
Vol. 396: 197-209, 2009
doi: 10.3354/meps08269

MARINE ECOLOGY PROGRESS SERIES 
Mar Ecol Prog Ser Published December 9

Contribution to the Them e Section 'Afarine biodiversity: current understanding and future research' OPEN 
ACCESS

a -r ß-r y-, 5- and e-diversity of deep-sea nematodes 
in canyons and open slopes of Northeast Atlantic 

and Mediterranean margins

R. Danovaro*, S. Bianchelli, C. Gambi, M. Mea, D. Zeppilli

Dipartimento di Scienze del Mare, Université Politécnica delle Marche, Via Brecce Blanche, 60131 Ancona, Italy

ABSTRACT: M eiofaunal biodiversity, w ith  a specia l focus on  nem atodes, w as in v estig a ted  in  6 su b ­
m arine canyons an d  5 ad jacen t o p en  slopes along  bathym etric  g rad ien ts  (from ca. 200 to 5000 m 
depth) from  3 d ee p -sea  reg ions (no rtheas tern  A tlantic, w este rn  an d  cen tra l M ed ite rranean ) sp an n in g  
>2500 km  an d  across a  w ide g rad ien t of trophic an d  physicochem ical conditions. T he analysis of local 
(a) d iversity  at eq u a l d ep th s  show ed the  p resen ce  of sim ilar values in  the  NE A tlantic an d  M ed ite r­
ra n e a n  d ee p -sea  sedim ents. T he com parison  of th e  a  diversity  b e tw e en  d iffe ren t d e e p -sea  hab ita ts  
(canyons versus ad jacen t o p en  slopes) rev e a le d  th e  lack  of significant d iffe rences in  species richness 
in  m ost of th e  in v estig a ted  system s. H ow ever, the  analysis of n em ato d e  species com position show ed 
the  p re se n ce  of m ajor d iffe rences am ong  d ifferen t sam pling  d ep th s  (i.e. 500 versus 1000 versus 
2000 m depth) an d  hab ita ts . T urnover (ß) d iversity  w as h ig h  in  all of th e  in v estig a ted  d ee p -sea  
system s, b u t w as h ig h e r in  the  NE A tlantic (87%) th a n  in  the  M e d ite rran e an  m arg in s (range 51 to 
60% ), resu ltin g  in  h ig h e r values of reg iona l (y) diversity  in  th e  A tlantic m arg in . T urnover diversity  
am ong  reg ions (5 diversity) w as h ig h est (-91 %) b e tw e en  th e  NE A tlantic an d  w este rn  M ed ite r­
ran ean , b u t still ex trem ely  h ig h  b e tw e en  the  w este rn  an d  cen tra l M e d ite rran e an  m arg in s (-80% ), 
thus lead in g  to sim ilar values of b iogeog raph ica l diversity  (e) in  th e  NE A tlantic an d  M e d ite rran e an  
d ee p  b iogeog raph ica l p rovinces. T he resu lts suggest th a t b iogeograph ic  d iffe rences in  d e e p -se a  sp e ­
cies com position a re  re la ted  to d iffe rences in  ß an d  5 d iversity  an d  not to d iffe rences in  a  diversity, 
an d  th a t th e  analysis of the  factors d riv ing  ß diversity  a re  crucial to u n d e rs ta n d  the  spa tia l p a tte rn s  of 
biodiversity  in  the  d ee p  sea.
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INTRODUCTION

D eep -sea  sed im en ts cover m ore th a n  65%  of the 
E arth 's  surface. R esearch  conduc ted  in  th e  last 2 d e ­
cades has  com pletely  ch a n g ed  our p ercep tio n  of the 
characteristics an d  function ing  of th ese  ecosystem s 
(G age & Tyler 1991). W e know  now  th a t d ee p -sea  ec o ­
system s can  b e  h igh ly  com plex, d iverse  an d  ch a ra c te r­
ized  by h ig h  spa tia l an d  tem poral variab ility  (Rex e t al. 
2001, 2005, G aston  2000, L am bshead  et al. 2000, G age 
2004, D anovaro  et al. 2008a), bu t th e  know ledge of the 
factors contro lling  bathym etric , la titud ina l an d  long i­

tud ina l p a tte rn s  is still very  poor (Snelgrove & Sm ith 
2002, D anovaro  et al. 2004, C anals e t al. 2006, D ano­
varo  e t al. 2008a). A m ong th ese  factors, spa tia l h e te ro ­
g en e ity  of the  d ee p -sea  ben th ic  hab ita ts  can  signifi­
can tly  in fluence several b iological variab les inc lud ing  
local (a) an d  tu rn o v er (ß) biodiversity.

C on tinen ta l m arg in s a re  ex trem ely  h e terogeneous, 
d u e  to the ir h ig h  topograph ic  com plexity, an d  ch a ra c ­
te rized  by  the  p resen ce  of d iffe ren t hab ita ts  (such as 
canyons, o p en  slopes an d  landslides; C anals e t al. 
2004, W eaver e t al. 2004). D eep -sea  topograph ic  h e t­
ero g en eity  can  affect reg iona l hydrodynam ics w ith

’Email: r.danovaro@rmivpm.it © Inter-Research 2009 • www.int-res.com

mailto:r.danovaro@rmivpm.it
http://www.int-res.com


198 M ar Ecol Prog Ser 396: 197-209, 2009

im portan t effects on the  en tire  food chain, from  p h y to ­
p lan k to n  to m arine m am m als (G age e t al. 1995, V etter 
& D ayton 1998, D uineveld  et al. 2001). D eep-sea  
canyons, for instance, a re  im portan t p a thw ays for the 
transpo rt of o rgan ic  ca rbon  to th e  ocean 's  interior, and  
fast-track  corridors for m ateria l rap id ly  tran sp o rted  
from  the  lan d  to the  d ee p  sea  (C anals et al. 2006). The 
pecu lia r topograph ic  an d  hydrodynam ic fea tu res  of 
d e e p -sea  canyons (including bottom  curren ts , se d i­
m en tation  ra tes  an d  v ertical fluxes) con tribu te  to c re ­
ate  p ecu lia r ben th ic  hab ita ts  (Gili e t al. 1999, Yokla- 
vich e t al. 1999), w hich  support h ig h  ra tes  of oxygen  
consum ption, h ig h  values of ben th ic  faunal biom ass 
an d  d iversity  (G reene e t al. 1988, G age  & Tyler 1991, 
V etter 1995, A ccornero  e t al. 2003). M oreover, these  
system s disp lay  a h ig h  level of endem ism , possibly 
linked  to conditions th a t p rom ote spécia tion  (Wilson & 
H essler 1987, Jab lo n sk i & Bottjer 1990).

T he h igh  values an d  peculiarity  of th e  biodiversity  in ­
h ab itin g  canyons has led  to iden tification  of th ese  sys­
tem s as hot spots of d ee p -sea  b iodiversity  (de Boveé et 
al. 1990, S oetaert & H eip  1995, D anovaro  e t al. 1999, 
B aguley e t al. 2006, G arcia e t al. 2007), b u t co m p re h en ­
sive com parisons am ong  canyons an d  ad jacen t slopes 
u n d e r d iffe ren t reg ional se ttings a re  scan t (G arcia e t al. 
2007, V an  G aever et al. 2009).

M eio fauna are  the  num erically  dom inan t m etazoan  
com ponents of th e  d e e p -se a  ben th o s (Vincx e t al. 
1994). N em atodes a re  th e  m ost ab u n d a n t m etazoan  
m eio faunal taxon, an d  the ir dom inance in c reases  w ith  
w ate r d ep th  (up to > 90% ; Thiel 1975, H eip  e t al. 
1985, C ook e t al. 2000, L am bshead  & S chalk  2001, 
D anovaro e t al. 2002). N em atodes a re  ub iqu itous in 
all d e e p -se a  reg ions an d  are  cha rac te rized  by p o te n ­
tially h ig h  species richness (Jensen  1988, T ietjen
1992). T hey  p lay  an  im portan t role in  the  ben th ic  
trophodynam ics an d  the ir feed in g  ecology can  be 
in ferred  from  th e  m orphology of the ir m outh  cavity 
(W ieser 1953, Je n se n  1987, S oetaert & H eip  1995), 
thus offering  the  oppo rtun ity  to exam ine p a tte rn s  of 
structu ra l an d  functional (trophic) d iversity  in  the 
d ee p  sea  (D anovaro e t al. 2008b).

