolated deep-w ater basins such 
as the N orw egian Basin [13], w hich is separated at dep th  from  the 
N ortheast Atlantic by the W yville-Thom son Ridge. T h e  Arctic 
O cean, on  the o ther hand , m ay be regarded  as a  m editerranean 
ocean, a  sea surrounded by landm asses. T h e  ocean itself is not 
m ore th an  about 10 m illion km~, bu t it has a  45,000 km  long 
coastline, com pared with the 112,000 km  coastline for the entire 
A tlantic O cean. T h e  E urasian Basin is divided by the Gakkel 
R idge to form  the N ansen an d  the deeper A m undsen basins the
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Figure 1. M ajor seas, topographic features, and surface currents in the area of interest. A cronym s fo r th e  seas , to p o g ra p h ic  fe a tu re s , a n d  
cu rren ts : GS - G reen lan d  Sea; GB - G reen land  Basin; IB - Iceland Basin; RHP - R ockall-H atton P lateau ; PAP - P o rcu p in e  Abyssal Plain; PSB - P o rcup ine  
S eab ig h t; NS - N orth Sea; WTR - W yville-Thom son Ridge; EGC - East G reen land  C urren t; NAD - N orth A tlantic Drift; SC - Shelf C urren t; SCW - Sco ttish  
C oasta l W ater; DC - D ooley C urrent; CNS - C entral N orth Sea C urren t; SNS - S o u th e rn  N orth Sea C urren t; NC - N orw egian  C urren t; NCC - N orw egian  
C oasta l C urren t; ESC - East S p itsb e rg e n  C urren t; WSC - W est S p itsb e rg en  C urren t. 
do i:10 .1371/jo u rn a l.pone.0014295 .g001

latter also including the N orth  Pole. A lthough the basins are 
relatively deep (m axim um  dep th  5,450 m  in the Eurasian  Basin), 
the average dep th  of the entire Arctic O cean  is no t m ore than

about 1,330 m, reflecting the fact that m ore th an  ha lf o f the a rea  is 
continental shelf. T h e  N o rth  Sea (Figure 1) is pa rt o f the E uropean 
continental shelf sea with depths p redom inantly  from  0 -2 0 0  m
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and  enclosed by G reat Britain, N etherlands, Belgium, France, 
G erm any, D enm ark, an d  N orw ay. T h e  operational borders o f  the 
N orth  Sea are the D over Strait in the south a t 51" N  an d  the 
200 m  isobath ju st n o rth  o f the Shetland Islands a t 6 T 3 0 ' N, 
w here it connects to the N orw egian Sea an d  the A tlantic O cean. 
In  the east, the N orth  Sea connects to the Baltic Sea via the 
Skagerrak an d  K attegat betw een D enm ark, N orw ay, and  Sweden. 
T h e  N o rth  Sea is m ore th an  970 km  long an d  560 km  wide, with 
an  area  o f about 750,000 km~.

H y d ro g rap h y
N orth  A tlantic and  A rctic o cea n s. O n e o f the most 

conspicuous and  im portan t factors influencing m arine 
ecosystems in the N orth  Atlantic and  the Arctic is the G ulf 
Stream  System (GSS). T ogether with its n o rth ern  extension 
tow ard  E urope, the N orth  Atlantic Drift (NAD), the GSS is a 
powerful, w arm  ocean curren t that originates in the G ulf o f 
M exico, follows the eastern coastlines o f the U nited  States and  
N ew foundland, an d  crosses the A tlantic O cean  tow ard Northw est 
E urope. T h e  G ulf S tream  not only dram atically  w arm s the clim ate 
o f  countries such as N orw ay and  G reat Britain bu t also has a 
m ajor influence on  the m arine life in  this region. T h e  w arm  w ater 
o f  the NAD mixes w ith the colder waters found in the N orth  
Atlantic, increasing turbulence and  thus nu trien t availability, 
w hich in tu rn  resulted in some areas o f the N orth  Atlantic 
becom ing the m ost productive fishing grounds in the world, until 
overfishing led to a  d ram atic  decline (see the Census o f M arine 
Life project H istory o f M arine Anim al Populations [HMAP] 
for m ore inform ation ww w .hm apcom l.org). T hese large-scale 
circulation patterns structure the m arine (and terrestrial) clim ate 
and  habitats o f the entire a rea  an d  extend across m ore th an  60 
degrees o f latitude, and  are therefore a  m ajor consideration when 
looking a t potential latitudinal gradients in biodiversity. O u r study 
area  is largely influenced by the NA D  and  its n o rth ern  extension, 
the W est Spitsbergen C u rren t (WSC), along with w ater exiting the 
Arctic throught the Fram  Strait as the East G reen land  C urren t 
(EGG) an d  coastal waters m odified by their respective nearshore 
processes (e.g. waters exiting the N orth  Sea). This leads to 
dram atic  spatial gradients on  a  variety o f  scales with potentially 
strong, bu t poorly studied, im pacts on m acrofaunal diversity 
patterns.

N orth  Sea. T h e  N orth  Sea has two m ajor inputs o f  Atlantic 
w ater driven by ocean tidal m otion  - one in the south th rough  the 
English C hannel and  D over Strait an d  one in the n o rth  along the 
Shetland Islands. M ost o f the n o rthern  input circulates n o rth  o f 
D ogger Bank counterclockwise th rough  the central and  no rthern  
N orth  Sea. A long large parts o f the Scottish and  English coasts, 
there  is a  southw ard flow o f n o rth ern  coastal w ater entering  the 
southern N orth  Sea a t 53" N. T h e  A tlantic w ater entering  the 
southern N orth  Sea th rough  the C hannel follows a  northw ard  
direction, parallel to the coasts o f H olland, G erm any, and  
D enm ark. But close to the coast, input by large rivers (Rhine, 
M euse, Elbe) gives rise to a  distinct coastal w ater mass with low 
salinity and  high turbidity. Seafloor topography largely drives 
w ater circulation w ithin the N orth  Sea. T h e  com bination o f 
curren t speed, depth, wave height, and  density structure control 
the heat transfer th rough  the w ater colum n and, consequently, 
stratification. In  addition, borders (fronts) betw een therm ally 
stratified an d  m ixed areas play an  im portan t role in the ecology of 
the N orth  Sea. T h e  presence o r absence o f stratification also has 
m ajor consequences for the tem perature  regim e n ear the bottom  
and  notably the m axim um  tem peratures in sum m er. Bottom  w ater 
tem peratures in the southern N orth  Sea vary on  average betw een 
5"C and  16"C, w ith m ore extrem e values in shallow coastal

waters. T hese tem peratures are relatively high with respect to 
latitude because o f the com bination o f dep th  and  w ater supplied 
by the w arm  NAD. In  the no rthern  N orth  Sea the tem perature  
range is m uch  smaller, w ith a  variation betw een 6.5"C and  9"C.

History o f  research
Systematic study o f the N orth  Sea fauna has a  long history 

dating  back to inventories o f the tidal zone. T h e  successful use o f 
dredges by A udouin and  H . M ilne-Edw ards in France (1826-28) 
and  M ichael Sars in N orw ay (1829) opened the way to study the 
deeper waters o f the N orth  Sea. F rom  1839 onw ard the British 
began  to systematically investigate their m arine fauna, and  
E dw ard Forbes was one of the m ain  instigators. Results o f 
dredging cam paigns led in 1859 to Forbes’s book on the Natural 
History o f European Seas, in w hich he divided the E uropean  seas into 
so-called faunal provinces on  the basis o f the benthic fauna. 
Because o f the econom ic im portance of fisheries, scientific 
institutions for fishery research w ere founded a ro u n d  the N orth  
Sea, for exam ple, in G erm any in  1885 an d  in the N etherlands in 
1888. T heir scientific activities also led to m ore knowledge about 
the invertebrate fauna [see 14, 15], as this was recognized as a 
m ain  food resource for fish.

In  founding the In ternational Council for the E xploration of the 
Sea (ICES) in 1902 the participating  countries (Norway, Sweden, 
D enm ark, F inland, Russia, G reat Britain, G erm any, and  the 
Netherlands) were com m itted to regular surveys o f the fish fauna 
in the N ortheast A tlantic. T his resulted in  m ore vessels becom ing 
operational and  m ore data  on  various aspects o f the N orth  Sea 
ecosystem becom ing available.

A t the end o f the n ineteen th  century, the first m arine 
laboratories were founded. In  Scotland in 1884, laboratories were 
opened in  St. Andrews an d  G ran ton , the latter being the precursor 
o f the Scottish M arine Biological Association (1897) in M illport, 
now the Scottish Association for M arine  Science in O ban . A 
second laboratory  was opened in  the ETK, the Plym outh M arine 
L aboratory  (1888) following the foundation o f the M arine 
Biological Association o f the ETnited K ingdom  (1884). In  the 
N etherlands, the Zoological Society (1872) erected a m obile 
station in D en H elder (1876) that becam e the precursor o f the 
N etherlands Institute for Sea R esearch, now based a t Texel. T he 
first com plete survey o f the N orth  Sea was only conducted  in 1986 
by a  concerted action o f the N orth  Sea Benthos G roup o f IC ES 
[16], Several countries a round  the N orth  Sea, th rough  national 
m onitoring  program s, have continued to undertake surveys o f 
their regions o f the N orth  Sea.

T h e  N ortheast Atlantic deep sea is one of the m ost well studied 
deep-w ater areas in the world and  has often been described as the 
cradle o f deep-sea biology [17]. Sam ples collected by the Lightning 
and  Porcupine expeditions in 1868-70 highlight the historical 
im portance o f this a rea  [18], Subsequently there have been 
num erous o ther deep-w ater expeditions to the E uropean  pa rt o f 
the N ortheast A tlantic, b o th  organized by individual E uropean 
countries and  as jo in t E uropean  investigations. In  the early 1970s, 
long-term  tem poral studies o f the fauna were undertaken in the 
Rockall T ro u g h  to investigate reproduction  an d  grow th [19] as 
well as m ap the distribution o f m egafauna w ith respect to 
hydrography and  bathym etry  [20], Some o f the m ore recent 
studies funded by the EFT include B EN G A L (High-resolution 
tem poral an d  spatial study o f the B ENthic biology and  
Geochem istry o f  a  northeastern  Atlantic abyssal Locality), O A SIS 
(OceAnic Seam ounts: an  In tegrated  Study), H E R M E S  (Hotspot 
Ecosystem R esearch on the M argins o f E uropean  Seas), w hich is 
associated with the Census o f M arine  Life C ontinental M argin
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Ecosystems on a  W orldw ide Scale (C O M A R G E) program , and  
M arB E F (M arine Biodiverstiy and  Ecosystem Functioning).

