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Abstract
Along a w est-to-east axis spanning the Galicia Bank region (Iberian margin) and the M editerranean basin, a reduction in 
surface primary productivity and in seafloor flux of particulate organic carbon was mirrored in the in situ organic m atter 
quantity and quality within the underlying deep-sea sedim ents at different w ater dep ths (1200, 1900 and 3000 m). 
N em atode standing stock (abundance and biomass) and genus and trophic com position were investigated to  evaluate 
dow nward benthic-pelagic coupling. The longitudinal decline in seafloor particulate organic carbon flux was reflected by 
a reduction in benthic phytopigm ent concentrations and nem atode standing stock. An exception was the station sam pled 
at the Galicia Bank seam ount, w here despite th e  maximal particulate organic carbon flux estim ate, we observed reduced 
pigm ent levels and nem atode standing stock. The strong hydrodynamic forcing at this station was believed to  be th e  main 
cause of the local decoupling betw een pelagic and benthic processes. Besides a longitudinal cline in nem atode standing 
stock, we noticed a w est-to-east gradient in nem atode genus and feeding type composition (owing to  an increasing 
im portance of predatory/scavenging nem atodes with longitude) governed by potential proxies for food availability 
(percentage of nitrogen, organic carbon, and total organic matter). Within-station variability in generic com position was 
elevated in sedim ents with lower phytopigm ent concentrations. Standing stock appeared to  be regulated by sedim entation 
rates and benthic environm ental variables, w hereas genus com position covaried only with benthic environm ental variables. 
The coupling betw een deep-sea nem atode assem blages and surface w ater processes evidenced in the present study 
suggests tha t it is likely tha t climate change will affect the com position and function of deep-sea nem atodes.
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Introduction

A part from  benthos dependent on  chem osynthesis, deep-sea 
sedim ent com m unities ultim ately depend  for their d ietary requ ire­
m ents on  organic m atter (OM) that is p roduced  in the euphotic 
zone. T h e  quantity  that is p roduced  varies am ong  seasons and  
regions, an d  is determ ined by  the physical properties and  
dynam ics o f the euphotic zone [1], T h e  particulate O M  (POM) 
that is exported  from  the euphotic zone comprises phyto- and  
zoodetritus, in addition  to bacteria, protozoans, fecal pellets (which 
m ainly contain phytoplankton cells and  gut bacteria) an d  in ­
organic com pounds [2]. T h e  processes th rough  w hich P O M  is 
transferred to the deep-sea bo ttom  are collectively term ed  “ the 
biological p u m p ” . D uring  its descent th rough  the w ater colum n 
the P O M  particles are progressively broken down, an d  only 
a  lim ited fraction (1% on average) arrives a t the deep-sea bed  [1], 
T h e  fraction o f exported  P O M  that reaches the deep-sea 
sediments, or the efficiency of the biological pum p, is determ ined 
by w ater depth, the sinking velocity (dependent on, am ongst 
others, the degree o f P O M  aggregation and  the seawater m ineral 
content) an d  the ra te  o f decom position (dependent on the pelagic

food web structure and  seawater tem perature) o f the P O M  [3]. In 
addition, laterally advected w ater masses m ay transport sinking 
P O M  away from  its poin t o f  origin [4-6].

V arious time-series studies docum ented an  elevation in standing 
stock or m etabolic activity, o r both, o f  deep-sea benthic organisms 
in response to a  phytodetritus pulse [7-10], Em pirical evidence for 
the coupling betw een the pelagic and  the deep-sea benthic realm  
comes from  feeding experim ents, showing rap id  uptake o f added  
phytodetrital m atter by all benthic size-classes, from  prokaryotes to 
m egafauna [11—13], including those living a t abyssal depths 
[14,15]. Som e authors, however, failed to detect a  response of 
(some of) the deep-sea benthic b io ta  under study [16-18],

