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AB STR ACT.  There is increasing evidence that continental slope ecosystems represent one of the m ajor 

repositories o f benthic m arine biodiversity. The enhanced levels of biodiversity along slopes are hypothesized 

to be a source of biodiversity for continental shelves and deeper basins. Continental m argins are increasingly 

altered by hum an activities, but the consequences of these anthropogenic im pacts on benthic biodiversity 

and ecosystem functioning are alm ost completely unknow n. Thus, there is an urgent need to gather sufficient 

inform ation to enable us to understand patterns and drivers of deep-sea biodiversity along continental margins. 

A lthough the local diversity of some deep open slope ecosystems is m oderately well docum ented, very little is 

know n about the biodiversity of these systems at greater spatial scales. Topographic setting, hydrodynam ic forcing, 

and the biogeochem ical characteristics o f the deep-sea floor m ay play key roles in  prom oting and sustaining 

high biodiversity along the open slopes of continental margins. HERMES provided the opportunity  to acquire 

a significant volume of inform ation on the biodiversity, trophic conditions, and topographic characteristics of 

open slopes across European margins, increasing our knowledge of the latitudinal, longitudinal, and bathym etric 

patterns of benthic biodiversity, and extending our com prehension of the m echanism s driving deep-sea biodiversity 

and its potential loss. Im proved knowledge of these processes is needed to inform  policy decisions for prom oting 

sustainable m anagem ent of open slopes and deep-sea ecosystems along continental margins.

V U L N E R A B I L I T Y  OF  SLOPE E C O S Y S T E M S  

T O  LOSS OF  B I OD I V E R S I T Y

The continental slope connects the continental shelf 

and the deep sea; all exchanges of m atter and energy, 

including anthropogenic inputs, between these two 

broad dom ains occur across the continental slope. 

A lthough continental slopes constitute less than  20% 

of the w orlds ocean real estate, they m ay be quanti

tatively im portan t sources of the organic m atter that 

fuels respiration in  the open oceans interior (Bauer 

and Druffel, 1998; Canals et a l ,  2006). Their profound 

involvement in  global biogeochem ical and ecological 

processes makes continental slope ecosystems essential 

to the sustainable functioning of our biosphere. Several 

goods (biomass, bioactive molecules, oil, and gas) and 

services (climate regulation, nu trien t regeneration, and 

food) provided by deep-sea ecosystems are produced 

and/or stored along the open slopes of continental m ar

gins. At the same tim e, slope ecosystems are principal 

repositories o f deep-sea biomass and likely host a large 

proportion  of Earths as-yet undiscovered biodiversity. 

Assessing their vulnerability to anthropogenic inputs 

is therefore crucial to defining specific policy actions 

aim ed at preserving deep-sea biodiversity.

Protecting deep-sea biodiversity is no t only ethical 

but also tim ely from  a socio-econom ic perspective, 

as some recent global-scale studies dem onstrate the

existence of a close link  between benthic biodiversity 

and ecosystem functioning (Danovaro et a l , 2008a). 

These studies show that deep-sea ecosystem function

ing and efficiency increase exponentially where there is 

higher biodiversity (Figure 1). The exponential nature 

of that relationship suggests that open slope systems 

and deep basins are characterized by positive functional 

interactions between different deep-sea benthic species 

(ecological facilitation). These findings also indicate that 

the consequences of biodiversity loss to the functioning 

of these ecosystems can be dramatic. Danovaro et al. 

(2008b) estimate that a biodiversity loss o f ~ 20-30%  

can result in  a 50-80%  reduction of deep-sea ecosys

tem s’ key processes and their consequent collapse. 

Because deep-sea ecosystem functioning is crucial to 

global biogeochem ical cycles (Dell’Anno and Danovaro, 

2005), it is o f param ount im portance to define deep-sea 

biogeographic dom ains, identify the sources of deep- 

sea species diversity, and increase understanding of the 

m echanism s driving and/or threatening that biodiver

sity. In HERMES, we exam ined the patterns of meio- 

faunal diversity and, particularly, o f nem atode diversity. 