O n e  o f the prim ary  goals o f the M arB E F p rogram  was to 
compile existing da ta  and  facilitate analyses so a m ore holistic view 
o f biodiversity in E uropean  waters can be obtained. T h e  initial 
effort focused on soft-sediment benthos and  resulted in the 
“ M acroben” database [21] from  44 contributed  datasets consisting 
o f m ore than  465,000 records. These records span m ore than
22,000 sam pling stations from  the M ed iterranean  an d  Black Seas 
to Franz Jo se f Land, and  include 7,203 valid taxa [21]. Efforts are 
under way to compile databases for hard-bo ttom  invertebrates and  
for nem atodes. Initial analyses on the M acroben  database have 
tested classification systems for biogeographic zones, investigated 
spatial trends in biodiversity and  com m unity assembly processes, 
and  applied m acroecological tools to m arine benthos.

T h e  Census o f M arine Life (Census), E uropean  Census o f 
M arine  Life (EuroCoM L), and  affiliated program s have been 
extrem ely active in the N ortheast A tlantic, N orth  Sea, and  Arctic 
region. T here  have been  a  variety o f Census field projects 
operating  in the areas o f interest, looking a t a  num ber o f  different 
environm ents ranging from  the coastline dow n to the deep sea. An 
im portan t aspect o f the p rogram  is to ensure that all the data  
collected are housed in a  central location and  preserved for future 
reference. T h ere  is a  dedicated online open access system within 
E urope, E urO B IS, w hich like the O cean  Biogeographic Inform a­
tion System, not only houses new  da ta  th a t have been collected bu t 
aims to collect and  store historical datasets from  a round  E urope.

E uroC oM L  decided that four separate review papers were 
needed to cover the vast a rea  o f E uropean  Seas. T h e  regional 
focus o f this p ap er is from  about 35" N  to the Arctic and  from 
about 25" W  to about 30" E, encom passing the shallow an d  deep 
waters o f the N orthw est E uropean  m argin, the N orth  Sea, and  the 
Arctic. Separate reviews relating to m arine  biodiversity in the 
Baltic Sea [22] and  the M edite rranean  [23,24] can  be  found 
elsewhere in this collection. Against this backdrop o f different 
environm ents, our specific aims were to sum m arize a) spatial 
patterns o f soft sedim ent benthos an d  fish, b) regional patterns o f 
biodiversity w ith regard  to latitude and  depth, c] shifts in species 
distribution, regim e shifts an d  anthropogenic impacts, an d  d) 
synthesise the new  results and  findings in a  novel way and  to add 
value to the research already undertaken.

S am plin g  E u ro p ean  m ar in e  b iodiversity
Generally, biodiversity estim ates o f soft-sediment m acrofauna in 

shallow-water areas are based on  counts o f species or h igher taxa 
in discrete grab or core samples after sieving over a  m esh size o f 
usually 1 nini. O ver the past century, m any  types o f grabs and  
corers have been devised, an d  the m ost com m on ones used today 
are the van V een grab an d  the Reineck boxcorer [25]. T h e  choice 
o f  grab an d  sieve size can have im portan t implications for 
biodiversity estimates, as some grabs are known to be inefficient in 
collecting deep-living m acrofauna species [26] such as the 
com m on thalassinid crustaceans in  the N orth  Sea. Similarly, 
using too large a m esh size leads to loss o f small m acrofaunal 
species like interstitial crustaceans and  polychaetes, w hich can  be 
ab u n d an t and  species-rich in  coarse sediments. In  practice, choice 
o f  equipm ent is often a  com prom ise based on size o f the ship and  
tim e constraints. For sam pling m obile epibenthos, an  even w ider 
variety o f gear has been  used, ranging from  com m ercial fishing 
o tter trawls [27] to custom -m ade beam  trawls o f different 
dimensions [28,29]. T h e  routine use o f dep th  sensors a ttached  to 
the beam  traw l in the m ost recent surveys has enabled  an 
estim ation o f the traw led seabed surface and  has thus provided 
sem iquantitative epibenthos data. Nevertheless, the efficiency of

different designs has only been tested in a  few cases an d  has 
revealed large errors, depending on species, substrate, and  rigging 
[28,30],

T h e  collection o f m acrofauna from  the deep waters o f  the 
N ortheast A tlantic is undertaken using different types o f corers, 
nam ely, box corers [31] o r some form  o f m u lti/m eg a  corer [32]. 
C urrently, there  is m uch discussion about the use o f different 
corers. T h e  box corer is thought to undersam ple the fauna because 
it creates a  bow  wave, thus “blowing aw ay” the light-weight fauna 
living on  the sedim ent surface [33]. T he sedim ent is sieved 
th rough  m esh sizes ranging from  0.25 to 0.5 nin i for m acrofauna. 
How ever, there  is still considerable discussion am ong scientists 
w ithin E urope regarding w hat m esh size to use; researchers in 
different countries use different m esh sizes and  this makes it 
difficult to com pare data. W e suggest th a t in o rder to m ake 
com parisons betw een shallow w ater and  deep w ater samples, a 
series o f stacked sieves ranging from  1 nin i th rough  to 0.25 nin i be 
used, thus allowing for different da ta  sets to be com pared. 
Furthem ore we suggest that deep-w ater m acrofaunal samples 
should be  routinely collected on a 0.25 nin i m esh an d  in shallow 
w ater regions, a  1 nin i m esh is p robably  sufficient. How ever, this 
does depend  on w hat the purpose o f the study is. If  it is to record  
biodiversity then  a  finer m esh sieve should be used (for reviews see 
[34,35]).

A nother p roblem  to be considered is w hether the samples 
should be fixed in form alin p rio r to, or after, sieving. Sieving after 
fixation is thought to lead  to i) a  reduction in the num ber o f 
anim als lost and  ii) m ore intact specimens [36]; H ow ever, sieving 
prio r to fixation results in sm aller quantities o f form alin being used 
and  lower sample storage requirem ents on  bo ard  ship. A 
technique th a t is currently  being used by some deep-sea 
researchers is élutriation. R a th e r th an  w ashing the sediment 
sample directly on a sieve, w ater is bubbled  th rough  a  flask (only 
feasible for small quantities o f  sediment) or bucket (for larger 
quantities o f sediment) and  the w ater-sedim ent m ixture is allowed 
to gently overflow on to a  sieve (see [37]). T h e  fauna collected 
using this technique are often still alive an d  in one piece which 
greatly aids identification.

M easur ing  b iodiversity
H ow  to m easure biodiversity is the subject o f  m any past and  

ongoing scientific discussions involving issues o f scale and  
organization level (genotypes, species, h igher taxa, habitat, 
ecosystem) [e.g., 38-41], M argurran  [41] has reviewed m any of 
the indices that are currently  used an d  highlights the advantages 
and  disadvantages in using those that are currently  favored. A 
diversity index m ay often continue to be  used despite inherent 
biases as researchers wish to be able to com pare results from  their 
studies w ith others. A w ay of overcom ing this w ould be to continue 
to use the old index, bu t also start using new er indices that have 
less bias associated with them . A n index that is becom ing m ore 
com m only used is C larke and  W arw ick’s taxonom ic distinctness 
index [42-44] as it has the added  advantage o f not being as 
sensitive to sam pling effort [45]. How ever, com parisons across 
assemblages can be problem atic [46], A n in-depth  discussion 
regarding w hether one index is better th an  ano ther e.g. w hether 
S h annon’s species diversity is bette r th an  evenness o r delta plus 
falls outside the scope o f the present paper, w hich focuses on 
estim ates o f biodiversity in the N orth  Sea, N ortheast Atlantic, and  
Arctic. In  this paper, we sum m arize results from  studies that have 
solved this prob lem  using different techniques, depending on the 
specific research questions addressed an d  available data. For the 
m ost part, we focus on  results concerning species richness (total 
species counts, S), and  H u rlb e rt’s rarefaction, ESn. ESn represents
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the expected num ber o f species w hen n individuals are random ly 
draw n from  the sample. For exam ple, ES50 is the num ber o f 
species expected to be found in 50 random ly selected individuals 
from  a sample. H u rlb e rt’s index is one o f the m ost com m only used 
indicies in benthic com m unities, w here samples are o f an  uneven 
size, and  thus is appropria te  for the continental- an d  regional-scale 
com parisons we m ake here, even though it m ay over-estim ate the 
num ber o f species present [47].

Results and Discussion

E u rop ean -sca le  spat ia l  p a t t e rn s
D ue largely to local and  regional environm ental m onitoring 

efforts, nearshore benthos (littoral to shelf break) is the best studied 
com ponent o f E uropean  m arine biodiversity. M any of these 
studies cover a  relatively small scale, bu t recent integrative efforts 
by M arB E F have resulted in analysis o f  da ta  com piled from  across 
the E uropean  seas, an d  it is estim ated th a t there  are m ore than

10,000 species in the areas o f interest (Table 1 [48]). Spatial 
patterns in biodiversity related  to latitude an d  dep th  have received 
the greatest attention, bu t o ther physical o r ecological gradients 
such as tem perature, sedim ent grain size an d  fresh w ater input, 
have also been  addressed in the regional studies, an d  m ay help to 
suggest m echanism s responsible for generating and  m aintain ing  
patterns.

Earlier studies have no ted  several p henom ena  pertinen t to our 
region of interest. First, fewer species are recorded in the Arctic 
th an  in boreal areas [e.g. 49], Second, the Arctic is a  relatively 
young hab ita t in evolutionary term s [50,51], and  hence holds few 
endem ic species w ithin some taxonom ic groups. T his is particu­
larly true for Arctic shelf areas, because of p ronounced  sea-level 
variations during the glacial an d  interglacial periods [52], bu t 
taxonom ic distinctness has also been  shown to increase across the 
entire region a t depths less than  200 m  [53]. Large parts o f the 
E uropean  Arctic an d  N orth  A tlantic region are strongly influenced 
by w arm -w ater currents com ing from  the south by m eans of the

T a b le  1 . T a x o n o m ic  c la s s if ic a t io n  o f  s p e c i e s  r e p o r t e d  a lo n g  t h e  W e s te r n  E u r o p e a n  m a rg in .