M eiofauna, a  size-based invertebrate group dom inated  by 
nem atodes, are a  ubiquitous and  dom inan t m etazoan com ponent 
o f deep-sea sediments [19,20], M ost p ro o f for benthic-pelagic 
coupling stems from  significant correlations betw een m eiofaunal 
param eters an d  abiotic variables related to O M  input. T he 
m agnitude o f the flux o f particulate organic carbon  (POC) to the 
seabed was docum ented to have a  positive effect on m eiobenthic 
abundance [21,22]. T h e  concentra tion  o f chlorophyll-a (chl-a), 
and  the sum o f chl-a and  its breakdow n products (i.e. chloroplastic
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pigm ent equivalents o r CPE) are com m only used to quantify the 
size o f the fresh and  total (fresh+degraded) phytodetrital pool, 
respectively, w ithin the sediments [23,24], Som m er an d  Pfann- 
kuche [21], Soltwedel [25], N eira et al. [26], Tselepides e t al. [27], 
and  L am padariou  et al. [28] all described a  positive association 
betw een m eiobenthic o r nem atode standing stock and  p igm ent 
concentrations. H ow ever, D anovaro  e t al. [29] and  Shim anaga 
et al. [30] did no t observe a  relationship betw een m eiofaunal 
abundance an d  p igm ent concentrations. As a consequence, it has 
been argued  th a t no t food quantity, b u t food quality structures 
deep-sea benthic assemblages [29]. O th er factors th a t were 
reported  to correlate w ith deep-sea m eiofaunal abundances or 
com position are granulom etric characteristics [31] and  sedim en­
tary  organic m atter content [32,33]. H ow ever, the bulk o f the O M  
w ithin deep-sea sediments is refractory an d  thus organic m atter 
content represents a  poor m easure o f food availability [34].

W e selected several study areas in southern  E urope positioned 
along a  west-east axis, w hich are characterized  by differential 
trophic and  oceanographic conditions, nam ely the Galicia Bank 
(“ G B ”) region, and  several basins w ithin the w estern and  eastern 
M editerranean . T h e  GB is a  seam ount located  on  the northw est­
ern  Iberian  m argin, w hich is m arked by relatively high prim ary  
productivity (—220 g C m  yr ; [35]) owing to intense, wind- 
driven seasonal upwelling [36]. How ever, unlike the non­
seam ount stations in the GB region an d  the M editerranean , the 
waters atop  o f the GB are hydrodynam ically active [37], and  as 
such bottom  currents m ay interfere with O M  deposition. 
M ed iterranean  deep-sea sediments represent a  highly oligotrophic 
environm ent, because o f the general nu trien t depletion in surface 
waters com bined with the high w ater tem perature  prom oting  the 
degradation  o f sinking O M  [38]. W ithin the M editerranean , there 
is a  well-established trophic divergence betw een the m ore 
productive w estern and  the less productive eastern basin [39- 
41], This gradient is generated  by the h igher nu trien t inpu t in the 
w estern M ed iterranean  owing to river runoff and  the inflow of 
Atlantic surface w ater, and  the outflow of relatively nutrient-rich 
Levantine In term ediate W ater th rough  the S trait o f G ibraltar (also 
know n as the inverse estuarine circulation) [42]. Nonetheless, there 
appears to be substantial regional heterogeneity  in surface 
productivity within bo th  the w estern and  the eastern M editerra­
nean  basin owing to hydrological features and  river runoff [43,44].

T h e  aim  o f this study was to determ ine how  differences in 
oceanographic and  productivity  regimes betw een our study areas 
are reflected in  nem atode com m unity characteristics a t different 
bathyal and  abyssal w ater depths (1200, 1900 and  3000 m). 
M easures o f surface productivity, seafloor P O C  flux and  in situ 
O M  quality and  quantity  w ere used to verify and  describe the 
longitudinal trophic gradient. W e hypothesized th a t the west-east 
decline in p rim ary  production  and  sedim entation results in lower 
standing stock and  a g radient in the generic an d  trophic structure 
o f  the nem atode assemblages. In  addition, we assessed the 
im portance o f bo th  P O C  flux and  benthic  environm ental 
characteristics for the distribution and  structure o f nem atode 
com m unities.

Materials and Methods

Ethics S ta t e m e n t
No specific perm its were required  for the described field studies 

since the locations are no t privately-ow ned or pro tected  in any 
way an d  no endangered  or pro tected  species were involved.

S tud y  Area
T h e  Galicia Bank (“ GB”) is a  seam ount situated on  the Iberian  

m argin, abou t 200 km  off the G alician coast. It is separated from 
the shallower parts o f the continental m argin  by the Galicia 
In terio r basin, w hich has an  approxim ate dep th  of 3000 m  (Fig. 1). 
T h e  dom e-shaped GB seam ount has a  relatively flat quasi- 
rectangular sum m it (between ca. 620 an d  900 m  w ater depth) 
w hich is covered by a thick layer o f foram iniferal ooze and  is 
bounded  by  steep scarps [32,37]. D uineveld et al. [37] m easured 
high cu rren t velocities (5-30 cm  s *) a t 1 m  above the GB 
sum m it. W e collected samples a t (1200 m; GB1200) and  southeast 
o f  the GB seam ount (1900 and  3000 m; GB1900 an d  GB3000, 
respectively) (Fig. 1). H ence, GB1200 is a  seam ount station, whilst 
the deeper stations were positioned on the slope and  the abyssal 
plain. T h e  oceanographic a rea  in w hich these stations were 
located is term ed  the GB region th roughout the m anuscript.