In th e  p rese n t study, w e co m p ared  m eio faunal d iv e r­
sity (h igher taxa) an d  n em ato d e  species richness from  
3 d e e p -se a  regions: the  n o rth ea s te rn  A tlantic O cean  
an d  the  w este rn  an d  cen tra l M e d ite rran e an  basin , 
ch arac terized  by  d iffe ren t topograph ic  settings, p ro ­
ductiv ity  an d  physicochem ical conditions. W e also 
in v estig a ted  bathym etric  p a tte rn s  of b iodiversity  and  
com pared  th e  species richness (a-diversity) and  
tu rnover in  species com position (ß-diversity) of deep - 
sea  canyons an d  ad jacen t o p en  slopes in  o rd er to id e n ­
tify factors contro lling  d ee p -sea  b iodiversity  along  c o n ­
tin en ta l m arg in s an d  the  ro le of th ese  in  prom oting  
reg ional (y) diversity.

MATERIALS AND METHODS

Sampling. Sam ples w ere  collected from the no rth east­
e rn  A tlantic O cean (Portuguese m argin) an d  the w estern  
(C atalan  m argin) an d  cen tra l (South A driatic m argin) 
M ed ite rran ean  S ea (Fig. 1). Overall, 6 d ee p -sea  canyons 
an d  5 ad jacen t o pen  slopes w ere  investigated . The sam e 
sam pling  stra tegy  w as u tilised  in  all regions: sed im ent 
sam ples w ere  collected  from  44 stations at s tan d ard  w a ­
te r dep ths, along  the  m ain  axis of th e  canyons an d  the  
ad jacen t o p en  slopes at s ta n d a rd  d ep th  (ca. 200, 500, 
1000, 2000, 3000, 4000 an d  5000 m  dep th , d ep en d in g  on 
the  h ig h est d ep th  of the  slope in  ea ch  region). In the  
n o rth eas te rn  A tlantic, sed im en t sam ples w ere  collected  
in  S ep tem b er 2006 from  21 sta tions (at d ep th s ran g in g  
from  416 to 4987 m) using  the RV 'Pelagia '. Two canyons 
(the N azaré  an d  Cascais) an d  2 ad jacen t o p en  slopes 
(hereafter, the  N an d  S P o rtuguese  slopes) w ere  investi­
ga ted . In th e  w este rn  M e d ite rran e an  (C atalan  m argin), 
sed im en t sam ples w ere  co llected  from  12 stations (at 
d ep th s ran g in g  from  334 to 2342 m) in  O ctober 2005 u s ­
ing  the  RV 'U niversitatis '. Two canyons (the C ap  de 
C reu s /S e te  an d  Lacaze-D uthiers) an d  2 ad jacen t o pen  
slopes (hereafter the  N an d  S C a ta lan  slopes) w ere  com ­
pared . In the central M ed ite rranean  (South Adriatic m ar­
gin), sedim ent sam ples w ere  collected in  M ay 2006 using 
the  RV 'U ran ia ' from  11 stations (depths ran g in g  from 
196 to 908 m) in  2 canyons (canyons B an d  C) an d  a d ja ­
cen t o pen  slope (hereafte r th e  S A driatic slope). In all 
d e e p -se a  reg ions, sed im en t sam ples w ere  co llected  u s ­
ing  a m ultiple corer and /o r a  N IO Z-type box corer allow ­
ing  th e  recovery  of v irtually  u n d istu rb ed  sed im en t sam ­
ples. T he 2 sam pling  dev ices p roved  to b e  eq u iv a len t in 
the  sam pling of sed im en tary  an d  biotic variab les (Dano­
varo  e t al. 1998). At all sam pling  stations, 3 sed im ent 
cores (in ternal d iam eter 3.6 cm) from  th e  in d e p en d e n t 
dep loym ents (w henever possible) w ere  ana ly sed  for 
m eiofaunal param eters (0 to 15 cm) an d  nem atode d iver­
sity (0 to 1 cm). S ed im en t sam ples for o rgan ic  m atte r 
analysis (the top 1 cm  from  3 d iffe ren t cores) w ere  p re ­
se rv ed  at -20°C  until analysis in  the  laboratory.

M eiofaunal analyses. For m eio faunal extraction , 
sed im en t sam ples w ere  sieved  th ro u g h  1000 pm  m esh, 
an d  a 20 pm  m esh  w as u se d  to re ta in  th e  sm allest 
o rganism s. T he fraction  rem a in in g  on th e  la tte r  sieve 
w as re su sp e n d ed  an d  cen trifuged  3 tim es w ith  Ludox 
HS40 (density 1.31 g  c n r 3) accord ing  to H eip  e t al. 
(1985). All m eioben th ic  an im als w ere  co u n ted  u n d e r a 
stereom icroscope an d  classified p er h ig h e r taxon  after 
sta in ing  w ith  Rose B engal (0.5 g  F 1). All an im als excep t 
for nem ato d es w ere  iden tified  to h ig h e r tax a  (sensu De 
Troch et al. 2006).

N em atode diversity. For n em ato d e  d iversity  an a ly ­
sis, 100 nem ato d es for ea ch  of the  3 rep lica tes (or all 
nem ato d es w h en  the  ab u n d a n ce  w as low er th a n  100
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Fig. 1. Sampling areas and station locations. Arrows represent the 3 deployments perform ed at each station. Black in  Panel 3: no
bathym etric data

specim ens p e r  sam ple) w ere  w ith d raw n  an d  m oun ted  
on slides follow ing the  form alin -ethano l-g lycero l te c h ­
n ique  describ ed  by S einhorst (1959) to p rev e n t d e h y ­
dration . N em atodes w ere  iden tified  to species level 
(indicated  as s p l ,  sp2 r sp3 r etc., d u e  to the  p resen ce  of 
several u n k n o w n  d e e p -se a  species) accord ing  to P latt 
& W arw ick (1983, 1988), W arw ick et al. (1998) an d  the 
recen t lite ra tu re  d ea lin g  w ith  n ew  n em ato d e  g en e ra  
an d  species (NeM ys da tab ase , D eprez e t al. 2005).

N em atode diversity  w as es tim ated  u sing  species 
richness (SR), d efined  as th e  to ta l nu m b er of species 
iden tified  at each  station. S ince species richness is 
strongly  affec ted  by th e  sam ple size, in  o rd er to s ta n ­
dard ise  th e  values of n em ato d e  diversity, the  e x ­
p ec ted  n u m b er of species, ES(x), w as considered . At 
each  site, th e  species ab u n d a n ce  d a ta  w ere  converted  
into rarefac tion  diversity  ind ices (Sanders 1968, as 
m odified by H urlbert 1971). T he ex p ec ted  n u m b er of 
species for a theo re tica l sam ple of 100 specim ens, 
ES(100), w as se lec ted  to facilita te com parison  of 
d iversities from  d iffe ren t reg ions. Species d iversity  
(H ', u sing  log -base  2, H '2) w as m e asu red  by the 
S hannon-W iener inform ation function an d  species 
evenness  w as m e asu red  u sing  J '  (Pielou 1975). All in ­
dices rep o rted  above w ere  ca lcu la ted  u sing  PRIMER 
v5 (C larke 1993). All d iversity  ind ices w ere  ca lcu la ted  
from  th e  sum  of the  ind iv iduals of the  3 rep lica tes  of 
each  sam pling  station.