Taxonom ic group No. species
State of 
know ledge1

No. introduced  
species No. experts

No. identification  
guides

Dom ain Archaea ~ 2 ~ ~

Dom ain Bacteria (including Cyanobacteria) ~ 2 ~ - 1 5 < 5

Dom ain Eukarya

Kingdom Chromista 1642 2 5 - 8 > 5

Phaeophyta ~ - 5

Kingdom Plantae

Chlorophyta 518 3 5 - 1 0 > 5

Rhodophyta 1257 3 25 - 5 > 5

Angiospermae ~ - 2 0 > 5

Kingdom Protoctista (Protozoa)

Dinomastigota (Dinoflagellata) 444 3 10 > 5 < 5

Foraminifera > 5 3 > 5 < 5

Kingdom Anim alia

Porifera 462 4 >20 > 5

Cnidaria 487 4 15 >20 > 5

Platyhelminthes 251 4 6 >15 > 5

Mollusca 1304 5 55 >50 >10

Annelida 1554 5 15 >50 >10

Crustacea 2244 5 61 - 6 0 >10

Bryozoa 339 5 >10 > 5

Echinodermata 291 5 >10 > 5

Urochordata (Tunicata) 102 4 9 > 5

Other invertebrates

Vertebrata (Pisces) 1148 5 39 >15 >10

Other vertebrates 222 5 >10 > 5

SUBTOTAL

TOTAL REGIONAL DIVERSITY 12269 ~ 2 4 5

Note:
1 State of knowledge, key:
5 = very well known (>80% described, identification guides < 2 0  years old, and good taxonomic expertise).
4 = well known (>70% described, identification guides < 5 0  years old, good taxonomic expertise).
3 = poorly known (<50% species described, identification guides old or incomplete, m oderate taxonomic expertise).
2 = very poorly known (only few species recorded, no identification guides, little taxonomic expertise).
1 = unknown (no species recorded, no identification guides, no expertise).
doi:10.1371 /journal.pone.0014295.t001
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n o rth ern  branches o f the GSS. T h e  highest species diversity occurs 
in the N orw egian and  Barents Seas, perhaps due to this influx of 
w ater and  organisms from  the N orth  A tlantic [53]. Species 
richness decreases northw ard  and  eastw ard into the eastern 
Barents, K ara , and  L aptev Seas [54] (see below).

Systems o f geographical delineation o f faunal regions m ay be 
useful b o th  for investigation o f underlying ecological o r environ­
m ental processes, an d  for developing m eaningful m anagem ent 
policies a t different spatial scales. W hile m ultiple systems of 
draw ing biogeographical boundaries have been  proposed, em pir­
ical data  have rarely been  sufficient to test their rigor. Arvanitidis 
et al. [55] used a dataset contain ing  5,012 species extracted from 
M acroben  to test the validity o f eight systems, an d  found that 
polychaetes were the only faunal group to sufficiently support any 
o f the m ain  biogeographical systems, an d  this was the one 
proposed by Longhurst [56], T h e  polychaete group is the th ird  
m ost species-rich in M acroben, has high functional diversity, and  
is the only m acrofaunal group th a t exhibits all m ajor feeding 
strategies such as carnivore, surface deposit, sub-surface deposit, 
filter an d  inter-face feeding. T hese features m ake polychaetes well 
suited for evaluating the Longhurst biogeographical system, one 
based largely on  w ater-m ass and  p lankton-com m unity distribu­
tions.

T w o o f the m ore prevalent biodiversity p atterns described in the 
literature are the decrease in richness with increasing latitude 
(latitudinal species-diversity gradient, L SD G  [e.g., 57, 58]) and  
unim odal p a tte rn  o f richness with w ater depth, peaking a t a round
2.000 m  [e.g., 59, 60], W hile recent m eta-analytical m ethods have 
com piled significant quantities o f da ta  to evaluate L SD G  [61,62], 
m ost o f  the basis for these patterns in the m arine system is from 
relatively few stations, or includes potentially confounding factors, 
such as varying sam pling effort o r covariates. Few m arine 
sam pling program s have been  designed to test large-scale 
latitudinal patterns, and  the total a rea  o f the seafloor sam pled is, 
in m any areas along the latitudinal gradient, far too small to feei 
confident that we have a reasonable value for regional or 
continental diversity, even in E uropean  waters w here sam pling 
has been  am ong the m ost intense.

T w o approaches used M acroben  to evaluate biodiversity 
patterns across the whole o f E uropean  waters, albeit restricted to 
continental shelf (OM-75 m) depths. W hereas an  increase in 
richness to 200 m  dep th  was observed in  bo th  studies, no evidence 
was found to support a  L SD G  once sam pling effort (num ber o f 
stations, a rea  sampled) an d  dep th  covariates were rem oved 
[63,53]. Results w ere consistent w hether the entire com m unity 
was taken together o r m ajor taxonom ic groups were analyzed 
separately, an d  mollusks even showed a  small increase in  diversity 
with increasing latitude [53]. In  addition, there  was some 
indication that species richness was (negatively) related  to the 
(modeled) am ount o f  organic m atter reaching the seafloor [63]. 
E ach o f these studies used subsets o f  M acroben  (extracted so data  
were collected by com parable m ethods) that contained well over
3.000 samples and  2,200 species, m aking them  am ong the largest 
em pirical datasets used to test these patterns.

Novel statistical techniques were used to explore m echanism s 
that m ay generate the observed patterns. Processes invoking 
isolation o f subpopulations and  subsequent expansion from 
m ultiple refuges were m ore strongly supported th an  expansion 
from  a center o f origin [55]. Additionally, it appears that regional 
processes determ ine com m unity assembly for m ost subsets o f the 
data, w hereas random  assembly, followed by local environm ental 
and  ecological processes, appears to be  m ore im portan t for 
polychaetes [64], These efforts begin to bridge the gap betw een 
describing pa tte rn  and  identifying m echanism .

T h e  use o f new  m athem atical m odels to predict species richness 
based on sam pling intensity and  knowledge o f hab ita t character­
istics offers prom ise for bo th  research an d  m anagem ent o f 
E uropean  biodiversity. M id-dom ain  effect m odeling [65] links 
species range distributions w ithin a defined dom ain  to predict 
spatial patterns o f biodiversity. Further, ecological knowledge of 
habitat-species diversity relationships can  be com bined with 
rem ote sensing to predict diversity patterns over large spatial 
scales w hen sam pling is logistically difficult [e.g. 66, 67]. These 
models can be ru n  in a  forecasting m ode to predict, for exam ple, 
the effects o f hab ita t loss, hom ogenization, o r fragm entation on 
biodiversity [67]. Finally, spatial hab ita t m odelling uses a  lim ited 
set o f  environm ental param eters (e.g. sediment grain size, 
bathym etry, tidal currents) that describe geom orphological 
features to predict distributions o f m arine benthic com m unities 
[68-70],

S tandard  ecological questions a re  often best addressed by 
studies across small- o r regional-scale gradients. M acroecology, 
however, asks questions on large an d  m ultiple scales, often 
spanning several ecosystems [71]. This offers a  com plem entary 
approach, and  one that is valuable since im pacts o f clim ate change 
and  hum an  activities often express themselves on these scales. 
Because m acroecology in its recent form ulation is a  relatively new 
discipline [e.g., 72, 73], it is p robably  not surprising th a t the 
principles have not received m uch a ttention  in the m arine realm . 
T h e  establishm ent o f M acroben  allowed one o f the first attem pts 
to search for consistent, large-scale relationships betw een abun­
dance and  distribution o f soft-sediment benthic organism s on a 
pan -E uropean  scale. W ebb et al. [74] showed that assemblages 
exhibited the same strongly right-skewed frequency distribution 
observed in  m any terrestrial systems; that is, m ost species are rare 
and  only a  few are widely distributed. This also complies w ith the 
general understand ing  that m ost m arine sedim ent habitats exhibit 
high spatial heterogeneity  in environm ental characteristics on 
m any scales. W hereas the general positive relationship betw een 
abundance and  occupancy shown by M acroben  assemblages was 
similar to that found in m any o ther systems, this relationship was 
weak, an d  the sign and  strength varied am ong taxonom ic groups 
and  regions w ithin the E uropean  dom ain  [74], W hether this is due 
to hum an-induced  d isturbance patterns, undersam pling of the 
fauna (leading to a  suggestion o f a  greater p roportion  o f rare 
species th an  actually exists), o r ecological (e.g., life-history) 
processes rem ains to be determ ined. These results, however, show 
the value o f applying new tools an d  a m acroecological perspective 
to biodiversity research.

Regional p a t t e rn s  in b iodiversity
L atitu d in a l g ra d ien ts. Interest in large-scale patterns o f 

benthic com m unities and  their biodiversity was stim ulated a round  
1986 by the growing recognition that the intensive bottom - and  
beam -traw l fisheries in the N orth  Sea were posing a  th rea t to 
benthic com m unities, biodiversity, and  habitat. Subsequent 
investigations such as IM P A C T  have largely confirm ed these 
negative traw ling effects [75]. T h e  1986 NSBS survey yielded the 
first com prehensive dataset o f  m acrobenthic species and  
com m unity distribution in the southern and  central N orth  Sea 
[16] and  showed that m acrobenthos biodiversity expressed as 
either sample species richness o r ES50 increased in a  south-to- 
no rth  direction [76], This increase in species num ber was most 
p rom inent betw een 51" N  and  58" N. In  the deeper central N orth  
Sea no rth  o f D ogger Bank, w here sedim ent becom es silty-fine 
sand, species richness further increases up to 58" N, w hich roughly 
coincides w ith the 100 m  isobath. N orth  o f 58" the latitudinal 
increase in species richness ap paren t in the NSBS dataset seems to
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level off [76], In  a  later analysis o f  the same NSBS dataset, H eip 
and  C raeym eersch [77] showed that the latitudinal increase o f 
m acrobenthic diversity holds for all four m ajor taxonom ic groups 
and  that this trend  contrasts w ith the diversity o f m eiofaunal 
copepods, w hich shows the opposite pattern , that is, a  decrease 
from  south to north.