N em atodes account for three-fifths o f all m etazoans on 

E arth—and 80-90%  of total faunal abundance in  deep- 

sea sedim ents. Moreover, nem atodes are one of the 

m ost diverse m etazoan phyla in  the ocean (Lambshead 

and Shalk, 2001; Lam bshead and Boucher, 2003).
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Open slopes and deep 
basins

Figure 1. A sim plified  rep re 

sen ta tio n  o f  th e  exponen tia l 

re la tionsh ip  b e tw ee n  d eep  

b en th ic  b iodiversity  a n d  ecosys

tem  function ing . This re la tionsh ip  

is c o n sis te n t in all d e ep -sea  system s 
(o p en  slopes a n d  d e ep  basins) investi

g a ted  so  far, an d  is co m p le te ly  new  fo r sci

ence  as it has never b een  o b serv ed  in terrestria l 

ecosystem s, n o r  p re d ic ted  by th eo re tica l m odels.
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Benthic biodiversity
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THE E N I G M A  OF  DEEP - S EA  

B I OD I V E R S I T Y

The discovery o f longitudinal and lati

tudinal gradients of species richness in 

terrestrial ecosystems (see Rosenzweig, 

1995) has recently been transposed 

to m arine systems, b u t w ith conflict

ing results; observations on latitudinal 

trends of m arine biodiversity are rare, 

and several taxa do not display any 

trend  (Rex et al., 1993, 2000; Clarke and 

Crame, 1997; Roy et a l ,  1998; Crame,

2000). The existence of latitudinal pat

terns of bio diversity from  the tropics to 

the poles (decreasing species richness 

for m acrofauna, increasing richness 

for nem atodes) is still largely debated 

(Lambshead et al., 2000; Rex et al., 2000); 

thus, the use of m eiofauna as a proxy 

for all faunal size groups in  the deep sea 

is still being validated (Danovaro et al., 

2008a). These patterns are generally 

explained by different factors, including
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species-area hypothesis (i.e., species rich

ness increases with surface area), energy 

productivity, species ranges, and histori

cal (evolutionary) factors (Gray, 2000). 

There are, however, still large gaps in 

inform ation on latitudinal patterns in  the 

N orthern  Hem isphere, especially regard

ing the diversity o f small m etazoans 

(including nem atodes). In other words, 

a huge knowledge gap rem ains, m aking 

it difficult to com pare the inform ation 

available on patterns of terrestrial versus 

m arine biodiversity, which lim its our 

ability to define a general theory  o f b io

diversity patterns and regulating factors.

A central paradigm  of m arine diver

sity is that species richness increases 

with increasing water depth  to a m axi

m um  around 2000 m  and thereafter 

decreases (Rex, 1981; Levin et a l , 2001). 

The enhanced levels o f biodiversity along 

slopes are possibly a source for biodiver

sity o f deeper basins and shelves through 

radiation and dispersal processes closely 

coupled with benthic topography and 

the hydrodynam ic, physical, and biogeo

chemical characteristics o f the deep sea. 

The “source-sink hypothesis” (Rex et a l,

2005) suggests that abyssal biodiversity 

is a subset o f bathyal biodiversity (in 

particular, the biodiversity o f the slopes 

at depths typically between 1000 and 

2500 m ), but this hypothesis has so far 

only been tested for gastropod bivalves 

(McClain, 2005; M cClain and Etter, 

2005). We do not know  to w hat extent 

this hypothesis applies to other faunal 

groups or phyla.

In open slope systems, bathym etric 

gradients o f species diversity have 

been m ore widely docum ented than 

latitudinal gradients (Rex, 1981; Etter 

and Grassle, 1992; Gray et a l , 1997;

Rex et a l, 1997; Levin and Gage, 1998; 

Stuart et a l , 2003). However, there is 

now  increasing evidence that unim odal 

biodiversity patterns with a peak at 

interm ediate depths m ay no t be the rule. 

Further studies are needed to understand 

the interconnection between open slopes 

and bathyal-abyssal ecosystems.