W e m easu red  point, local (a), reg iona l (y) an d  b io g eo ­
g rap h ica l (e) diversity; as inventory  d iversity  m easu res  
they  p rovide inform ation on th e  species richness in  an  
a re a  at d ifferen t spatial scales. All of these  m easu res are 
ex p ressed  as n em atode  species ab u n d an ce  (Gray 2000). 
W e also m easu red  tu rnover d iversity  am ong  sam ple d i­
versity  m easu res  (ß diversity) an d  tu rnover diversity  
am ong  y diversity  m easu res  (5 diversity) as diversity  - 
d iffe ren tia tion  m easu res , as th ey  p rovide ind ications of 
the  ch an g e  in  species com position am ong sam ples (ß d i­
versity) an d  reg ions (5 diversity), ß an d  5 d iversity  w ere  
m e asu red  u sing  sim ilarity p e rc en ta g e  (SIMPER) an a ly ­
ses an d  ex p ressed  as p e rc en ta g e  of dissim ilarity, b ased  
on a B ray-C urtis sim ilarity m atrix  (Gray 2000).

T he trophic com position of n em ato d e  assem blages 
w as d e fin ed  accord ing  to W ieser (1953). N em atodes 
w ere  d iv ided  into 4 orig inal g roups as follows: (1A) no 
buccal cavity  or a  fine tu b u la r one, selective (bacterial) 
feeders; (IB) la rg e  b u t u n a rm e d  buccal cavity, non-se- 
lective deposit feeders; (2A) buccal cavity  w ith  scrap ing  
too th  or tee th , ep is tra te  or ep ig ro w th  (diatom) feeders; 
(2B) buccal cavity  w ith  la rg e  jaw s, p reda to rs/om n i- 
vores. M oens & V incx (1997) an d  M oens e t al. (1999) 
p roposed  a m odified feed ing -type  classification b ased  
on: (1) m icrovores; (2) ciliate feeders; (3) deposit feeders 
sensu  stricto; (4) ep ig row th  feeders; (5) facu ltative p re ­
dators an d  (6) p redato rs . H ow ever, in  the  p rese n t study, 
W ieser's (1953) classification w as p re fe rre d  b ecau se  it
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is still w idely  u sed  an d  no feed ing-type inform ation w as 
availab le for m ost g e n e ra  en c o u n te re d  in  d e e p -se a  sys­
tem s in  o rder to u se  th e  classification by M oens & Vincx 
(1997) an d  M oens e t al. (1999).

T he index  of trophic d iversity  (ITD) w as ca lcu la ted  
as 1 -  ITD, w h ere  ITD = g t2 + g22 + g 32...+ g n2, w h ere  g 
is th e  re la tive  contribu tion  of ea ch  trophic g roup  to the 
to tal n u m b er of ind iv iduals an d  n  is the  n u m b er of 
trophic g roups (Gam bi et al. 2003). For n  = 4 (as in  the 
p rese n t study) 1 -  ITD ran g e s  from  0.00 to 0.75.

To identify  colonization  stra teg ies of nem atodes, the 
m aturity  index  (MI) w as ca lcu la ted  accord ing  to the 
w eig h ted  m ean  of th e  ind iv idual g en u s  scores: MI = 
2v(i)/(i), w h e re  v is th e  c -  p value  (colonisers -  persis- 
ters) of g en u s  i (as g iven  in  th e  A ppend ix  of Bongers et 
al. 1991) an d  ƒ (i) is th e  frequency  of th a t genus.

Statistical analyses. To test for bathym etric ch an g es in 
th e  richness of h ig h e r m eio faunal tax a  an d  n em atode  
diversity  ind ices in  canyon  an d  o p en  slope sed im ents, a 
1-way ANOVA w as ca rried  out for all of the  m easu red  
indices separate ly  for all of th e  canyons an d  o pen  slopes, 
using stations (sam pling depth) as random  factors. W hen 
significant d iffe rences w ere  en coun te red , a S tuden t- 
N ew m an-K euls (SNK) post hoc com parison  test (at a  = 
0.05) w as also ca rried  out to asce rta in  in  w hich  transect 
values significantly  ch a n g ed  w ith  w a te r  dep th .

PRIMER v5 softw are (C larke 1993) w as u sed  to ca lcu ­
la te  B ray-C urtis sim ilarities b e tw e e n  all sam pling  sites. 
T he o b ta in ed  sim ilarity m atrix  w as u se d  to p roduce a 
non-m etric m ultid im ensional scaling  (NMDS) 2 -d im en­
sional plot. SIMPER analyses (based  on  the  B ray-C urtis 
sim ilarity index) w ere  perfo rm ed  to estim ate  the  ß an d  5 
diversity  (i.e. tu rnover d iversity  e s tim a ted  as % Bray- 
C urtis dissimilarity; G ray 2000) in  m eiofaunal taxonom ic 
com position and  nem atode species com position betw een  
sam pling  d ep th s  w ith in  the  sam e transect, b e tw e en  
canyons an d  o p en  slopes w ith in  the  sam e reg ion  and  
am ong d iffe ren t reg ions (PRIMER v5; C larke 1993). 
A nalysis of sim ilarities (ANOSIM) w as p erfo rm ed  to test 
for th e  p re se n ce  of sta tistica l d iffe rences in  m eiofaunal 
taxonom ic com position an d  n em ato d e  species com posi­
tion b e tw e en  sam pling d ep th s w ith in  th e  sam e transect, 
b e tw e en  canyons an d  o pen  slopes w ith in  the  sam e r e ­
gion an d  am ong  d iffe ren t reg ions (PRIMER v5; C larke
1993). All abso lu te  d a ta  w ere  p re se n ce /ab se n ce  tra n s ­
form ed prior to the  analysis.

In o rd er to assess how  w ell the  env ironm en ta l co n ­
strain ts ex p la in ed  c h an g es in  b iodiversity  indices, non- 
p aram etric  m ultivaria te  m ultip le  reg ression  analyses 
b ased  on B ray-C urtis d istances w ere  ca rried  out using  
th e  rou tine  DISTLM forw ard  (M cArdle & A nderson  
2001). T he fo rw ard  selection  of th e  p red ic to r variab les 
w as ca rried  out w ith  tests by  perm utation ; p -values 
w ere  o b ta in ed  u sing  4999 perm u ta tions of raw  d a ta  for 
th e  m arg in a l tests  (tests of ind iv idual variables), w hile

for all of th e  conditional tests, th e  rou tine  u se d  4999 
perm u ta tions of residuals u n d e r  a red u c ed  m odel. We 
u sed  w a te r  dep th , bottom  tem p era tu re , bottom  salinity 
an d  sed im en t g ra in  size as env ironm en ta l param eters; 
phy top igm en t an d  biopolym eric C concen tra tions as 
ind icators of the  am ount of trophic resources; an d  p h y ­
top igm ent to b iopolym eric C ratio, p ro te in  to b iopoly­
m eric C ratio  an d  ca rb o h y d ra te  to b iopolym eric C ratio 
as ind icators of the  quality  of trophic resou rces (for 
m ore deta ils see  P usceddu  e t al. in  press).

RESULTS 

Bathymetric gradients of m eiofaunal b iodiversity  
along continental margins

M eiofaunal h igher taxa richness an d  n em atode  d iver­
sity (expressed  as SR, ES(100), H '2, J ',  1 -  ITD an d  MI) 
a re  rep o rted  in  T able 1. SR of nem ato d es ran g e d  b e ­
tw een  29 an d  111 in  the  P o rtuguese  m arg ins, b e tw e en  
57 and  81 in  the C ata lan  m arg ins an d  b e tw een  15 an d  82 
in  the  South  A driatic m argin . S ignificant ch an g es in  n e ­
m atode d iversity  w ith  inc reasing  w a te r  d ep th  w ere  o b ­
served  only in  -5 0  % of the  investiga ted  system s, bu t the 
bathym etric  p a tte rn s  w ere  not consistent b e tw e en  h a b i­
ta ts  (canyons versus slopes) or am ong  reg ions (Table 2). 
In th e  S P o rtuguese  an d  N C a ta lan  slopes an d  th e  C ap 
de C reus/S ete  an d  S A driatic B canyons, the diversity in ­
dices d ec reased  w ith  increasing  w ate r dep th , w hile they 
in c reased  in  the  S C a ta lan  slope an d  the  N azaré  an d  S 
A driatic C canyons. Finally, no significant bathym etric  
d iffe rences w ere  o bserved  in  any  of th e  o ther transects.