In  an  earlier analysis o f the NSBS da ta  from  the southern and  
central N orth  Sea, Duineveld et al. [78] linked species richness 
with assemblage type, instead o f latitude. T hey  showed that species 
richness differed am ong the different assemblages present, the 
assemblages in tu rn  being strongly linked to sediment grain size. 
Fine-grained sediments with m oderate  am ounts o f silt had, on 
average, h igher species richness th an  m obile sandy sediment. This 
difference can be partly  explained by the extensive three- 
dim ensional subsurface structures form ed by  anim al burrow s in 
this type of sedim ent (e.g., thalassinid shrimps, echinoderm s), 
increasing heterogeneity and  complexity [see 79, 80], an d  the 
m oderate intensity o f physical d isturbance [81]. How ever, neither 
sedim ent nor assemblage type completely explains the gradient. 
O n  the shallow D ogger Bank north  o f  the O yster G rounds, with 
relatively uniform  sandy sedim ent an d  inhabited  by an  assemblage 
similar to the southern N orth  Sea, species richness is equally high 
as in the O yster G rounds [see 82]. A ccording to K röncke [83], the 
relatively high species richness on D ogger Bank is possibly a 
developm ent o f the last 50 years. As no earlier da ta  exist for o ther 
areas, it is impossible to say if the whole gradient is likewise a 
recent developm ent.

R ecently  an  effort has been m ade to com pare patterns found in 
the 1986 NSBS survey w ith new er da ta  from  2000-2001 [84], bu t 
has to now  not been  published in the peer-review ed literature. In 
contrast to the synoptic grid da ta  from  1986, the 2000 dataset was 
assem bled from  different national surveys, w hich led  to increased 
spatial coverage. N early all the com ponent surveys from  2 0 0 0 / 
2001 that have been included in these analyses were perform ed 
with the same sam pling gear i.e. 0.1 m~ van V een grab an d  a 
1 nin i m esh [84], H ere  we have undertaken  further analysis, by 
focusing specifically on  the N orth  Sea da ta  (2000-2001 included 
results from  the English Channel). T h e  ES50 results collected from 
14 datasets utilising only the N o rth  Sea da ta  clearly illustrates that 
m acrobenthic biodiversity increases in a  northerly  direction 
(Figure 2a). Nevertheless, the same tren d  in species richness 
ES50 found in 1986 was also very clear in the com bined 2000 data  
and  the N orth  Sea da ta  (used here), w ith no significant difference 
betw een absolute num bers [85]. T h e  stability o f the diversity 
p a tte rn  is also illustrated in D aan  an d  M ulder [82], who showed 
that differences in species richness am ong four assemblages in the 
D utch  p a rt o f  the southern N orth  Sea w ere constant over the 
period  1991-2005. C hanges in species richness over the period  
1991-2005 were only observed in the assemblage inhabiting  the 
m uddy and  sum m er-stratified O yster G rounds, w here an  increase 
was seen. No obvious environm ental factors explained this trend  
[86]. O n  a  smaller local scale, effects o f  environm ental variability 
on  species richness have been  well docum ented [87-89], In  the 
coastal reaches o f the G erm an  Bight, severe winters have distinct 
im pacts on species richness [30], Furtherm ore, nu trien t concen­
trations and  river runoff have been found to correlate w ith species 
richness in the G erm an  Bight [90],

D iscrim inating w hich variable is responsible for the observed 
richness trend, given that a  single variable exists, is problem atic 
considering that m ost variables are correlated  (e.g., wave stress and  
depth, stratification an d  tem perature). Nevertheless, the com m on 
message in the papers above is th a t hydrographical variables 
strongly influence the latitudinal tren d  in m acrofauna species 
richness, an d  bo ttom  w ater tem perature  seems the most

influential. O n e  factor not accounted  for in explorations o f 
latitudinal diversity trends in the N orth  Sea is the effect o f 
trawling, an d  especially beam - trawling, on benthos. Intensity o f 
beam  traw ling is highest in the southern N orth  Sea [see 91], where 
sandy sediments have relatively low species richness. W hether this 
is a  causal link has no t been verified. M odels predict low im pact o f 
traw ling in habitats with a  high degree o f na tu ra l disturbance, such 
as m obile sands [91], suggesting that the low species richness m ight 
be a natu ral feature o f the habitat.

Q uantitative investigations o f soft-sediment epibenthos for the 
entire N orth  Sea w ere undertaken, initially by Frauenheim  et al. 
[92], an d  then  continued by Jennings et al. [29], Zühlke et al. [93], 
and  Callaway et al. [94] using standardized gear and  sam pling 
m ethods. How ever, detailed analyses o f diversity patterns o f 
epibenthos w ere ham pered  by the still variable traw ling distance 
pe r haul, and  the low an d  partly  unknow n catch efficiency o f the 
beam -traw l. Nevertheless, the observed large-scale spatial patterns 
o f epibenthic species diversity were similar to patterns in the 
infauna, showing a  clear latitudinal trend, w ith lowest diversity in 
the southern and  highest in the n o rthern  N orth  Sea. This gradient 
was even m ore conspicuous for sessile epibenthic species. 
Particularly at depths betw een 50 m  an d  100 m, a  diverse sessile 
fauna was found, dom inated  by hydrozoans an d  bryozoans, 
w hereas along m ost parts o f the continental coast, total species 
diversity was ra th e r low [94]. Epibenthic diversity plo tted  against 
latitude p roduced  a  clear relationship w ith latitude, increasing 
from  south to n o rth  [95].

O n  the E uropean  continental shelf, LSD G s of soft-sediment 
fauna have been studied over a  range o f scales, from  15 to 45 
degrees o f latitude, and  w ith variable results. At distance ranges o f 
about 15 degrees in the Arctic O cean, diversity o f m acrofauna and  
nem atodes was found to decrease with increasing latitude, after 
controlling for dep th  (Figure 2b) [95,96], Conversely, Ellingsen 
and  G ray [79] found no evidence for an  L SD G  over a  range o f 15 
degrees along the N orw egian coast. Finally, some of the m ost well 
know n exam ples o f diversity gradients in E uropean  waters come 
from  the Baltic, w here there  is a  strong decline in diversity with 
latitude [e.g., 97], an d  the N orth  Sea, w here the tren d  is reversed 
and  diversity increases with latitude [76,84], M ore detailed 
discussion o f the N orth  Sea and  Baltic Sea datasets is provided 
either earlier in this review or in a  com panion pap er in this 
collection, respectively [22]. T hese widely varying results over 
smaller spatial scales suggest that local and  regional processes are 
im portan t in determ ining spatial patterns o f infauna and  epifauna, 
w hereas a t continental scales (up to 45 degrees o f  latitude) there is 
no obvious support for LSD G s (see discussion above).

Fish species richness has been shown to decline with increasing 
latitude bo th  globally [62] an d  w ithin the E uropean  region [61], 
Assessment o f these patterns, however, is only as good as our 
curren t estim ates o f local and  regional biodiversity. A recently 
com pleted seven-year study led to an  increase o f m ore th an  10% 
in the num ber o f E urope’s freshwater fish species [98], These 
results from  a ra th e r well studied hab ita t (Europe’s freshwater) 
suggest that it is likely that concen tra ted  sam pling o f m arine fish in 
poorly know n areas o f E urope’s coastal and  deep-sea zones, and  in 
Arctic areas in particular, m ay result in com parable changes in our 
understand ing  o f fish biodiversity and  perhaps in latitudinal trends 
in th a t diversity.

T h ere  has been  an  o rder o f m agnitude fewer studies exam ining 
deep-sea diversity latitudinal gradients. Both ecological and  
evolutionary processes appear to influence global-scale deep-sea 
diversity patterns, although the patterns themselves are still not 
fully understood. In  studies investigating the deep waters o f the 
N ortheast Atlantic an d  up into the Arctic, there does no t appear to
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Figure 2. Changes in species diversity w ith latitude. (A) T he ES50 fo r th e  N orth Sea so ft-se d im e n t b e n th o s . T he figu re  sh o w n  h e re  ex c lu d es  th e  
d a ta  from  th e  English C hannel resu lts  an d  th u s  has b e e n  re-ana lysed  an d  re -d raw n  to  ta k e  th is  fac t in to  a c c o u n t (see Rees e t  al. [84] fo r th e  full 
analysis). (B) T he ES50 fo r th e  so ft s e d im e n t E u ropean  c o n tin e n ta l sh e lf m a c ro fau n a  -  m ea n  va lu es  a t  1 ° la titud ina l b a n d s  (a d a p te d  from  R enaud e t  al. 
[53]). (C) The sp ec ie s  richness fo r th e  Foram inifera an d  C u m acea  fo u n d  in th e  d e e p  N o rth ea s t A tlantic (Foram inifera a d a p te d  from  C ulver a n d  Buzas 
[110]; C u m acea  a d a p te d  from  G age e t  al. [105]). 
do i:10 .1371/jo u rn a l.p o n e .0014295 .g002

be a  strong latitudinal diversity gradient. T h e  G reenland-Iceland- 
Faroe R idge acts as a  physical barrie r and  thus has an  effect on the 
overall diversity. W ork published by  R ussian researchers in the 
late 1980s found th a t the species richness o f m any different faunal 
groups, including cum aceans [99], echinoderm s [100], and  
prosobranch  gastropods [101], was m uch  lower in the Arctic 
deep sea than  on the nearby  shelves.