T h e  M ed iterranean  Sea is split into the w estern and  eastern 
M ed iterranean  basin by  the S trait o f  Sicily. T h e  western 
M ed iterranean  stations were situated in the A lgerian (“A ” , 
A1200 and  A1900) and  in  the Algero-Provençal (“A P” , AP1900 
and  AP3000) basin. T h e  eastern M ed iterranean  samples were 
collected in the Ion ian  Sea (“ I” , 13000) and  in the northern  
Levantine basin (“ L ” , L3000), offshore southern  Crete. Sedim ent 
samples originating from  each region w ere positioned on a  west- 
to-east axis with an  increase in longitude according to 
G B < A < A P <  K L  (Fig. 1).

S am p lin g  S tra teg y
Sedim ent samples were gathered  during  various expeditions 

undertaken in the fram e of the B IO F U N  (“Biodiversity and  
ecosystem functioning in southern  E uropean  deep-sea environ­
ments: from  viruses to m egafauna”) pro ject (Table 1). W e initially 
p lanned  to sample only w ith a  m ulticorer, because this gear 
produces the least d isturbed sedim ent samples [45]. However, 
because o f absence or m alfunctioning of the m ulticorer, m ost o f 
our samples com prised sub-samples from  box cores taken with 
m ulticorer cores. Both G alerón et al. [46] an d  Mokievskii et al. 
[22] found no significant differences in m eiobenthic abundances 
betw een m ulticorer an d  box corer samples, w hereas Bett et al. 
[45] observed twice as m uch m eiofauna in m ulticorer com pared to 
box corer samples. Samples taken in the same basin o r region and  
a t the same w ater dep th  during  the same expedition were 
considered replicates o f the same station. Note th a t the num ber o f 
replicate deploym ents varied am ong stations (1-9; T able  1). T he 
surface a rea  o f  the sam pling cores used was no t constant, and  
m easured 78.54, 10.18, 70.88, 56.45 an d  69.4 cm 2 during  the R V  
Belgica, Urania, Pelagia 2008, Pelagia 2009 and  the Sarmiento De 
Gamboa expeditions, respectively. As a  consequence, the total a rea  
sam pled for nem atode com m unity analysis varied am ong stations 
(Table 1). All analyses were conducted  on the top 0-1 cm  o f the 
sedim ent cores.

Analysis o f  E nv iron m en ta l  Variables
G ranulom etric  analysis was conducted  using a M alvern M as- 

tersizer hydro 2000 G. Sedim ent fractions w ere classified 
according to the W entw orth  scale [47]. Following freeze-drying 
and  hom ogenization, samples were acidified w ith 1 % HC1. After 
acidification an d  drying, total organic carbon  (TOC) an d  nitrogen 
(TN) content were m easured  using a Flash EA 1112+ MAs 200 
elem ental analyser (Therm o Interscience). T o tal organic m atter 
(TOM ) conten t was determ ined after com bustion o f the sediment 
samples a t 550°C.

C hlorophyll-a (chl-a) and  phaeopigm ent analyses w ere carried  
ou t according to L orenzen an d  Jeffrey [48]. Pigm ents were
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Figure 1. A verage 2008  chlorophyll a levels o f surface waters in the M editerranean basin and th e  Galicia Bank region. These data 
were obtained from  the Aqua MODIS satellite and were downloaded from  Ocean Color Web. Symbols indicate locations o f sedim ent samples taken 
at 1200 (white), 1900 (grey) and 3000 m (black) water depth. The w h ite  squares enclose samples from  the same region. GB: Galicia Bank region, A: 
Algerian basin, AP: Algero-Provençal basin, I: Ionian basin, L: Levantine basin. 
doi:10.1371/jou rna l.pone.0059954.g001

extracted (12 h  a t V C  in the dark) from  triplicate superficial (0— 
1 cm) sedim ent samples (±1  g), using 5 ml o f 90% acetone. 
Extracts were analysed fluorometrically to estim ate chl-a, and  after 
acidification with 200 ml 0.1 N  HC1, to estim ate phaeopigm ents. 
Chloroplastic p igm ent equivalents (CPE) constitute the sum of chl- 
a  and  phaeopigm ents. T he ratio o f chl-a an d  phaeopigm ents (chl- 
a:phaeo) was considered as a  proxy for the “ freshness” o f the 
phytodetrital input.