T he SIMPER analysis, ca rried  out for each  transect, 
rev e a le d  th a t the  dissim ilarity  am ong  sta tions (ß d iv e r­
sity) ran g e d  from  32 to 57 % for m eio faunal h ig h e r 
taxa, an d  from  51 to 80%  for n em ato d e  species com po­
sition (Table 3). T he A NOSIM  analysis on  each  tra n ­
sect rev e a le d  th e  lack  of significant d iffe rences in 
m eio faunal ta x a  com position am ong  d iffe ren t dep th s 
(p > 0.05, ns; T able 3), b u t th e  p resen ce  of significant 
d iffe rences in  te rm s of n em ato d e  species com position 
in  alm ost all of th e  transec ts  (p < 0.01; T able 3).

1 -  ITD (0.28 to 0.74) an d  MI (2.13 to 3.21) d id  not d is ­
p lay  c lea r spa tia l p a tte rn s  along  the  bathym etric  g ra d i­
en ts in  each  reg io n  (Table 1).

Richness of m eiofaunal h igher taxa and 
nem atode biodiversity

C anyons an d  o pen  slopes

At approx im ate ly  eq u a l dep ths, the  richness of m eio ­
faunal h ig h e r ta x a  an d  n em ato d e  species richness d id
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Table 1. Richness of m eiofaunal h igher taxa and  nem atode diversity indices in 
the study regions. SR: species richness; ES(100): expected  species num ber for 
100 individuals; H '2: Shannon's index; J': species evenness; 1 -  ITD: index of 

trophic diversity; MI: m aturity  index

Transect D epth
(m)

Richness of 
meiofaunal 
higher taxa

SR ES(100) H '2 J' 1-ITD MI

Portuguese margin
N orthern open 416 8 111 65.45 41.11 0.94 0.71 2.69

slope 959 13 95 58.10 36.64 0.92 0.66 2.69
1463 8 75 63.31 35.11 0.95 0.71 2.81
3475 9 102 63.30 39.22 0.94 0.72 2.71
3981 7 94 55.63 35.43 0.91 0.69 2.66
4902 7 93 54.80 34.55 0.90 0.72 2.75

N azaré canyon 458 10 29 18.65 9.61 0.64 0.28 2.13
897 7 50 33.46 22.70 0.84 0.74 2.87

3231 8 50 33.90 21.75 0.83 0.69 2.69
4363 5 49 35.30 23.15 0.86 0.71 2.80

Cascais 445 10 49 33.86 23.21 0.86 0.63 2.43
1021 15 41 27.77 18.17 0.80 0.64 2.72
2100 10 54 35.66 24.23 0.86 0.73 2.72
2975 7 55 36.42 23.76 0.84 0.68 2.96
3914 9 60 37.57 23.66 0.82 0.66 2.77
4689 4 42 32.28 21.66 0.86 0.72 3.00

Southern open 1002 11 76 48.18 30.47 0.88 0.62 2.74
slope 2130 12 99 57.36 37.13 0.92 0.61 2.67

2908 7 72 50.35 32.17 0.92 0.62 2.77
3958 10 86 53.84 34.39 0.91 0.68 2.72
4987 8 86 52.62 33.71 0.90 0.70 2.78

Catalan margin
N orthern open 334 14 80 49.18 33.30 0.91 0.71 2.78

slope 1022 6 66 43.00 29.36 0.90 0.73 2.90
Lacaze-Duthiers 434 15 61 39.63 26.66 0.87 0.69 2.61

canyon 990 14 62 39.14 25.98 0.86 0.69 2.60
1497 9 64 43.25 27.77 0.88 0.71 2.78

Cap de C reus/ 960 8 81 47.56 31.45 0.88 0.71 3.04
Sete canyon 1434 7 59 36.86 24.13 0.84 0.66 2.69

1874 5 57 43.14 27.38 0.90 0.71 2.82
2342 10 70 44.02 29.91 0.89 0.70 2.97

Southern open 398 10 63 41.00 27.19 0.87 0.68 2.82
slope 985 11 68 42.33 27.64 0.86 0.69 2.73

1887 10 80 48.53 32.73 0.90 0.70 2.93

South Adriatic margin
Canyon B 370 5 65 48.69 29.81 0.91 0.71 3.02

446 8 56 33.33 20.04 0.77 0.54 3.21
590 7 56 40.85 26.82 0.89 0.65 2.77

O pen slope 196 7 75 49.51 31.43 0.90 0.70 2.92
406 7 57 39.19 25.50 0.87 0.72 2.63
908 6 62 39.72 23.46 0.81 0.61 2.83

Canyon C 341 6 15 15.00 11.81 0.88 0.60 3.39
435 7 47 39.16 25.16 0.90 0.67 2.69
593 8 59 41.59 27.67 0.89 0.69 2.95
618 7 54 34.55 21.62 0.81 0.59 2.90
721 12 82 50.38 32.23 0.89 0.66 2.93

not d isp lay  significant d iffe rences b e tw e en  canyons 
an d  ad jacen t o p en  slopes w ith in  the  sam e reg ion  
(Table 1). T he SIMPER an d  A NOSIM  analyses, p e r ­
form ed at 500, 1000 an d  2000 m  d ep th s  to assess the 
d issim ilarity  in  m eio faunal h ig h e r tax a  an d  n em atode

species com position b e tw e en  canyons 
an d  o p en  slopes (ß diversity), a re  r e ­
p o rted  in  T able 4. At all sam pling  
dep ths, the  dissim ilarity  b e tw e en  c a n ­
yons an d  o pen  slopes w as ex trem ely  
h ig h — on av e rag e  87%  in the  P o rtu ­
g u ese  m arg in , 51 % in th e  C a ta lan  
m arg in  an d  60 % in the  South  A driatic 
m a rg in — w hilst the  dissim ilarity  in 
te rm s of m eio faunal h ig h e r ta x a  w as 
m uch  low er (Table 4).

T he ANOSIM  analysis b e tw e en  
canyons an d  o p en  slopes rev e a le d  the  
lack  of significant d iffe rences in  the  
m eio faunal tax a  com position w ith in  
each  in v estig a ted  reg ion  at eq u a l 
dep th s  (i.e. 500, 1000 an d  2000 m; 
ANOSIM , p > 0.05, n s ; T able 4). C o n ­
versely, th e  ANOSIM  analysis r e ­
v ea led  significant d iffe rences b e tw e en  
canyons an d  o p en  slopes in  th e  n e m a ­
tode species com position only in  the  
P o rtuguese  m arg in  (ANOSIM, p < 0.01; 
T able 4).

D eep -sea  reg ions

T he richness of m eio faunal h ig h e r 
tax a  an d  n em ato d e  species richness, on 
average, slightly  d ec reased  from  the  
n o rth ea s te rn  A tlantic to th e  cen tra l 
M e d ite rran e an  m arg in  (Fig. 2). The 
analysis of m eio faunal assem b lage 
com position confirm ed th e  dom inance 
of nem atodes, copepods an d  po ly ­
ch ae tes  at all of the  in v estig a ted  deep - 
sea  reg ions, b u t n em ato d e  species 
com position d em o n stra ted  th e  dom i­
n an ce  of d ifferen t species in  d iffe ren t 
reg ions (Table 5 & A ppend ix  1).