M ore  recen t large-scale studies a n d  analyses have investigated 
the  influence o f la titude  on  diversity, m ost no tab ly  R ex  et al. 
[102-104] looking a t deep-sea bivalves, gastropods, a n d  isopods 
an d  G age et al. [105] looking a t C u m acea  in the  deep A tlantic. 
L am bshead  et al. [106,107] a n d  M okievsky a n d  Azovsky [108] 
investigated  the links be tw een  nem atodes a n d  diversity gradients 
while T h o m as a n d  G ooday  [109] a n d  C ulver an d  Buzas [110] 
looked a t foram inifera. R ex  et al. [102] found  th a t there  was a 
po lew ard  decline in deep-w ater m olluscan an d  crustacean  
diversity in the  N orthw est A tlantic. G age et al. [105] also found 
th a t for the  cum aceans there  was a po lew ard  decline in  diversity 
in  the  N o rtheast A tlantic; w ith  a  steeper regression line in the  east

com p ared  to the  west side o f the  basin . W hen  G age et al. [105] 
included  sam ples from  the  N ord ic  Seas, they  found  th a t the  slope 
o f the  regression line m arked ly  increased . L am bshead  et al. 
[106], how ever, d id  no t find a  decline in nem ato d e  diversity 
associated  w ith latitude; instead  they  rep o rted  a  small positive 
g rad ien t th a t they  a ttrib u ted  to increasing  surface productiv ity . 
C ulver an d  Buzas [100] a n d  Corliss et al. [ I l l ]  found  th a t 
foram inifera! diversity in  the  N o rth  A tlantic  also exh ib ited  a 
po lew ard  decline a n d  a ttrib u ted  this to trends in food supply. 
H ere  we have com bined  G age et a l’s. [105] cum acean  results 
(minus those from  the  N ord ic  Seas) w ith the  fo ram in iferan  results 
[100], a n d  as can  be seen the  decline in cum aceans is no t so clear 
as is w ith the  foram iniferans (Figure 2c). H ow ever, if  the 
cum acean  results from  the  N ordic  Seas a re  included, th en  there  
is a  m uch  clearer po lew ard  decline in species richness (not show n 
on  this figure). T h is indicates th a t different taxonom ic groups 
m ay, no t surprisingly, exh ib it different la titud ina l trends, bu t 
studies have b een  few, a n d  m echanism s to explain  p a tte rn s 
rem ain  to be  tested.
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A large-scale study undertaken  in the U K  Atlantic M argin 
highlights the difference in  m acrofaunal diversity betw een the 
Rockall T rough  (Northeast Atlantic) and  the Faroe-Shetland 
C hannel (FSC), p a rt o f the N ordic Seas region [33,112,113]. 
W arm  N orth  A tlantic w ater is found in bo th  areas; however the 
FSC also has colder waters (colder th an  0"C) filling the deeper 
parts o f the C hannel. This significant therm al gradient along the 
w estern side o f  the FSC m arkedly influences bo th  the diversity and  
distribution o f the m acrofauna [33,112,113]. T h e  fauna in the 
w arm er N orth  A tlantic w ater is distinct from  that in the colder 
Arctic waters. T h e  W yville-Thom son R idge is a  physical barrie r 
that restricts the flow o f colder w ater (but no t completely, e.g., see 
[114]) into the Rockall T rough  and  N ortheast A tlantic. W ithin  the 
C hannel there is a  region at about 400 m  w ater depth, potentially 
defined as an  ecotone, o f enhanced  diversity w here fauna from 
bo th  the w arm  an d  cold waters can be found [33,112,113]. T he 
F1ERMES program  analyzed results from  the E uropean  open 
slopes using the same sam pling an d  identification protocols. 
D anovaro  et al. [115] reported  the highest biodiversity o f 
nem atodes was found a t interm ediate to high latitudes. Flowever, 
these results need to be  treated  w ith caution because there  is a  lack 
o f samples betw een 42" N  an d  70" N, and  the analysis included 
results from  the deep waters o f bo th  the M ed iterranean  and  the 
Arctic, w hich m ay skew the results. Finally, in a  study com paring  
point m easurem ents o f diversity at three deep-w ater locations 
along the E uropean  m argin, W lodarska-K ow alczuk et al. [116] 
found little difference am ong infaunal diversity (H urlbert’s 
rarefaction) from  the G reen land  Sea (80" N), Rockall T rough  
(56° N), and  G oban  Spur (49° N) a t depths below 1000 m, bu t two 
to four times lower diversity at the Arctic site betw een 1,000 and
3,000 m.

O n e  of the biggest problem s in trying to determ ine w hether a 
latitudinal species-diversity gradient exists is that da ta  are lim ited 
for the deep sea. Further, da ta  are alm ost never collected for the 
specific use o f investigating these gradients, and  thus in terpretation  
o f results is som ewhat difficult. T here  are also potential problem s 
in m aking com parisons am ong the different studies, as there are 
often variations in  the way that the fauna were collected, even 
w ithin the same size groups. For exam ple, the m acrofauna m ay be 
collected with grabs, box corers, or m egacorers as well as by using 
different diversity analyses [e.g., 103]. T o  m ake direct faunal 
com parisons am ong future studies, it is im portan t that the 
sampling, level o f  identification, and  analytical m ethods be 
standardized [117]. Flowever, the m any  different habitats and  
environm ental conditions o f  the deep sea m ake such standardi­
zation difficult. T h e  different deep-w ater Census projects have 
tried  to do this for their individual areas, bu t with lim ited success. 
T h e  num erous different diversity analyses available also cause 
problem s, as there  are drawbacks to m any of them  and  it is 
difficult to reach agreem ent on w hich to use.

D ep th  g ra d ien ts . W ater dep th  is a  p a ram ete r th a t covaries 
with a  variety o f  environm ental characteristics, and  not always in 
the same m anner. This makes correlations o f biodiversity (or any 
m easurem ent) with dep th  open to considerable interpretation , 
because it is rarely dep th  pe r se (i.e., hydrostatic pressure) that is 
the cause o f any relationship revealed. Despite this, dep th  is a 
useful, and  easily m easured, aggregate param eter that has been 
linked to spatial patterns in biodiversity. O ver the range o f ocean 
depths, data  from  a variety o f invertebrate groups suggested a 
tren d  o f increasing species richness to depths o f about 2,500 m, 
and  a subsequent decline a t greater depths [reviewed in 52]. This 
has been  corroborated  in a  study in the E uropean  Arctic O cean 
[118], bu t the m ajority o f recent em pirical evidence from 
E uropean  waters points to either no change with dep th  [97,119]

or a  m onotonie (and sometimes exponential) decline with depth  
[91,115,119-123]. T hese studies have been  perform ed in the 
M editerranean , Norw egian, and  G reen land  Seas, an d  the Arctic 
O cean, and  faunal groups included foram iniferans, polychaetes, 
nem atodes, crustaceans, and  total m acrofauna.

In  m any regional studies, latitude is a  com m on covariate with 
depth. D epth  gradually increases w ith latitude from  about 20 m  to 
100 m  for the a rea  covered by the 1986 N orth  Sea Benthos Survey 
(NSBS) [76,77]. E arlier G lem arec [123] em phasized the im por­
tance o f w ater tem perature  regim e for species distributions in the 
N orth  Sea. D ue to stratification patterns in the N orth  Sea, bottom  
tem perature  also often covaries with latitude and  depth. T he small 
annual tem peratu re  range (5—7 °C) in the stratified central and  
no rth ern  N o rth  Sea, as com pared to the southern N orth  Sea (4 - 
16"C), could explain w hy cold-w ater species are no t found farther 
south th an  D ogger Bank (55"30' N). By contrast, m any southern 
“w arm ” species can survive the cold sum m er tem peratures in the 
north . This m ixture o f cold- and  w arm -w ater species particularly  
in the deeper, n o rth ern  parts o f  the N o rth  Sea could partly  explain 
the latitudinal species richness trend, especially in the offshore 
areas.

W e have used the same N orth  Sea dataset (as highlighted 
earlier) an d  have plo tted  the ES50 results against dep th  (Figure 3a) 
and  find a  strong positive relationship betw een dep th  and  species 
diversity. G enerally as dep th  increases there is an  increase in 
diversity. W illems et al. [85] also found a significant relationship 
betw een average sum m er tem peratures and  ES50 in the full 2000 
dataset. Reiss et al. [124] analyzed correlations betw een species 
richness and  various environm ental variables (e.g., depth, tidal and  
wave shear stress, salinity, m ud  content) and  found that although 
m any yielded significant correlation, the strongest (negative) 
correlation was with sum m er tem perature. As highlighted above, 
determ ining w hich variable accounts for the trend  in species 
richness is difficult, as m ost variables co-vary with one another. 
Jenn ings et al. [29], Zühlke et al. [93], an d  Callaway et al. [94] 
found that the epibenthic diversity was correlated w ith environ­
m ental variables (depth, sedim ent type, annual tem perature  
range). Like Fleip an d  C raeym eersch [77], Jenn ings et al. [29] 
poin t to tem perature  range as an  im portan t determ inan t for 
epibenthos species distributions in the N orth  Sea, especially the 
contrast betw een stable conditions due to deep Atlantic inflow in 
the central an d  n o rthern  N orth  Sea and  variable inflow through 
the English C hannel in the south. Zühlke et al. [93] found a 
positive correlation betw een diversity o f free-living epifauna and  
depth, the latter being a  proxy for tem perature  range and  food 
availability in  the N orth  Sea. By contrast, diversity o f sessile 
epifauna did no t correlate well w ith depth, bu t in  tu rn  showed a 
strong (negative) correspondence w ith beam  trawl effort. This 
could be in terpreted  as a  causal relationship, that is, sessile species 
being particularly  vulnerable to trawling. Flowever, C allaway et al. 
[94] argue that distributions o f com m ercial beam  traw ling and  
biotic variables, such as the presence or absence of sessile 
epibenthos, could result from  similar environm ental forcing (e.g., 
sedim ent type), w ithout a  direct causal relationship. A correlation 
analysis by  Reiss et al. [124] w ith the 2000 da ta  on  epifauna 
diversity and  a  suite o f environm ental factors po in ted  to the 
im portance o f hydrographic factors (tem perature range, salinity) 
and  the insignificance o f sedim ent type as a  forcing factor.

A t shelf depths, there  is little theory to suggest how diversity 
should vary with depth, an d  again, multiple factors m ay covary 
with depth. T hese factors include light, disturbance, sediment 
grain size, curren t speed, oxygen concentration , salinity, and  
ecological interactions. In  shallow waters (under 50 m), there  is 
some evidence o f depressed biodiversity am ong epifaunal and
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Figure 3. Variations in species diversity maxima w ith  depth. (A) T he ES50 fo r th e  N orth Sea so ft-se d im e n t b e n th o s . T he figu re  sh o w n  h e re  
ex c lu d es  th e  re su lts  from  th e  English C hannel an d  th e re fo re  has b e e n  re -ana lysed  a n d  re -d raw n  to  tak e  th is  fac t in to  a c c o u n t (see Rees e t  al. [84] for 
th e  full analysis). (B) T he ES50 fo r th e  so ft s e d im e n t E u ropean  c o n tin e n ta l sh e lf m ac ro fau n a  -  m ean  va lu es  a t  50  m d e p th  b a n d s  (a d a p te d  from  
R enaud e t  al. [53]). (C) T he ES41 fo r th e  d e e p  N o rth east A tlantic  c o m p a rin g  m acro faunal resu lts  from  N orth (F aroe-S hetland  C hannel) a n d  S o u th  
(Rockall T rough) o f  th e  W yville-Thom son R idge (d a ta  p ro v id ed  co u rte sy  o f BJ B ett [33]). 
do i:10 .1371/jo u rn a l.p o n e .0014295 .g003

infaunal organism s in the shallowest areas, and  increasing richness 
with dep th  thereafter (Figure 3b). Exam ples include epifauna in 
the L ena R iver delta [125], infauna in N orw egian fjords [126], 
and  fouling organism s on stones in the G reen land  Sea [127 (see 
o ther exam ples in regional sections below). It is highly likely that 
the proxim al causes o f the diversity patterns in these studies (e.g., 
sedim entation, scour) are different, however. In  deeper waters o f

the continental shelf, several studies have shown an  increase in 
richness to approxim ately 200 m  dep th  followed by a  decline to 
300-500  m  (N orthern E uropean  polychaetes [119], G reen land  
shelf peracarid  crustaceans [128], European-scale infauna [53]). It 
is likely that a  different p a tte rn  exists for benthic m acroalgae than  
for benthic invertebrates. A study by M iddelboe et al. [129] noted  
the factors m ost responsible for p redicting  m acroalgal diversity in
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D anish estuaries w ere salinity, w ater transparency, nutrient 
concentration, and  availability o f  h a rd  substrata. All o f  these 
m ay covary with w ater depth, bu t no t always in predictable ways.