The m echanism s that potentially con

trol bathym etric patterns in  species rich

ness are still largely unknow n. A variety 

of biological and environm ental factors 

have been proposed to explain why
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species diversity changes with depth, 

including spéciation rates, com petition, 

predation, patch dynamics, boundary  

constraints, environm ental heterogene

ity, climatic variability, productivity, and 

various com binations of these factors 

(Ricklefs and Schluter, 1993; Levin et a l, 

2001; Stuart et a l ,  2003). However, a 

deep-sea zonation (zones with similar 

ecological conditions) simply based on 

depth ranges is clearly insufficient to 

explain diversity and in  som e cases is 

misleading. We are approaching a phase 

of deep-sea research that will require 

redefinition of the criteria for the identi

fication of “eco-regions” at the deep-sea 

floor (Danovaro et al. 2008b). Defining 

the borders, extent, and interconnections 

of deep-sea regions with specific ecologi

cal, biogeographic, and environm ental 

characteristics is essential for bu ild 

ing a deep-sea biogeography, which is 

needed—as in  terrestrial ecosystems—to 

identify the deep-sea areas deserving 

of special protection and m onitoring, 

and thus for responsible m anagem ent of 

deep-sea resources.

If spatial patterns of biodiversity in 

the deep sea are far from  being clarified, 

even m ore uncertain  is our understand

ing of the m echanism s driving these 

patterns. A m ong them , those m ore 

frequently invoked are: (1) sedim ent 

grain size and substrate heterogeneity;

(2) productivity, organic content, and/ 

or m icrobial features; (3) food resources; 

(4) oxygen availability; (5) current 

regimes; and (6) catastrophic d istur

bances (Etter and Grassle, 1992; Jahnke, 

1996; Levin and Gage, 1998; Levin et a l,

2001). However, in  each specific deep- 

sea area, all of these factors can act in 

different com binations and can be super

im posed onto other local or regional

conditions, causing as-yet unpredictable 

biotic responses (Levin et al., 2001).

H O T S P O T S  OF  B I OD I V E R S I T Y  

A L O N G  E U R O P E A N  SLOPES

W ithin the fram ew ork o f the HERMES 

project, a significant body of inform a

tion  on local diversity, trophic condi

tions, and topographic characteristics 

was acquired at a large spatial scale 

along bathym etric patterns on various 

European open slopes, from  the Arctic 

Ocean to the Black Sea (Figure 2). These 

data are of param ount im portance for

understanding factors controlling the 

distribution of biodiversity along lati

tudinal, longitudinal, and bathym etric 

gradients on open slopes.

Ten open slope systems were investi

gated with the same sam pling strategy: a 

series of bathym etric transects were run  

along the slopes, w ith additional transects 

extending to adjacent topographic set

tings in  order to compare slope biodi

versity with that o f canyons, unstable 

slopes, and coral banks (Figure 3). This 

sampling strategy allowed us to define 

open slope biodiversity as a reference for

Nordic margin

Rockall
Bank

Celtic L 
margin

Catalan
margin

. Portuguese  
margin

Adriatic
¿margin

Black Sea 
margin

Balearic
margin

' " ' m -Sicily
Channel Cretan

margin

Figure 2. S am pling  areas a lo n g  th e  E uropean o p e n  slopes. B iodiversity sam pling  across 

E uropean m argins w as carried  o u t  using  th e  follow ing research  vessels: Polarstern, Discovery, 

Pelagia, Endeavor, Tethys II, Universitatis, Urania, a n d  Aegaio. Overall, 218 sites (d e p th  range: 
1 5 0 -5500  m ) w ere  sam p led  a lo n g  20 slopes a n d  n ine  a d ja ce n t canyons d u rin g  m o re  th a n  

20 sam pling  cruises.
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Figure 3. An exam ple  from  th e  C atalan  m argin  o f  th e  sam pling  s tra teg y  a d o p te d  in all co n tin en ta l 

m argins u n d e r  investigation . Yellow sym bols m ark  th e  o p e n  slope  s ta tio n s  sam p led  fo r b iodiversity  

analysis a n d  red  sym bols th e  s ta tio n s  lo ca ted  a lo n g  tra n se c ts  in ad ja ce n t to p o g ra p h ic  se ttings  

(e.g., canyons, u n stab le  slopes). T he m ap  is n o t  to  scale.

Figure 4. An exam ple  o f  th e  diversity  o f  life form s o f  th e  small m e tazo an  fau n a  (m eio fauna) in h ab it

ing a n d  num erically  d o m in a tin g  o p en  slope  sed im en ts .

the biodiversity levels observed in  other 

specific ecosystems.