At each  w ate r d ep th  (i.e. 500, 1000 
an d  2000 m), significant d iffe rences 
am ong d iffe ren t reg ions w ere  o b ­
served  in  term s of m eio faunal h ig h e r 
tax a  an d  n em ato d e  species com posi­
tion (ANOSIM, p < 0.01; T able 6). The 
dissim ilarity  of n em ato d e  species com ­
position  am ong  d iffe ren t d e e p -sea  
reg ions (5 diversity), m e asu red  u sing  

the  SIMPER analysis, w as ex trem ely  h ig h  ev en  w h en  
the  analysis w as restric ted  to eq u a l w a te r  d ep th s (i.e. 
500, 1000 an d  2000 m). T he dissim ilarity  in  species 
com position b e tw e e n  th e  P o rtuguese  m arg in  an d  the  
M e d ite rran e an  reg ions w as, on  average, 90%  an d
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Table 2. 1-way ANOVA carried out separately  in  all bathym etric transects testing  for changes along a w ater dep th  gradient. 
SR: species richness; ES(100): expected  species num ber for 100 individuals; FT2: Shannon's index; J ': species evenness; SNK: 
Student-N ew m an-K euls test; ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant. +: increasing  values w ith increasing  w ater 

colum n depth; -: decreasing values w ith increasing w ater column depth

Transect Richness of 
h igher taxa 

F  p SNK

CD T T ,  2 T'

F P SNK
----- ----------------

F  p  SNK F
t l

P SNK F
J

P SNK

Portuguese margin
N Portuguese slope 0.62 ns ns 0.39 ns ns 0.39 ns ns 0.75 ns ns 1.68 ns ns
Nazaré canyon 2.21 ns ns 13.87 *** + 13.87 *** + 53.56 *** + 24.84 . . . +
Cascais canyon 2.46 ns ns 1.94 ns ns 1.97 ns ns 1.83 ns ns 1.60 ns ns

Catalan margin
S Portuguese slope 6.85 . . . - 2.93 ns ns 2.93 ns ns 1.72 ns ns 0.57 ns ns

N C atalan slope 57.80 . . . - 7.90 * - 5.22 ns ns 2.63 ns ns 0.23 ns ns
Lacaze-Duthiers canyon 3.82 ns ns 0.57 ns ns 0.52 ns ns 0.41 ns ns 0.47 ns ns
Cap de Creus/Sete canyon 2.91 ns ns 10.38 *** - 10.40 ** - 10.38 ** - 6.19 * -
S C atalan slope 0.60 ns ns 5.73 * + 6.22 * + 2.91 ns ns 1.37 ns ns

South Atlantic margin
Canyon B 1.82 ns ns 6.93 * - 6.93 * - 6.73 * - 6.28 * -
S Adriatic slope 1.95 ns ns 0.85 ns ns 0.85 ns ns 1.32 ns ns 2.05 ns ns
Canyon C 14.56 *** + 14.58 *** + 14.58 *** + 14.09 *** + 1.54 ns +

Table 3. ANOSIM and  SIMPER to test for differences in  m eiofarmai h igher 
taxonom ic composition and nem atode species composition along a b a th y ­
m etric gradient in  each transect. Avg. diss.: average dissimilarity; ***p < 0.001;

ns: not significant

Transect M eiofauna 
ANOSIM SIMPER 
R p Avg. diss. (%)

Nem atode 
ANOSIM SIMPER 

R p Avg. diss. (%)

Portuguese margin
N Portuguese slope 0.13 ns 40.18 0.09 ns 70.97
Nazaré 0.34 ns 27.38 0.39 . . . 79.83
Cascais 0.35 ns 34.71 0.28 ns 58.74
S Portuguese slope 0.16 ns 36.89 0.27 . . . 63.62

Catalan margin
N C atalan slope 1.00 . . . 43.63 0.54 . . . 51.57

Lacaze-Duthiers 0.26 ns 42.73 0.28 ns 56.79
Cap de C reus/Sete 0.31 ns 36.74 0.61 . . . 55.43
S C atalan slope 0.74 . . . 43.70 0.92 . . . 51.31

Catalan margin
B canyon 0.11 ns 56.54 0.63 . . . 55.74
S Adriatic slope 0.07 ns 34.83 0.87 . . . 70.43
C canyon 0.22 ns 32.30 0.62 *** 67.10

h ab ita t diversity  w as sim ilar in  o pen  
slopes an d  canyons of the  M ed ite r­
ra n e a n  reg ions (Fig. 4a), bu t not in  the  
A tlantic m argin , w h ere  it w as h ig h e r 
in  th e  o p en  slopes. R egional diversity  
(y-diversity, Fig. 4b) w as h ig h e r in  the  
P o rtuguese  m arg in  th a n  the  o ther 2 in ­
v es tig a ted  regions. O verall, n em atode  
e d iversity  (b iogeographical diversity) 
w as h ig h e r in  th e  n o rth ea s te rn  A t­
lan tic  th a n  in  th e  M e d ite rran e an  S ea 
(Fig. 4c). T he resu lts of the  m u lti­
v aria te  m ultip le  reg ression  analyses 
(DISTML) ca rried  out u sing  the  b iod i­
versity  ind ices from  th e  en tire  d a ta  set 
rev e a le d  th a t m ost of th e  variance 
could  b e  ex p la in ed  by tem pera tu re , 
bo ttom  salinity, g ra in  size an d  a com ­
b ina tion  of p igm ent, p ro te ins an d  bio- 
polym eric C concen tra tion  ('Ali sites' 
in  T able 7).

b e tw e en  the  w este rn  an d  cen tra l M ed ite rran ean  
-8 3 % , w h erea s  th e  dissim ilarity  of h ig h e r tax a  com ­
position  w as ag a in  low er (Table 6). T he NM DS o rd i­
nation  p lot b a se d  on th ese  resu lts p o in ted  out th a t 
d iffe rences am ong  d e e p -se a  reg ions w ere  m ore im ­
p o rtan t th a n  d iffe rences b e tw e en  hab ita ts  (e.g. canyon  
versus slope; Fig. 3).

T he p a tte rn s  of n em ato d e  species richness at la rg e r 
spatia l scales (i.e. h ab ita t an d  reg iona l scale) includ ing  
all sam pling  d ep th s a re  illu stra ted  in  Fig. 4 a -c . The

DISCUSSION  

Bathymetric gradients in a diversity in deep-sea margins

Several stud ies h av e  h ypo thesised  th a t d iffe ren t fac­
tors, such as h ab ita t h e te ro g en e ity  (Levin e t al. 2001, 
V anhove et al. 2004) an d  ch an g es in  food availability  
an d  supply  (Lam bshead et al. 2000, 2002), can  in flu­
ence  d e e p -se a  b iodiversity  d istribution . S ince food in-
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Table 4. ANOSIM and SIMPER to test for differences in meiofaunal higher taxo­
nomic composition and nem atode species composition at each selected w ater col­
um n depth (i.e. 500, 1000 and 2000 m) betw een canyons and open slopes within 
the sam e region. Avg. diss.: average dissimilarity; ***p < 0.001; ns: not significant;

na: not available

D epth and 
transect

M eiofaunal Nem atode 
ANOSIM SIMPER ANOSIM SIMPER 
R p Avg. diss. (%) R p Avg. diss. (%)

500 m
Portuguese 0.44 ns 28.72 0.83 *** 83.28
Catalan 0.44 ns 28.07 0.83 ns 50.27
South Adriatic 0.44 ns 27.53 0.83 *** 56.44

1000 m
Portuguese 0.35 ns 41.24 0.69 *** 84.97
Catalan 0.35 ns 41.02 0.69 ns 48.52
South Adriatic 0.35 ns 44.41 0.69 ns 59.01

2000 m
Portuguese 0.64 ns 40.94 0.673 *** 83.92
Catalan 0.64 ns 37.53 0.673 ns 54.19
South Adriatic 0.64 na na 0.673 na na
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Fig. 2. a-diversity in  different deep-sea regions m easured as (a) richness of 
m eiofaunal higher taxa and (b) nem atode species richness. White diam onds in ­
dicate stations w ithin canyons, grey diamonds indicate stations w ithin open 

slopes and black squares indicate the m ean ± SE

varo  e t al. 2008a). H ow ever, in v es tig a ­
tions co n d u c ted  in  a h ad a i tren ch  of the  
South  Pacific O cean  rev e a le d  th a t d if­
ferences in  w a te r  d ep th  w ere  re sp o n si­
b le for significant d iffe rences in  n e m a ­
tode species richness w h en  food ava il­
ability  w as not a lim iting  factor (Gam bi 
e t al. 2003).