It is generally assum ed that in the N orth  Atlantic deep sea the 
relationship betw een m acrofaunal diversity and  dep th  fits a 
parabolic curve [59,130-133], so that as dep th  increases so does 
diversity, reaching a peak at interm ediate (bathya!) depths, before 
decreasing. Inform ation for the N ortheast A tlantic is still relatively 
sparse com pared w ith that for the N orthw est A tlantic (this is 
changing with the m ore recent program s o f H E R M E S  and  
C O M A R G E ); however, it does still follow this general p a tte rn  with 
no further decline evident a t abyssal depths [103,134], A long some 
areas o f  the E uropean  m argin (55"-57u N), the parabolic 
relationship betw een diversity and  dep th  is still evident, bu t with 
a  m axim um  at a  shallower dep th  of 1,400-1,800 m. Paterson and  
Lam bshead [133] observed this trend  for polychaetes on  the 
H ebridean  Slope, while Gage et al. [135] found that the 
m acrofauna on  the Scottish C ontinental Slope peaked in  diversity 
at about 1,400 m  w ater depth, and  the lowest diversity was seen at 
400 m. ETsing a  large m acrofaunal dataset (> 3 0 0  stations) from 
the Faroe-Shetland C hannel, a  similar p a tte rn  is observed, 
however the peak in diversity occurs at a  m uch shallower depth  
o f about 450-550  m  (Figure 3c) [33,112,113],

For the m egafauna, peaks in  diversity appear to vary depending 
on  location an d  the taxonom ic group being investigated. For 
exam ple, Sibuet [136] found that asteroid diversity in the Bay of 
Biscay peaked at a  dep th  of 2,200 m. M ore recent studies in the 
Porcupine Seabight and  Porcupine Abyssal Plain have also found 
diversity in bivalves and  asteroids to increase w ith increasing 
depth. H ow ever, the peaks in  diversity w ere seen a t 1,600 m  and  
1,800 m, respectively, followed by ano ther peak in diversity at 
4,100 m  for bivalves [137] an d  3 ,000-4 ,800 m  for asteroids [138], 
How ever, care m ust be taken w hen in terpreting  these results, as 
large num bers o f single species were found a t interm ediate depths 
and  will have skewed the picture tow ard describing b im odal peaks 
o f  diversity. Large num bers o f  the bivalve Kelliella atlantica (more 
th an  90%  o f the individuals at 2,650 m) and  o f the asteroid 
Hymenaster membranaceus, also a t a  dep th  o f about 2,600 ill, lead  to 
the noticeable decline in diversity a t this dep th  [137,138], 
O labarria  [139] found that diversity o f deep-sea p rosobranch 
gastropods showed a  unim odal distribution p a tte rn  with a  decrease 
to about 1,600 m, followed by an  increase to about 4,000 m. 
T hese results were opposite to those found by Howell et al. for 
seastars [138] and  O labarria  for bivalves [137] where, as 
m entioned above, a  b im odal distribution was seen. T he potential 
problem  w ith these results is that high abundance of one species, 
Benthonella tenella, in association with diversity indices that are size 
dependent, m ay have accentuated  the decline in diversity betw een 
1,400 and  1,600 m. How ever, the peak in diversity a t about
4,000 m  is similar to that found by Flach and  de B ruin [134] for 
mollusks in the Porcupine Seabight an d  for seastars in the 
Porcupine Abyssal Plain [138],

Levin et al. [140] proposed a set o f environm ental factors that 
m ay be responsible for determ ining deep-sea diversity patterns, 
and  these can in some cases be  extended onto the shelf. Diversity is 
expected to increase w ith increasing food input, curren t speed, 
oxygen concentration  o f bo ttom  waters, sedim ent heterogeneity, 
and  disturbance. T hen , a t some point, diversity m ay continue to 
increase if heterogeneity  increases, level off if  oxygen concentra­
tion increases, o r decline if the o ther three  param eters continue to 
increase. T hese regional-scale factors m ay in teract, and  some m ay 
be m ore or less im portan t a t different sites. Indeed, productivity 
and  food supply [63,120,121,128,141-143] an d  disturbance [127] 
have been  cited as factors th a t m ay covary w ith dep th  an d  are

m ore likely to be  the proxim al cause o f observed diversity patterns. 
Despite this conceptual fram ew ork for understanding diversity 
patterns, uncertain ty  about how the factors interact at a  given 
location limits its utility as a  predictive tool for how diversity m ay 
be expected to vary with, for exam ple, dep th  at a  particular 
location, or over a  continental o r global scale. Instead, its value is 
in its consideration o f valid ecological m echanism s on regional 
scales.

Biodiversity in Arctic sys tem s: P a t te rn s  in t im e  a n d  sp a ce
W hereas some of the discussion presented  here has referenced 

studies perform ed in Arctic areas, the m ajority o f Census activity 
related to the Arctic has been  perform ed under A rcO D  (Arctic 
O cean  Diversity: ww w.arcodiv.org), and  will be  reviewed
elsewhere. H ere  we will, however, m ention  several general results 
especially pertinen t to patterns o f biodiversity in E uropean  Arctic 
waters.

It has long been held that Arctic diversity is low, an d  is 
considerably lower th an  A ntarctic diversity [see e.g., 144—146], 
A lthough this is clearly true for some groups (e.g., brittle stars), 
recent studies suggest that this m ay no t be a valid generalization 
(see discussion in [52]). In  fact, early ideas m ay have been largely a 
consequence o f low sam pling effort. T h e  last 10-15 years have 
seen increased research effort in bo th  regions, a  20%  increase in 
the num ber o f benthic species cataloged in  the Arctic [147], and  
the discovery that a  large p roportion  o f some elem ents o f the 
A ntarctic fauna are new  to science (e.g., [148]). This, discovery of 
new  species however, seems m ore likely to be  the case for 
A ntarctic ra th e r th an  Arctic fauna, m ainly because o f the 
differences in geological history betw een the two regions. These 
results nevertheless underscore the continued need for description 
and  recording o f the biodiversity o f these poorly studied regions.

W ithin  the Arctic, there is a  strong diversity gradient from  east 
to west in the benthos o f Arctic shelf regions. W hereas the C hukchi 
and  East Siberian seas are hom e to about 950 species each, m ore 
th an  1,080 species have been recorded from  the Laptev Sea, 1,580 
from  the K ara  Sea, an d  nearly  2,500 from  the Barents Sea [149], 
These findings are p robably  due to a  variety o f  factors. 
E nvironm ental conditions (depth, salinity, depth, sedim ent load, 
food input, hydrography) vary across the E urasian Arctic and  are 
p robably  responsible for pa rt o f  this trend; bu t sam pling effort also 
varies in  a  similar way. Additionally, and  again related  to the 
relatively short evolutionary history of the Arctic O cean, the 
E uropean  Arctic fauna m ight be regarded as an  im poverished 
subset o f  the A tlantic fauna. H ence, m oving eastw ard into areas 
less influenced by  A tlantic waters, species richness also declines. 
Tw o recent studies w ithin the E uropean  Arctic have identified 
intriguing evidence o f a  difference in biodiversity betw een the 
eastern and  w estern sides o f the G reen land  Sea. Kuklinski [127] 
reviewed the literature on benthic fauna inhabiting  stones at 
depths o f 0 -5 0  m  in the G reen land  Sea and  found a 30% higher 
species richness along the G reen land  coast th an  along the 
Svalbard coast. In  a  small study o f polychaete diversity, greater 
total species richness was found on the northeast G reen land  shelf 
th an  in the central Barents Sea, an d  it took a  sam pling of m ore 
th an  20 times the num ber o f individuals in the Barents Sea to 
accum ulate even this num ber o f taxa [142]. These two areas differ 
in prim ary  w ater masses, ice cover, an d  prim ary  productivity, 
am ong o ther characteristics. M ore study is needed to determ ine 
the causes and  general relevance o f these results.

As in o ther world oceans, the N orth  A tlantic and  Arctic O cean 
have seen p ronounced  variations in tem peratures during  the last
120,000 years [150], H ow ever, as the N orth  Atlantic an d  Arctic 
shelf sea a re  so m uch  influenced by the GSS, variations in this
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curren t system (see e.g., [150,151]) also seem to have a direct and  
detectable influence on  the benthos in these areas. This m ay be 
exem plified th rough  the past an d  curren t distribution o f the blue 
mussel (Mytilus edulis L.) in the high Arctic (see [152] and  references 
therein). C urrently, the blue mussel has been  recorded living on 
Svalbard, and  its presence or absence on Svalbard during  the last
11,000 years has been dem onstrated  to be  linked directly to 
oscillations in ocean clim ate, as a  result o f changes in  the volume 
transport o f  Atlantic w ater th rough  the GSS [152]. Sim ilar 
changes in bo th  benthic an d  pelagic fauna have been  detected and  
related not only to oscillations in the GSS at a  longer tim e scale 
(e.g., [153]) bu t also to annual an d  decadal variations [154], T here  
is general agreem ent th a t the Arctic O cean  at present is in a 
transition tow ard a  new, w arm er state (e.g., [54]). T h e  causes o f 
such variations are no t well understood, bu t variations in heat 
fluxes by m eans of the GSS are likely to have a massive influence 
on  the benthos in  the affected area.