M etazoan m eiofauna, and nem atodes 

in  particular, were used to describe the 

biodiversity patterns in  the deep sea 

(Figure 4). Benthic biodiversity was 

m easured as the total num ber of meio- 

faunal taxa present and as nem atode 

species richness (the total num ber of 

species identified at each site), expressed 

as E(51) (the expected num ber of nem a

tode species for a theoretical sample 

of 51 specim ens). Deep-sea nem atode 

diversity appears to be related to that 

of other benthic com ponents such as 

foram inifera (Gooday et a l , 1998), 

m acrofauna (Levin et ah, 2001), and the 

richness of higher m eiofaunal taxa in  the 

deep sea (Danovaro et a l ,  2008a). The 

results for nem atode biodiversity suggest 

that slopes can be considered hotspots of 

benthic biodiversity (sensu Myers et a l , 

2000) and that they are optim al systems 

for investigating large-scale and bathy

m etric patterns, potentially representing 

a m odel for planning biodiversity con

servation in  deep-sea areas.

L A T I T U D I N A L  P AT T E R N S  

OF  B I O D I V E R S I T Y  A L O N G  

E U R O P E A N  SLOPES

Investigation of deep-sea m etazoan spe

cies richness along latitudinal gradients 

is relatively new  and, so far, is restricted 

to a few m acrofaunal taxa (Rex et a l, 

1993, 1997, 2000), m odern  and fossil 

foram inifera (Thomas and Gooday, 1996; 

Culver and Buzas, 2000), and nem atodes 

(Lambshead et a l, 2000). Contrasting 

results are reported from  these few stud

ies such that latitudinal trends of m arine 

biodiversity cannot be discerned for sev

eral taxa (M acpherson and D uarte, 1994; 

Rohde, 1999). Sometimes trends are

20 Oceanography Vol. 22, No.1
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(B) n e m a to d e  b iod iversity  expressed  as ex p ec te d  species n u m b e r  E(51 ).

determ ined using the available, lim ited 

deep-sea diversity data, which are never 

collected with the specific intention of 

assessing large-scale diversity gradients. 

Until now, studies on faunal diversity 

along latitudinal gradients have used data 

assembled from  a variety of projects that 

used different collecting protocols and 

m ethods. This problem  has contributed 

to increasing the degree of uncertainty in 

the interpretation of results.

Prelim inary results gathered by the 

HERMES project, using a large data 

set collected under the same sampling 

strategy and laboratory protocols, are 

providing new  insights into the knowl

edge of latitudinal patterns. A lthough 

lim ited data were collected along the 

European open slopes for com parison, 

the results are significantly different from  

those expected. The richness of total 

m eiofaunal taxa and nem atode diversity 

(as E[51]) displays a pattern  in  which 

the highest biodiversity is reached at 

interm ediate to high latitudes (Figure 5). 

However, the very lim ited inform ation 

available between 42°N and 70°N or 

m ore, and the peculiar characteristics of 

the deep M editerranean, suggests that 

adequate, spatially replicated, intensive 

sam pling m ight change the picture. These 

new  observations beg for new  hypotheses 

based on the com bined effect o f regional 

productivity and efficiency o f shelf 

export in  different slope areas. In this 

respect, it is now  evident that the qual

ity of food sources can play a key role in 

driving the observed spatial patterns of 

biodiversity, and each area appears to be 

driven by different factors. In particular, 

the labile com ponents o f organic m atter 

(as proteins, carbohydrates, and lipids) 

can influence species distribution and the 

biodiversity o f open slope systems.

L O N G I T U D I N A L  P AT T E R N S  

OF  B I O D I V E R S I T Y  A L O N G  

E U R O P E A N  SLOPES

Little is also know n about the longitudi

nal gradients across the deep-sea regions 

and the continental margins. A lthough 

the M editerranean basin is recognized 

as one of the m ost diverse on the planet, 

in  term s of bo th  terrestrial and coastal 

m arine species (Myers et a l , 2000), 

its deep basin seems to contain m uch

lower diversity than  equivalent deep-sea 

regions of the Atlantic and Pacific oceans 

(Lambshead et a l , 2000). The reasons 

for this low diversity are related to:

(1) the com plex paleoecological history 

characterized by the M essinian salinity 

crisis and the alm ost complete desicca

tion  of the basin, and (2) the high deep- 

sea tem perature (ca 10°C higher than the 

Atlantic Ocean at sim ilar depths), which 

makes the settlem ent of deep-Atlantic
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fauna in  the deep-M editerranean 

basin difficult. These conclusions are 

based on the analysis o f m acrobenthos, 

whereas little inform ation is available on 

m eiofaunal diversity. O ur prelim inary 

findings suggest that biodiversity (as 

num ber of m eiofaunal taxa) is highly 

variable in  open slope systems located 

at the same longitude (Figure 6A). 