Results p re se n te d  h e re  ind icate  tha t 
m eio faunal h ig h e r ta x a  richness an d  
n em ato d e  species richness ch a n g ed  
significantly  w ith  in c reasin g  w ate r 
d ep th  in  abou t half of the  investiga ted  
transects, b u t d id  not show  consisten t 
pattern s. In fact, in  bo th  open  slopes 
an d  canyons, in c reasin g  an d  d e c re a s ­
ing  p a tte rn s  in  species richness w ere  
o bserved  (Table 2). T hese  resu lts  a re  in 
ag re em e n t w ith  the  lack  of consisten t 
p a tte rn s  in  trophic resources (Pusceddu 
e t al. in  press), w h ich  show ed  the  p re s ­
ence  of in c reasin g  or d ec reas in g  co n ­
cen tra tions of sed im en t o rgan ic  m atte r 
in  d iffe ren t transec ts  in d ep en d en tly  
from  th e  reg ions (no rtheas tern  A tlantic, 
w este rn  an d  cen tra l M ed ite rranean ) or 
hab ita ts  (slopes, canyons) investiga ted . 
T he m ultivariate, m ultip le  reg ression  
ana lyses in d ica ted  th a t q u an tity  an d  
quality  of o rgan ic  m a tte r ex p la in ed  an  
im portan t portion  of th e  variances of 
the  diversity  indices, b u t te m p era tu re  
an d  physicochem ical conditions also 
p layed  an  im portan t ro le in  d e ­
te rm in ing  the  o bserved  p a tte rn s . In a d ­
dition, the  analysis of n em ato d e  b io ­
diversity  rev e a le d  th e  p re se n ce  of 
significant d iffe rences in  species com ­
position  at d ifferen t d ep th s  at all of the  
in v estig a ted  transects, ind ica ting  that, 
in d e p en d e n tly  from  th e  p resen ce  of a 
significantly  d iffe ren t species richness 
or o rgan ic  m a tte r conten t, bathym etric  
d iffe rences w ere  alw ays associa ted  
w ith  significant ch an g es in  species 
com position (Table 3).

pu ts can  ch an g e  w ith  in c reasin g  w a te r  dep th , b a th y ­
m etric g rad ien ts  could  reflect ch an g es in  the  am ount 
an d  quality  of availab le food (D anovaro et al. 1999). 
A recen t study  rep o rted  th a t n em ato d e  biodiversity  
ch a n g ed  w ith  w a te r dep th , an d  th a t ba thym etric  g ra d i­
en ts w ere  h ig h e r th a n  ch an g es ob se rv ed  at la rg e  sp a ­
tial scales (>2500 km  distance) at eq u a l d ep th s  (Dano-

a, ß and y diversity in d eep -sea  m argins

T he com parison  of th e  n em ato d e  d iversity  (as n e m a ­
tode species richness) at eq u a l d ep th s  (i.e. separa te ly  
at 500, 1000 an d  2000 m  dep th , Fig. 2) rev e a le d  th a t the  
P o rtuguese  m arg in  con ta ined  th e  h ighest point d iv e r­
sity (num ber of species in  a  single sam ple) an d  tha t
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Table 5. M eiofaunal higher taxa found in the 3 study regions

Taxon %

Portuguese margin
Nem atoda 89.414
Copepoda 7.201
Polychaeta 2.124
Kinorhyncha 0.420
Oligochaeta 0.242
Ostracoda 0.186
Tardigrada 0.088
Bivalvia 0.070
Isopoda 0.063
N em erta 0.058
Cum acea 0.038
Turbellaria 0.028
Amphiopoda 0.015
Tanaidacea 0.010
Acarina 0.008
Echinoderm ata larvae 0.008
Gastrotricha 0.005
Priapiluda 0.005
Priapulida larvae 0.005
Gnatostomulida 0.005
Sipunculida 0.003
Holothurians 0.003
Cnidaria 0.003

Catalan margin
Nem atoda 91.121
Copepoda 4.934
Polychaeta 1.600
N em erta 1.136
Oligochaeta 0.271
Kinorhyncha 0.211
Ostracoda 0.129
Cum acea 0.120
Isopoda 0.108
Turbellaria 0.077
Bivalvia 0.069
Priapiluda 0.056
Tardigrada 0.052
Echinoderm ata 0.043
Gastrotricha 0.030
Amphiopoda 0.026
Tanaidacea 0.013
Sipunculida 0.004

South Adriatic margin
Nem atoda 93.751
Copepoda 3.066
Polychaeta 1.029
Priapiluda larvae 0.847
Tardigrada 0.504
Kinorhyncha 0.407
D ecapoda larvae 0.150
Isopoda 0.086
Bivalvia 0.043
Ostracoda 0.032
Cnidaria 0.032
Oligochaeta 0.021
Cum acea 0.021
Acarina 0.011

such  biod iversity  show ed a ten d en cy  to d ec rease  m ov­
ing  eastw ard . H ow ever, d esp ite  such d ifferences, the  
values of a  diversity  (richness of m eio faunal h ig h e r 
tax a  or n em ato d e  species in  3 rep licates from  1 site) 
w ere , on  average, sim ilar in  all of the  study  regions.

T he values of a  d iversity  (nem atode S hannon  d iv e r­
sity) rep o rted  in  the  p rese n t study are  h ig h e r th an  those 
rep o rted  by  G arcia  e t al. (2007) for th e  P o rtuguese  
m argin . S uch a d isc repancy  could  b e  d u e  to d iffe ren t 
env ironm en ta l factors, sam pling  seasons or sam pling  
m esh  sizes (20 versus 48 pm , respectively , w h ich  could  
h av e  led  to re ta in  also th e  sm allest organism s).

O verall, the  richness of m eio faunal h ig h e r tax a  an d  
the  b iodiversity  of nem ato d es d id  not show  significant 
d iffe rences w h en  canyons an d  ad jacen t o pen  slopes 
w ere  com pared . O nly along the  P o rtuguese  m arg in  
an d  at 500 m  d ep th  in  the  South  A driatic m arg in  w as 
n em ato d e  diversity  significantly  low er in  canyons th a n  
in  slopes (in ag re em e n t w ith  G arcia  e t al. 2007, Ingels 
e t al. 2009 w ho found low er diversity  in  th e  N azaré 
canyon  th a n  in  th e  ad jacen t o pen  slope). S ince h ig h e r 
concen tra tions of po ten tia l food resou rces w ere  found 
in  th e  P o rtuguese  canyons th a n  in  th e  ad jacen t o pen  
slopes (for m ore details see  P usceddu  e t al. in  press), 
the  resu lts  of th e  p re se n t study  prov ide fu rthe r ev i­
den ce  th a t th e  am ount of sed im en t o rgan ic  m a tte r is 
not sufficient to exp la in  th e  o bserved  ch an g es in  b e n ­
thic biodiversity. T he low er n em ato d e  b iodiversity  
o bse rved  in  canyons could  b e  d u e  to th e  p resen ce  of 
p ecu lia r hydrodynam ic conditions (G arcia e t al. 2007), 
w h ich  could  allow  th e  colonization  of a  low er nu m b er 
of species. H ow ever, topog raph ic  fea tu res  could  also 
con tribu te  to th e  d iffe rences as o bserved  in  th e  South 
A driatic m arg in  at 500 m  dep th ; for in stance, the  low er 
n em ato d e  species richness in  canyon  C could  b e  r e ­
la ted  to the  p resen ce  of h a rd  su b stra tes  (Trincardi e t al. 
2007). O verall, resu lts p re se n te d  h e re  are  in  good 
ag re em e n t w ith  prev ious studies, w h ich  rep o rted  tha t 
canyons w ere  charac te rized  by  h ig h e r faunal a b u n ­
dan ce  an d  b iom ass b u t low er d iversity  (G age e t al. 
1995, V etter & D ayton 1998, C urd ia  e t al. 2004).