Besides benthic environm ental variables, we analyzed environ­
m ental da ta  related  to the pelagic realm . N et prim ary  production  
(NPP) values were extracted from  the Vertically G eneralised 
Production  M odel (VGPM ; resolution: 1") described by Behren- 
feld and  Falkowski [49] an d  dow nloaded from  h ttp :/ /w w w . 
sc ience.oregonsta te.edu/ocean.productiv ity /. T h e  V G P M  esti­
m ate o f N P P values was based on satellite m easurem ents o f sea 
surface tem perature  (SST), surface w ater chl-a concentrations, and

Table 1. Sampling details.

Basin S tatio n P eriod No o f rep lica tes D e p th  (m ) Lat Long G ear RV

N (to ta l a re a  s a m p le d , cm 2) OG P

GB GB1200 Jun /08 3 (235.6) 3 0 1139-1141 42.9 -1 1 .8 BC Belgica

GB GB1200 O ct/08 0 0 3 1155-1219 42.9 -1 1 .8 BC Pelagia

GB GB1900 O ct/08 3 (212.64) 3 1+ (2) 1770-1896 42.4-42.5 -1 0 .8 — 10.7 BC Pelagia

GB GB3000 O ct/08 3 (212.64) 3 (3) 3066-3072 41.7 -1 0 .7 BC Pelagia

A A1200 Jun /09 3 (208.20) 3 3 1211-1214 38.4 1.8 MC SDG

A A1900 Jun /09 2 (138.80) 2 0 2004, 2016 38.0 1.9 MC SDG

AP AP1900 Nov/09 3 (169.35) 3 3 1582 39.4 4.3 MC Pelagia

AP AP3000 Jun /09 3 (208.20) 3 3 2841-2846 38.7 5.5-5.7 MC SDG

I I3000 Jun /08 7 (71.26) 7 9 2770-2808 34.9-35.1 20.5-20.8 BC Urania

L L1200 Jun /08 3 (30.54) 3 (3) 983-1143 35.0 24.6 BC Urania

L L3000 Jun /08 1 (10.18) 1 (3) 2458, 2647 34.9 24.5, 24.6 BC Urania

Indicated are: th e  region o f  origin (GB: Galicia Bank region, A: Algerian basin, AP: A lgero-Provençal basin, I: Ionian basin, L: Levantine basin), th e  period  sam ples w ere  
collected in (m onth/year), sta tion  co d e  (indicating basin and  app rox im ate  w ate r dep th ), th e  n um ber o f  replicate sam ples fo r n em a to d e  com m unity  analysis (N; th e  to ta l 
area o f  sed im en t sam pled  is show n in paren theses), g ranu lom etry  and  organics (OG) and  p ig m en t analysis (P) w hereby  sam ples taken  from  th e  sam e dep lo y m en t (i.e. 
pseudoreplicates) a re  indicated  in paren theses, w a te r d e p th  range, average  geograph ical position (latitude and  long itude  expressed  in decim al d eg rees; w here  th e  
coord inates o f  replicates differed m ore  th a n  1°, a ran g e  is given), sam pling  g ea r (BC: box corer; MC: m ulticorer), research vessel (RV; SDG: Sarm iento De Gamboa). 
doi:10.1371 /journal.pone.0059954.t001
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photosynthetically active rad ia tion  (PAR). Because only m onthly 
da ta  are available on  N P P an d  in our study area  variation in PA R 
and  SST is negligible, we superim posed annual composite chl- 
a  concentrations (Level-3 A qua M odis da ta  from  2008 with 
a  resolution o f 9 km; h ttp ://oceanco lor.gsfc .nasa .gov) on  a  m ap 
displaying the locations o f our samples to illustrate the heteroge­
neity in N PP. T o  this end we used the freely available H D F  view, 
SAGA (System for A utom ated  Geoscientific Analyses) and  
Q u an tu m  G IS (Q G IS, v 1.7.4.) applications. D a ta  on the 
particulate organic carbon  (POC) flux to the seafloor were 
approxim ated on the basis o f w ater dep th  and  seasonal variation 
in N PP, calculated as the standard  deviation divided by  the m ean 
o f m onthly N P P values, according to Lutz et al. [50].

N P P an d  P O C  flux to the seafloor were calculated for each 
sample location listed in T able  1. O w ing to the 1 ° resolution o f the 
inpu t da ta  for the V G P M  m odel, replicate stations were often 
assigned equal N P P values an d  differences in seafloor P O C  flux 
were simply the result o f  the variability in m easured  w ater depth.