Similar results were observed in  term s of 

E(51) (Figure 6B).

W ithin the M editerranean region, 

biodiversity displays a clear longitudi

nal gradient along open slopes, w ith 

values decreasing eastward, from  the 

Catalan to the southern  Cretan margins. 

The observed longitudinal gradients 

bo th  in  the Atlantic Ocean and the 

M editerranean Sea are also evident 

w hen the biodiversity of all open slopes 

is com pared at sim ilar depths. Due to 

the existence of a decreasing west-east

productivity gradient, it was further 

suggested that the longitudinal gradient 

observed in  the deep M editerranean 

could be influenced by changes in  food 

availability (Danovaro et a l , 1999, 

2008b). The results suggest that the 

spatial variability o f food quality along 

the European m argins, from  the N ordic 

to the sou thern  Cretan margins, influ

ences the biodiversity spatial patterns 

at large scale.
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Figure 6. Longitudinal p a tte rn s  o f  b e n th ic  b iodiversity  a long  th e  o p e n  slopes o f  th e  

European m argins. P a tte rn s  o f  b iodiversity  a re  iden tified  as: (A) n u m b e r  o f  h igher m eio fau 

nal tax a  a n d  (B) n e m a to d e  b iodiversity  expressed  as ex p ec te d  species n u m b e r  E(51).

BA T H Y M E T R IC  PATTERNS 

OF BIODIVERS ITY A L O N G  

EUROPEAN SLOPES

Species diversity varies strongly with 

depth, and diversity-depth patterns vary 

geographically from  basin to basin (Rex 

et ah, 1997). A lthough diversity-depth 

trends are not completely understood, 

it seems likely that they are shaped by 

com plex interacting factors that operate 

at different tem poral and spatial scales 

(Levin et ah, 2001; Stuart et a l , 2003). 

Knowledge of bathym etric gradients of 

diversity is largely based on studies con

ducted in  the bathyal zone (i.e., from  the 

shelf break at 200 m  down to 4000 m). 

HERMES results reveal that nem atode 

com m unities are characterized by high 

biodiversity values, but the expected 

strong unim odal trend  over the bathy

m etric gradient with a diversity peak at 

2000-m water depth put forw ard by Rex 

(1981) is not always evident. Therefore, 

a bell curve cannot be used to describe 

the general patterns of m eiofaunal b iodi

versity along the European open slopes 

under investigation. Moreover, different 

taxa display different spatial patterns 

w ith increasing depth. In accordance 

w ith previous studies (Vincx et ah, 1994; 

Hoste et al., 2007), the num ber of taxa 

decreases with increasing depth along

22 Oceanography Vol. 22, No.1
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the open slopes in  all study areas except 

the N orth  A tlantic (Rockall Trough; 

Figure 7A). However, no clear spatial 

pattern  in  nem atode diversity, as E(51), 

can be identified in  any of the study 

areas, except the sou thern  Cretan m argin 

where diversity decreases with depth 

(Figure 7B). These results suggest that 

biodiversity patterns also depend on 

topographic and ecological features. This 

outcom e underlines the im portance of 

acquiring a better understanding of spe

cific topographic features and the need 

for new  approaches to investigate deep- 

sea biodiversity that are tightly linked to 

geosphere characteristics.

BIOD IVERS ITY T U R N O V E R  IN 

OPEN SLOPE SYSTEMS

Given the com plexity of the factors driv

ing benthic biodiversity on open slopes, 

the simple m easurem ent o f local (alpha) 

diversity is not sufficient to draw  a clear 

picture of the m echanism s involved. 