T he analysis of functional (trophic) diversity  an d  life 
stra teg ies (1 -  ITD an d  MI) d id  not d isp lay  c lea r d iffe r­
ences b e tw e en  canyons an d  slopes in  any  of th e  study 
reg ions. T he m aturity  index  alw ays d isp layed  in te rm e­
d ia te  values of 2.5 to 3.0, ind icating  th a t the  n em atode  
assem blages w ere  ch arac terized  by  a m ix ture of 
colonisers an d  persisters, bo th  in  canyons an d  o pen  
slopes of all reg ions (G am bi e t al. 2003, D anovaro  e t al. 
2008a).

V alues of ß diversity  w ere  alw ays very  high, bu t the  
dissim ilarity  in  n em ato d e  species com position b e tw e en  
canyons an d  o p en  slopes of the  P o rtuguese  m arg in  
(-87 %) w as m uch  h ig h e r th a n  the  dissim ilarity  m e a ­
su red  in  th e  m arg in s of the  M e d ite rran e an  S ea (range
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Table 6. SIMPER and ANOSIM of the dissimilarity in  meiofaunal higher taxonomic and nem atode species composition betw een the 
study regions at equal sampling depths. Avg. diss.: average dissimilarity; ***p < 0.001; **p < 0.01; ns: not significant; na: not available

Depth Region
ANOSIM SIMPER ANOSIM SIMPER

R P Avg. diss. (%) R P Avg. diss. (%)

500 m Portuguese vs Catalan 0.1 ns 37.8 0.7 . . . 93.0
Portuguese vs S Adriatic 0.3 ** 38.0 0.6 *** 91.0
C atalan vs S Adriatic 0.7 ** 50.0 0.9 *** 83.0

1000 m Portuguese vs Catalan 0.0 ns 24.5 0.6 91.0
Portuguese vs S Adriatic 0.5 *** 50.1 0.4 *** 89.0
C atalan vs S Adriatic 0.5 *** 42.0 0.9 *** 82.0

2000 m Portuguese vs Catalan 0.7 ** 50.4 0.8 89.0
Portuguese vs S Adriatic na na na na na na
C atalan vs S Adriatic na na na na na na
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Fig. 3. N on-m etric m ultidim ensional scaling plot show ing 
the similarity in  (a) m eiofaunal taxonom ic composition and 
(b) nem atode species composition betw een  canyons and 
open slopes considering equal w ater colum n depths (i.e.

500, 1000 and  2000 m)

Fig. 4. Species richness of nem atodes at different spatial scales: 
(a) habitat diversity; (b) y diversity (regional) and (c) e diversity 
(biogeographical). In (c), 'NE Atlantic' corresponds to the 
Portuguese m argin and 'M editerranean' includes the Catalan 

and South Adriatic margins
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Table 7. M ultivariate m ultiple regression analysis carried out on the values of 
the biodiversity indices at all sites, canyons and open slopes. % Var: percentage 

of explained variance. ***p< 0.001; **p<0.01; *p<0.05

Variable SS F P % Var Cumulative
%

All sites
Pigment 4960.7 21.4 *** 14.1 14.1
Silt % 3058.1 14.6 *** 8.7 22.8
Bottom salinity 803.2 3.9 *** 2.3 25.1
Bottom tem perature 874.0 4.4 ** 2.5 27.6
Biopolymeric C 1045.2 5.4 ** 3.0 30.6
Protein to biopolymeric 243.4 1.3 ** 0.7 31.3

C ratio
Pigm ent to biopolymeric 123.8 0.6 ns 0.4 31.6

C ratio
W ater depth 71.3 0.4 ns 0.2 31.9
Protein to carbohydrate ratio 23.5 0.1 ns 0.1 31.9
Sand % 0.0 0.0 ns 0.0 31.9

Canyons
Sand % 4308.9 16.7 *** 18.6 18.6
Pigment 2626.7 11.6 *** 11.3 29.9
Bottom salinity 567.8 2.6 ns 2.5 32.4
Protein to biopolymeric 392.0 1.8 ns 1.7 34.1

C ratio
Biopolymeric C 299.7 1.4 ns 1.3 35.4
Pigm ent to biopolymeric 304.4 1.4 ns 1.3 36.7

C ratio
Bottom tem perature 95.5 0.4 ns 0.4 37.1
W ater depth 22.8 0.1 ns 0.1 37.2
Silt % 0.0 0.0 ns 0.0 37.2
Protein to carbohydrate ratio 2.4 0.0 ns 0.0 37.2

Slopes
Protein to carbohydrate ratio 695.2 7.3 ** 11.7 11.7
Bottom salinity 158.5 1.7 ns 2.7 14.3
Pigm ent to biopolymeric 76.6 0.8 ns 1.3 15.6

C ratio
Bottom tem perature 283.1 3.1 ns 4.7 20.3
Pigment 64.2 0.7 ns 1.1 21.4
Protein to biopolymeric 55.8 0.6 ns 0.9 22.4

C ratio
Silt % 46.5 0.5 ns 0.8 23.1
Biopolymeric C 10.3 0.1 ns 0.2 23.3
W ater depth 7.7 0.1 ns 0.1 23.4
Sand % 0.0 0.0 ns 0.0 23.4

51 to 60 %). S uch d iffe rences in  tu rnover d iversity  w ere  
responsib le  for the  h ig h e r values of y d iversity  (i.e. the 
reg ional diversity; Fig. 4b) of the  A tlantic m arg in  (349 
species, ca. doub le  th a t in  th e  C a ta lan  or th e  S A driatic 
m arg ins — 174 an d  170 species, respectively).

8 and e diversity in d eep -sea  m argins

T he 5-diversity, m easu red  as tu rn o v er of n em atode  
species am ong d iffe ren t reg ions (Portuguese versus 
C ata lan  versus S Adriatic) w as alw ays > 80 %, w ith  h ig h ­
est d iffe rences b e tw e en  th e  'co ld ' d ee p  A tlantic an d  the

'w arm ' d ee p  M e d ite rran e an  (>91% ). 
Since th e  d ee p  A tlantic an d  d ee p  M ed i­
te rra n e a n  basins a re  physically  se p a ­
ra te d  by the  S trait of G ibraltar an d  d is ­
p lay  enorm ous d iffe rences in  te rm s of 
d ee p -w a te r  te m p era tu re s  (~10°C), the  
d iffe rences in  species com position b e ­
tw een  th e  2 reg ions (5 diversity) a re  not 
surprising . But th e  h ig h  5 diversity  b e ­
tw een  w este rn  an d  cen tra l M ed ite r­
ran e an  system s (-82 %) suggests tha t the 
d iffe rence in  tem p era tu re  is not th e  only 
d river of tu rnover diversity  am ong  r e ­
gions. Rather, th ese  resu lts suggest tha t 
each  d ee p -sea  reg ion  is charac terised  by 
the  p resen ce  of a specific assem b lage 
an d  species com position. T hese resu lts 
a re  confirm ed by  the  NM DS analysis, 
w hich show ed the  p resence  of strong dif­
ferences am ong the  investiga ted  reg ions 
in  te rm s of richness of m eiofaunal h igher 
tax a  an d  n em ato d e  species com position 
(Fig. 3), ev en  w h en  th e  analysis w as p e r ­
form ed at eq u a l d ep th s  (i.e. 500, 1000 
an d  2000 m).