C h a n g e s  in sp ec ie s  r ichness  a lo n g  t h e  N o rw eg ian  shelf
N orw egian naturalists and  scientists have been  sam pling the 

m arine inshore fauna along the N orw egian coast since the 1740s.
T h e  first publication containing inform ation on m arine  species 
from  the N orw egian coast is Bishop Erik Pon topp idan’s work 
Forsog paa Norges Naturlige Historie published in C openhagen in 
1752-53. Som e of the figures are  detailed enough to be  able to 
identify the species, for exam ple, Lophelia pertusa (Linnaeus, 1758).
T h e  first N orw egian deep-sea sam pling expedition, know n as the

Table 2. Comparison o f species richness from 1997 and 2008.

Phylum Species in sectors 1-5 Species in sectors 6 -22 Species in sectors 2 3 -2 6

Pre-1997 2008 Pre-1997 2008 Pre-1997 2008

Annelida I 416 452 482 594 254 385

Annelida II 24 20 31 25 18 13

Arthropoda I 17 16 33 32 27 29

Arthropoda II 704 699 851 853 449 495

Brach i pod a 5 5 8 8 6 6

Bryozoa 177 179 232 242 187 199

Cephalochordata 1 1 1 1 0 0

Chaetognatha 1 1 1 1 0 0

Cnidaria 164 165 262 260 145 148

Echinodermata 81 86 122 128 79 86

Echiura 3 3 4 4 2 2

Hemichordata 4 4 3 3 0 0

Kamptozoa 18 18 20 20 6 6

Molluska 436 482 617 664 300 358

Nemertini 26 32 45 51 15 22

Phoronida 1 3 2 3 0 0

Porifera 148 176 205 242 132 157

Priapulida 2 2 3 3 3 3

Sipuncula 12 11 16 16 8 8

Urochordata 39 42 73 79 48 51

Xenoturbellida 0 0 1 1 0 0

The coast of Norway has been sub-divided into three regions [156]; zones 1-5 = Skagerrak, zones 6-22 = west Norway, zones 23-26 = Finmark. Numbers in bold 
indicate an increase in the number of species. Annelida I = polychaetes; Annelida II = ollgochaetes; Arthropoda I = pycnogonlds; Arthropoda II = all other crust­
aceans; Bryozoa = Ectoprocta; Kamptozoa = Entroprocta. 
dol:10.1371 /journal.pone.0014295.t002

N orw egian N orth  Atlantic Expedition 1876-78, h ad  sam pling 
stations in some N orw egian fjords, the N orw egian shelf n o rth  o f 
Bergen, the deep N orw egian Sea, the w estern Barents Sea and  
Svalbard ( = Spitsbergen) up to 80" N. Since then, there  have been 
no national benthic surveys conducted, and  m ost o f the da ta  that 
have been  collected have been associated w ith individual research 
projects and  m onitoring  efforts a round  petro leum  installations.

In  1995 a  com pilation of reliable inform ation (museum 
collections, scientific literature and  reports) on  the presence of 
m arine benthic m acroorganism s was perform ed for the N orw egian 
coast [155]. D istributions o f 3,950 species (algae 385 species, 
sperm atophytes 12 species, invertebrates 3,409 species, and 
dem ersal fishes 144 species) were published in B rattegard and 
H olthe [156], T h e  original num ber o f invertebrates has since been 
adjusted to 3,193 species because 118 species present in the Swedish 
K osterfjord a rea  (about 58"55 ' N, 1 T  05 ' E), close to the N orw egian 
border, h ad  not actually been recorded in Norw egian waters, and 
98 species were regarded as synonyms, following the m ost recent 
inform ation from  the W orld Register o f M arine Species [157].

B rattegard  has created  an  updated  dataset on  the distribution o f 
benthic invertebrates and  included shifts in  distribution range for 
m any o f the species (sum m arized in T able  2 an d  Figure 4). W ith 
these new  results we are now able to determ ine what, if any 
changes there  have been in species richness an d  species ranges. 
Since the late 1990’s, one hun d red  and  seventy additional species 
have been  recorded in  N orw egian waters since 1997. O f  these, 
about 73% have their m ost northerly  limits on the Norw egian 
coast and  about 13% have their m ost southerly bo rd er on the
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Figure 4. Changes in species richness along the Norwegian coast between 1997 and 2008. The N orw egian coast has b e en  sub-divided into 
th re e  regions [156]; z ones  1 -5  = Skagerrak, zones  6 -2 2  = w est Norway, zones 2 3 -2 6  = Finmark. Only th e  phyla w hich had  ch an g es  in th e  n u m b er o f species 
have b een  h igh ligh ted  here. A nnelida I = polychaetes; A nnelida II = oligochaetes; A rth ropoda I =  pycnogonids; A rth ropoda II = all o th e r  crustaceans. 
do i:10 .1371/jo u rn a l.pone .00 1 4 2 9 5 .g 0 0 4

N orw egian coast. Since the 1990s approxim ately 200 species have 
extended their northerly  limits and  are now found in Norw egian 
waters. D uring  an  11-year tim espan (1997-2008), there has been 
an  11 % increase in the num ber o f benthic species being  recorded 
in new  locations. T h e  N orw egian coastline can be sub-divided into 
3 regions (Figure 4) w hereby zones 1-5 is the Skagerrak, zones 6— 
22 is W est N orw ay and  zones 23-26  is Finm ark [156], In  the

Finm ark region, w hich is the m ost northerly  there  was 17% 
increase in the num ber o f  species recorded. T he Skagerrak saw a 
~ 5 %  increase and  a  ~ 7 %  increase was seen for W estern Norway. 
A similar increase o f about 9 % has been no ted  for Svalbard alone 
during  the same tim e period. In  bo th  cases, pa rt o f  the increase 
m ay be due to m ore intensive sam pling effort, bu t results are 
consistent w ith predicted  im pacts o f clim ate warm ing.
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A n th ro p o g e n ic  im p a c ts  on  diversity
T h ere  are several anthropogenic im pacts thought to influence 

diversity in the N orth  Sea, Arctic, an d  N ortheast Atlantic, 
including fishing [158], activities by  the oil an d  gas industry 
[33,159,160], eutrophication  [161] an d  changes in clim ate 
[162,163]. C urrently  there is lim ited routine m onitoring  under­
taken to assess the changes in  diversity in the Arctic an d  N ortheast 
Atlantic. How ever, the potential for intense an d  diverse hum an 
im pacts on  the N o rth  Sea ecosystem has been  recognized. Since 
1986 a num ber o f countries bordering  the N orth  Sea have 
initiated regular large-scale m onitoring  o f the benthic infauna in 
their respective exclusive econom ic zones in the N orth  Sea [78], 
w hich has given rise to a  long tim e series [82]. M ore recently, 
efforts in m onitoring  benthic com m unities in  coastal zones and  
offshore areas a round  the N orth  Sea have increased in response to 
E uropean  regulations related to NATETRA 2000 an d  the EFT 
W ater Fram ew ork Directives [164,165].

It is well established that bottom  traw ling has a  negative effect 
on  benthic diversity, production, and  com m unity structure (e.g., 
[166,167]). Bottom  traw ling can  have a  direct im pact, causing 
m ortality  am ong the organism s living in the trawl path , especially 
epibenthic an d  fragile species, an d  am ong those species discarded 
after being  caught in the nets [168]; it can also have indirect 
im pacts due to physical destruction and  resulting changes in 
hab ita t structure (e.g., [169,170]). In  the southern N o rth  Sea, the 
annual discard p roduced  by beam  trawlers, the dom inant type of 
fisheries in the region was estim ated to be  150,000-190,000 t o f 
dead  fish (mainly dab) and  up  to 85,000 t o f dead  invertebrates 
[75]. R ecen t m aps showing the distribution o f fishing intensity 
over the period  2000-2005 indicate that large parts o f the a rea  are 
fished 5 -1 0  times pe r year [91]. How ever, in the N orth  Sea it is 
difficult to discrim inate the effects o f beam  traw ling on  biodiversity 
because of (1) lack o f long time-series benthic studies before beam  
traw ling began, (2) absence o f controlled non-fished areas, (3) 
previously unregistered distribution o f fishing effort, (4) occurrence 
o f “ nuisance” effects in the existing tim e series, such as 
eutrophication  and  clim ate change, an d  (5) the fact that benthos 
and  fish distributions, an d  thus fisheries, are governed by the same 
environm ental gradients, m aking it h a rd  to prove causal 
relationships betw een changes in benthos an d  fishing.

Photographic surveys taken along the continental m argin off the 
H ebrides have found that traw ling is affecting the soft sediment and 
the fauna down to depths o f 1,000 m. T raw ling leaves large furrow 
marks in the sediment and  causes sm oothing o f biogenic relief [171], 
w hich in tu rn  affects the smaller fauna. At bathyal depths in the 
Faroe-Shetland C hannel, rotting  sponge rem ains have been  found 
deep in a  box-core sample [172]. T h e  large enigm atic cold-water 
coral reefs form ed by Lophelia pertusa, found in the N orth  Sea, 
Norw egian Sea, Arctic region, and  N ortheast Atlantic, are 
particularly  susceptible to dam age by  trawling. Seam ounts are 
hom e to reef-form ing organisms and  large fish aggregations, and 
traw ling is known to occur on  them , leading to a  reduction in faunal 
diversity and  abundance. Grow ing concern has led to the p rotection 
o f some large reef areas, such as the Sula R idge an d  Rost reef off 
N otw ay [158,173]. O th er areas m ore recently protected  include the 
“ Darw in M ounds” and  parts o f the R ockall-H atton Banks area.

T here  is lim ited regular' m onitoring on the im pact that activity by 
the oil and gas industry has on  the habitats and fauna of these regions, 
although Norway has a  regular m onitoring program m e where the 
coastline is divided into regions which are sampled every three years. 
Research undertaken around Schiehallion and Foinaven fields north 
o f Scotland found that megafaunal diversity was lowest in the 
imm ediate vicinity o f the drilling area, where there was a  lack of rare 
species, and that diversity increased at interm ediate distances [160],

However, oil and gas platforms in the northern  N orth Sea between 
60 and 130 m  have been found to provide a  hard  substrate for large 
epifauna, such as cold-water corals in regions where there is typically 
soft sediment [174], T he reefs can provide habitat for a  species-rich 
epibenthos and fish community, which in m any cases is not 
specifically associated with the coral itself, but benefits from the 
available hard  substrate for settlement and its complex three- 
dimensional structures (e.g., [175-177]).