Analysis of turnover (beta) diversity 

(Gray, 2000) is useful for providing 

further insight as it reflects the degree to 

w hich a num ber of species are replaced 

by other species w hen m oving from  one 

site to another (Figure 8). Beta diversity 

was analyzed during HERMES by com 

paring (1) different open slope environ

m ents and (2) open slope environm ents 

with adjacent canyons, unstable slopes, 

or coral banks. A lthough alpha diversity 

is often sim ilar am ong different open 

slopes, beta diversity was found to be 

extremely high in  some regions, reaching 

values up to 90% (e.g., between slopes in 

Rockall Trough and southern  Crete). A 

partial exception is represented by high- 

latitude slopes that, along with the pres

ence of a large num ber of closely related 

species, also displayed lower turnover

diversity. Nonetheless, where turnover 

diversity is calculated am ong regions 

and slopes at different latitudes along 

European m argins, the values are always 

extremely high. Turnover diversity val

ues reported from  the HERMES project 

are am ong the highest reported  so far in 

the deep-sea literature, suggesting that 

open slopes could be preferential sites 

for the high specialization and possibly

spéciation of deep-sea fauna. Such high 

beta diversity is likely to be associated 

with a high substrate heterogeneity and 

topographic complexity, a postulate still 

being carefully examined.

C O N C LU S IO N S  A N D  

PERSPECTIVES

The m ultidisciplinary HERMES project 

represents one of m ost com prehensive
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Figure 8. A sch em atic  exam ple  o f  how  tu rn o v e r  b iod iversity  (b e ta  d iversity) can  en h an ce  b iodiversity  a t  larger spatial 

scales. The sh ap e  an d  co lo r o f th e  various sym bols re flec t th e  diversity  o f  th e  b e n th ic  species in d e ep -sea  sed im en ts  

a lo n g  th e  slopes. If th e  n u m b e r  a n d  id en tity  o f th e  species w ith in  each  box  (slope) a re  iden tical in all slopes, th e  b e ta  

diversity  is 0, a n d  th e  to ta l regional diversity  (g am m a  d iversity) is equal to  th e  local diversity  (i.e., th e  diversity  p res

e n t  in a  single box). Conversely, if th e  n u m b e r  a n d  id en tity  o f  th e  species w ith in  each  box  differ m ore  o r  less b e tw een  

th e  d ifferen t s lope  areas, th e  overall diversity  will increase  acco rd ing  to  th e  eq u atio n : y  = a  x ß (w here  b e ta  d iversity  
is th e  frac tion  o f  u n sh ared  species). In th e  exam ple  illu s tra ted  here, th e  b e ta  d iversity  is 100% (i.e., no  sh ared  species 

a m o n g  d ifferen t slopes).

attem pts to understand  patterns and 

drivers o f ben th ic biodiversity along 

continental m argins. The approach used, 

based on the cooperation of scientists 

from  different countries and in tegrat

ing a range of expertise and disciplines 

(i.e., deep-sea biology, microbiology, 

geology, and physical oceanography), is 

creating the m ost relevant, consistent, 

and innovative data set ever on open 

slope biodiversity and ecosystem func

tioning at the global scale. The results 

briefly illustrated here reveal tha t open 

slopes are “hotspots” of biodiversity in 

which species richness is higher than  

that reported  for bathyal and abyssal

plain ecosystems. However, a unique, 

general driver capable of explaining the 

spatial patterns of biodiversity was not 

identified. This result is not su rp ris

ing, considering the m ultiplicity of 

interactions am ong “local” ecological 

characteristics, environm ental factors, 

and topographic and textural conditions 

in  each specific slope environm ent. This 

com plexity probably has considerable 

influence on the conditions, allowing 

settlem ent of a high num ber of species. 

The patterns of deep-sea biodiversity 

along the slope are different from  those 

hypothesized so far, draw ing a m osaic 

of life m ore com plex and varied than

previously im agined. F urther efforts 

should be devoted to increasing the 

spatial resolution of deep-sea investiga

tions along open slopes. U nderstanding 

the m echanism s controlling deep-sea 

biodiversity w ithin and across these 

attractive environm ents will open 

new  perspectives for the conservation 

and sustainable m anagem ent o f these 

systems crucial to the functioning of 

the global ecosystem.
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