As a resu lt of the  im portan t d iffe r­
ences o bserved  am ong the  w este rn  an d  
cen tra l M e d ite rran e an  reg ions, the  
overall d iffe rences in  species richness 
(e diversity) of th e  d ee p  n o rth ea s te rn  
A tlantic an d  M e d ite rran e an  basins 
w ere  less p ro n o u n ced  th a n  those o b ­
served  in  term s of y diversity. Overall, 
on  the  basis of th e  sta tion  sam ples (23 
stations in  the  d ee p  M e d ite rran e an  v e r­
sus 21 in  th e  d ee p  A tlantic) th e  e d iv e r­
sity of th e  d ee p  M e d ite rran e an  basin  
w as only 27 % low er th a n  th a t of the  
d ee p  A tlantic. A t the  sam e tim e, it 
should  b e  ta k e n  into account th a t the  
d ep th  ran g es  of the  2 system s w ere  d if­
ferent: 200 to 2000 m  d ep th  for the  

M e d ite rran e an  sta tions an d  500 to 5000 m  d e p th  for 
the  A tlantic. S ince w e d em o n stra ted  h e re  th a t b a th y ­
m etric d iffe rences a re  a key  source of tu rnover d iv e r­
sity, it is possib le  th a t the  q u an tita tiv e  d ifferences 
rep o rted  are  also in fluenced  by  th e  d iffe rences in 
ex tensions an d  d e p th  ran g e s  b e tw e en  the  A tlantic an d  
the  M e d ite rran e an  m arg ins. O verall, the  d a ta  on 
n em ato d e  e diversity  in  the  d ee p  sea  sug g est that, co n ­
verse ly  to w h a t w as expected , the  m eio fauna and, p a r ­
ticularly, n em ato d e  d iversity  of th e  d ee p  M ed ite r­
ra n e a n  b as in  is h igh ly  d iversified  and, thus, th e  d ee p  
M e d ite rran e an  is not b iod iversity -dep le ted , b u t ra th e r 
a  d iversity -rich  b iogeograph ica l province.
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T he resu lts  of th e  p re se n t study  ind icate  th a t d iffe r­
ences in  ß an d  5 d iversity  an d  not a  diversity  a re  c ru ­
cial to se t-up  or describe  th e  d e e p -se a  b iodiversity  at a 
reg ional scale, an d  th a t th e  analysis of the  factors d r i­
v ing  tu rn o v er d iversity  a re  crucial for a p red ic tive 
u n d e rs ta n d in g  of th e  spa tia l p a tte rn s  an d  species com ­
position  of d e e p -se a  assem blages in  d iffe ren t b io g eo ­
g raph ic  regions.
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A ppendix 1. N em atode species found in  the 3 study regions. Only those species comprising >0.5 % of the total are reported

Species % Species % Species %

Portuguese margin Catalan margin South Adriatic margin
Sabatieria sp l 4.76 Sabatieria sp l 6.88 Pierrickia sp3 10.87
Halalaimus sp4 4.00 Theristus sp l 4.95 Aegialoalaimus sp4 5.56
Halalaimus sp l 3.46 Sabatieria sp2 4.25 Halalaimus sp4 5.05
Acantholaim us sp4 3.03 Halalaimus sp7 3.75 Sphaerolaimus sp2 4.45
Acantholaim us sp l 2.94 Prochromadorella sp l 3.63 Pierrickia sp4 4.36
Actinonem a  sp l 2.83 Halalaimus sp4 3.54 Pierrickia sp2 3.59
Daptonema sp l 2.34 Sabatieria sp3 3.49 Halalaimus sp l 2.95
M etadesm olaim us sp2 2.29 Pierrickia sp l 3.34 Sabatieria sp l 2.95
M etalinhom oeus sp l 2.29 Sphaerolaimus sp l 3.28 D esmoscolex sp2 2.87
Pierrickia sp l 2.14 Aegialoalaimus sp l 2.84 Am phim onhystrella  sp l 2.57
Linhystera sp l 2.10 Daptonema sp l 2.64 Spilophorella sp l 2.52
Pierrickia sp3 2.06 D esmoscolex sp l 2.52 Syringolaimus sp4 2.48
Aegialoalaimus sp l 1.92 A p o n em a sp l 2.11 D esmoscolex sp l 2.23
Am phim onhystrella  sp l 1.86 Actinonem a  sp l 1.93 Pierrickia sp l 1.97
Pierrickia sp2 1.73 Acantholaim us sp l 1.87 A ctinonem a  sp l 1.88
Sphaerolaimus sp3 1.62 Am phim onhystrella  sp l 1.76 Sabatieria sp3 1.88
Longicyatholaimus sp l 1.52 Sphaerolaimus sp3 1.76 Innocuonema  sp l 1.63
Theristus sp3 1.49 Cyartonema sp3 1.70 Sphaerolaimus sp l 1.63
Sphaerolaimus sp4 1.26 Theristus sp3 1.58 Sabatieria sp4 1.37
Praecanthonchus sp l 1.19 Elzalia sp l 1.55 Adoncholaim us sp2 1.24
Sphaerolaimus sp l 1.19 Acantholaim us sp2 1.52 Setosabatieria sp l 1.16
Theristus sp5 1.15 Pselionema  sp l 1.32 Anoplostoma  sp l 1.03
Syringolaimus sp4 1.15 Chromadora sp l 1.26 Acantholaim us sp6 0.94
Microlaimus sp l 1.08 Diplopeltoides sp l 1.26 Hopperia sp l 0.90
M inolaimus sp l 1.08 Paracanthonchus sp3 1.26 Microlaimus sp l 0.81
Theristus sp2 1.04 Hopperia sp l 1.23 Linhystera sp2 0.77
Acantholaim us sp l2 1.00 Syringolaimus sp l 1.23 Oxystomina  sp l 0.77
Daptonema sp2 1.00 Longicyatholaimus sp l 1.20 Richtersia sp l 0.77
Theristus sp l 1.00 Tricoma sp l 1.11 Sphaerolaimus sp3 0.77
Microlaimus sp2 0.95 Halalaimus sp l 1.08 Halichoanolaimus sp4 0.73
Daptonema sp3 0.89 Paracanthonchus sp2 0.88 Acantholaim us sp5 0.68
Desmoscolex sp5 0.86 Dichromadora sp l 0.76 D esmoscolex sp3 0.64
Microlaimus sp5 0.86 Am phim onhystrella  sp3 0.73 Desmodora sp3 0.60
Am phim onhystrella  sp2 0.76 Elzalia sp2 0.73 Elzalia sp2 0.60
Linhystera sp2 0.76 Terschellingia sp l 0.73 Acantholaim us sp4 0.56
Marylynnia  sp l 0.76 M etadesm olaim us sp l 0.70 Chromadorella sp l 0.56
Paralongicyatholaimus sp l 0.74 Leptolaimus sp l 0.67 Latronema sp3 0.56
Setosabatieria sp l 0.74 Setosabatieria sp l 0.67 Linhystera sp l 0.56
Spilophorella sp l 0.73 Oxystomina sp l 0.64 Diplopeltoides sp3 0.51
Acantholaim us sp3 0.67 Sphaerolaimus sp2 0.64 M etacyatholaim us sp l 0.51
Diplopeltoides sp l 0.65 Adoncholaim us sp2 0.62 Southerniella  sp l 0.51
Halalaimus sp5 0.65 Innocuonema  sp l 0.62
Bathyeurystomina  sp l 0.61 Platycoma sp l 0.62
Oxystomina sp l 0.61 Sabatieria sp5 0.62
Campylaimus sp l 0.60 Pierrickia sp2 0.56
Halalaimus sp6 0.58 Acantholaim us sp3 0.53
M onhystera  sp l 0.56 Acantholaim us sp6 0.50
Comesoma sp l 0.54 Aegialoalaimus sp2 0.50
Desmoscolex sp3 0.54 Daptonema sp2 0.50
Pomponema  sp l 0.54 Theristus sp4 0.50
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