R egim e shifts a n d  in f luence  o f  c h a n g e s  in c l im ate
O ngoing surveys since 1948 with the C ontinuous Plankton 

R ecorder across the N orth  Sea carried  out by the Sir Alister H ardy  
Foundation  for O cean  Science (SAHFOS) revealed periods with 
dram atic  changes in the am oun t and  com position o f phyto- and  
Zooplankton. O ne such period  was in the late 1980s w hen a peak 
in phytoplankton color and  oceanic Zooplankton (Calanus helgo­
landicus) parallelled a  rise in tem peratu re  an d  Atlantic inflow. In 
concert w ith this so-called regim e shift [178], o ther biological 
variables (zooplankton com position, m acobenthos biomass, fish 
and  b ird  species) an d  physicochem ical variables (oxygen, organ- 
ophosphate, nitrate) changed sim ultaneously, o r with a  tim e lag. 
T h e  increased Atlantic inflow causing the 1988 regim e shift 
appears to be linked to h igher flows in the slope current to the west 
o f  the British Isles, forced by far w ind fields [179]. T h e  perm anen t 
low-pressure system over Iceland an d  high-pressure system over 
the Azores largely controls the direction an d  strength o f westerly 
winds into E urope. V ariations in the strength and  position o f these 
systems are known as the N orth  A tlantic O scillation (NAO), and  
the anom alies are cap tured  by the N A O  index [180], A high N A O  
index increases the degree of westerly winds and  consequently 
m ilder tem peratures over n o rth ern  E urope, while a  low N A O  
index usually associates w ith w eaker westerly winds, allowing 
colder northerly  winds to dom inate over n o rth ern  E urope. H ence, 
trends in the N A O  index largely explain the variation in regional 
tem peratures, precipitation, an d  the speed an d  direction of w ind 
over the N orth  Atlantic. T h e  N A O  trends have been found to 
m irror m any aspects o f  the N orth  Sea benthic ecosystem. 
Exam ples are the compositions o f coastal an d  deeper benthic 
com m unities in the N orth  Sea and  Skagerrak [181-185], species 
richness in the W estern Baltic [186], dem ersal fish recruitm ent 
[187], an d  the planktonic stages o f benthic organism s [188],

C onclus ions
In  this review, we present biodiversity da ta  from  infauna, 

epifauna, fish, and  zooplankton from  bo th  regional and  continen­
tal spatial scales, an d  from  coastal habitats, continental shelves, 
and  the deep-sea. This unprecedented  collection o f biodiversity 
findings can  now  be viewed m ore holistically such that general 
patterns an d  knowledge gaps can  be identified, and  recom m en­
dations for future research provided.

W ithin  the N orth  A tlantic and  Arctic O cean, we can  see that 
benthic biodiversity does not seem to be correlated  w ith latitude at 
a  E uropean  continental scale. R ather, dep th  seems to be  m ore 
im portant, as species richness generally increases to a  dep th  of 
200 m  and  then  decreases to 300-500  m  along the western 
E uropean  shelf. It is likely that trends over short and  interm ediate 
scales, an d  including some of the bette r know n results such as from 
the N orth  Sea, are similar to trends a ttribu ted  to variation with 
dep th  - they actually represent coincident environm ental gradi­
ents. In  fact, w here any regional scale latitudinal p a tte rn  has been 
observed, ecological explanations and  coexisting gradients can be 
identified. In  addition  to w ater dep th  (itself a  proxy for multiple 
causative factors), these include sedim ent param eters, salinity, 
tem perature, and  perhaps traw ling pressure. W hereas the details

PLoS ONE I w ww.plosone.org 14 Decem ber 2010 | Volume 5 | Issue 12 | e14295

http://www.plosone.org


Margin Diversity Trends

o f how  variations in identified factors can produce diversity 
patterns requires further study, care needs to be taken when 
placing regional results into a  latitudinal context, as this m ay 
h inder exploration o f actual causal factors.

W hereas this m ay seem to be  an  academ ic question, it is 
im portant w hen evaluating the robustness o f  theory an d  in 
suggesting m echanism s responsible for the diversity patterns we 
observe. R en au d  et al. [53] and  Escaravage et al. [63] analyzed 
some o f the largest datasets used for this purpose and  found no 
evidence of an  L SD G  through the E uropean seas for soft-sediment 
benthic com m unities. These studies span multiple ecological and 
physical gradients, and  it is unlikely that their interpretations are 
confounded by any overarching gradient, beyond those used to 
explain LSD G s (e.g., solar radiation, glaciation history). It is 
im portant, however, to recognize that E uropean waters extend 
southw ard only as far as 35" N, and  m uch  o f the decline in diversity 
with latitude reported  in some studies takes place in the tropics and 
subtropics (e.g. [61]). T h e  E uropean studies are valuable in the 
study of LSD G s in their testing o f proposed m echanism s that are 
applicable for this range o f latitude. Any m echanism  predicting a 
b ro ad  decline in diversity with latitude betw een 35" N  and  81" N  
(e.g., radiation following glaciation events on tem perate and  high 
latitude shelves), therefore, is not supported for soft-sediment 
benthos o f the E uropean continental m argin.

Biodiversity is know n to play a  critical role in ecosystem 
function and, perhaps, system resilience [10,189,190], Identifying 
m echanism s responsible for establishm ent and  m aintenance of 
biodiversity patterns is one of the m ost im portan t scientific 
challenges if we are to m anage m arine ecosystems an d  their 
resources. Furtherm ore, clim ate change is expected to have its 
strongest effect in Arctic areas [10], as it d id  during  the 
hem ispherical w arm ing period  in  the 1920s and  1930s, which 
was m ost strongly felt above 60" N  [191,192]. D uring  this period, 
distributions o f benthic and  pelagic species showed dram atic 
northw ard  shifts, especially on  the w estern coasts o f  G reenland 
and  Svalbard, an d  in  the Barents Sea [193-195] and  reviewed by 
D rinkw ater [191]. T he 5-17%  increase since 1997 in species with 
their n o rth ern  boundaries w ithin N orw egian waters is evidence 
suggesting that similar range extensions are a  result o f the recent 
clim atic w arm ing period  in E uropean  waters. T h e  im pact o f 
increasing biodiversity in Arctic regions as a  result of, increasing 
tem peratu re  and  a  regim e shift tow ards a m ore boreal E uropean 
Arctic is m ost likely a  decrease in m arine m am m als and  birds 
[196], T h e  effects o f clim ate change on geographic distributions 
and  population  abundance o f rocky shore fauna in N orthern  
Europe over a  60-year tim e period were exam ined by Hawkins et 
al. [163]. T hey  found that as the clim ate changed, there  was a  shift 
in dom inance o f sessile barnacle  species from  densely populating  
Semibalanus to slower growing chtham alids and  that there was an 
increase in diversity o f grazers such as limpets in  n o rth ern  parts o f 
Europe [163]. T hese changes also affected the fucoid cover along 
the rocky shores, and  such changes will no doubt have an  im pact 
on  the biodiversity o f these ecosystems, especially considering the 
num bers o f sessile and  m obile species living there  [197]. Such 
clim ate-induced changes in distributional patterns, and  recent 
findings o f  richness and  diversity correlations with oceanic 
tem peratures (for Barents Sea bivalves [198] and  for fjord hard- 
bottom  com m unities [153]), indicate the im portance o f viewing 
regional biodiversity as dynam ic. This dem ands bo th  th a t time- 
series da ta  supplem ent spatially based  biodiversity m onitoring 
program s, and  th a t a  E uropean  perspective form  the basis for any 
biodiversity m anagem ent plan.

M athem atical/sta tistical m odelling has not been  widely used in 
biodiversity research bu t the studies that have been cited indicate

value for identifying an d  perhaps explaining biodiversity patterns, 
for m apping hotspots o r o ther specific areas for m anagem ent 
purposes, and  for predicting  how  system change due to clim ate 
variability o r hum an  activities m ay alter m arine biodiversity. This 
can also help biodiversity researchers construct testable hypotheses 
from  theory an d  ecological understanding, an d  allow us better 
understand  m echanism s responsible for biodiversity patterns on 
different scales o f  tim e and  space.

G aps in  k n o w led g e . T hroughou t this paper, we have 
com piled and  analyzed trends and  patterns in biodiversity that 
have been observed and  reported  in the scientific literature. 
How ever, a  com parative way of synthesizing and  expressing the 
curren t state o f  knowledge is to identify and  highlight gaps in 
knowledge. In  w hich areas do we still lack vital knowledge? Based 
on  the existing literature, spatial trends have been  relatively well 
studied, however, there  are still obvious gaps in knowledge related 
to e.g. large scale patterns in the hyperbenthos or general 
knowledge across hab ita t boundaries. T em poral trends, however, 
are scarce. Pending co-ordinated m ulti-national an d  possibly 
m ulti-decadal efforts that provide long time-series da ta  and  
baseline values on  w hich spatial variability m ay be interpreted; 
our understand ing  of the m arine environm ent will rem ain  limited. 
Furtherm ore, the organism s for w hich there exist tim e series data  
are p redom inantly  either econom ically im portan t o r ecologically 
dom inant species [199], C onsequently, even w ithin relatively well 
studied geographical areas such as the N orth  Sea, our current 
status o f knowledge is severely restricted on  two out o f three 
potential dimensions; time, space and  taxa. Potentially im portant 
aspects like the value o f ra re  species for com m unity resilience and  
structure is poorly understood, with obvious implications for 
p roper m anagem ent o f m arine resources.

T o  reduce our gaps in knowledge there is a  need  for greater 
coordination  betw een E uropean  research program s, particularly  in 
standardization o f sam pling techniques and  analysis o f data, for 
large-scale spatial an d  tem poral patterns to be fully understood. 
Program s such as the Census o f M arine Life and  the EET-funded 
program s such as M arB E F and  H E R M E S  have instigated greater 
collaboration am ong researchers, and  this should continue if  we 
are to fully understand  the influence th a t latitude, depth, and  o ther 
environm ental variables have on species diversity. O nly then  can 
we appreciate and  com prehend  the extent to w hich anthropogenic 
impacts, such as clim ate change and  trawling, affect biodiversity.
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