N e m a to d e  C o m m u n i ty  Analysis
T h e  sedim ent samples (0-1 cm  sedim ent depth), fixed in 

seawater-buffered 4% form alin, were washed over a  32-ftm  mesh 
sieve and  the m eiofauna extracted from  the sedim ent by Ludox 
centrifugation [51]. M eiofauna was then  sorted, enum erated  and  
identified a t h igher taxonom ic level. W here possible, abou t 100 
nem atodes w ere hand-picked from  each sample an d  identified to 
genus level. Since it was difficult to distinguish betw een Microlaimus 
and  Aponema, specimens belonging to one o f these genera were 
allocated to a  Microlaimus/Aponema genus complex. N em atodes 
were grouped into four feeding types on the basis o f the 
m orphology of their buccal cavity sensu W ieser [52]: selective 
deposit feeders (1A), non-selective deposit feeders (IB), epistrate 
feeders an d  scavengers/predators (2B). Additionally, we m easured 
length (L; |lm) an d  m axim al w idth (W; (Irn) for each nem atode to 
estim ate individual w et weight (WW) using A ndrassy’s form ula 
[53], adjusted for the specific gravity o f m arine nem atodes (i.e. 
1.13 g cm - 3 ; ^tg W W  in d _1 = L x  W 2/1 5 0 0  000). Individual 
biomass (pig C ind *) was then  estim ated as 12.4% o f W W  (Jensen 
1984). T otal nem atode biomass ((lg C 10 cm  2) in each sample 
was calculated as the p roduct o f nem atode density (ind. 10 cm -2 ) 
and  the arithm etic m ean  o f individual biom ass values.

D ata  Analysis
Longitudinal an d  bathym etric  m onotonie trends in environ­

m ental (seafloor P O C  flux, phytopigm ents, M G S, m ud, T O C , 
T O M , T N  an d  C:N) and  univariate nem atode variables (density, 
individual an d  total biom ass and  relative abundance of feeding 
types) for a  given dep th  or longitude were investigated by  m eans of 
partial Spearm an rank  correlations. T h e  strength and  direction o f 
longitudinal an d  bathym etric  gradients were indicated by 
bong i depth (correlation with longitude, given depth) and  rdepth|iong 
(correlation w ith depth, given longitude), respectively Fourth-root 
transform ed relative nem atode genus abundances were subjected 
to distance-based linear m odeling (DISTLM ) to determ ine (1) 
w hether spatial variation in  genus com position was mostly owing 
to longitude or to w ater dep th  (shown by the m arginal tests) and  if 
(2) d ep th /long itude  contributed  to the explained variation, given 
lo n g itu d e /d ep th  (checked by the conditional tests). Genus 
com position da ta  were visualized using non-m etric  multi-di- 
m ensional scaling (nMDS). T o  assess w hich genera described 
m ost o f  the longitudinal variation in com m unity structure, we 
em ployed a BEST analysis using the fourth-root transform ed 
genus abundances and  the B ray-Curtis resem blance m atrix  based 
thereon, a t each approxim ate dep th  (1200, 1900 or 3000 m). This

type o f analysis can  be seen as a  generalization of the S IM PE R  
routine as it searches for a  subset o f genera th a t can account for 
the whole continuous p a tte rn  [54], A S IM PE R  analysis was 
conducted  to identify the nem atode genera th a t discrim inated 
m ost betw een the seam ount an d  the non-seam ount stations.

T o  determ ine the im portance o f the abiotic environm ent to 
nem atode standing stock an d  com position, we conducted  Spear­
m an  rank  correlation an d  R E L A T E  analysis (by m eans of 
Spearm an rank  correlations), respectively. Because pigm ent data  
were mostly obtained from  different deploym ents th an  nem atode 
and  o ther environm ental variables (Table 1), replicate environ­
m ental an d  nem atode values were averaged pe r station. As 
a m easure o f w ithin-station variability in nem atode genus 
com position we used relative dispersion obtained th rough  the 
M V D ISP  routine [54], w hich we subjected to correlation tests 
with all environm ental variables.

U nivariate  correlation tests were executed in R  v 2.15.0 [55]. 
Partial correlations w ere obtained w ith the R  package ppcor [56]. 
All o ther analyses w ere done in P R IM E R  v6 w ith the 
PE R M A N O V A +  add-on [57,58]. Because GB1200 was the only 
seam ount station, it was om itted from  the analysis o f bathym etrical 
and  longitudinal trends in benthic  (environm ental an d  nem atode) 
param eters an d  the correlation test betw een environm ental and  
nem atode com m unity descriptors. C onsequently, the da ta  on 
nem atode com m unity structure and  benthic  environm ental 
variables a t the seam ount station were presented  separately from 
those a t the non-seam ount stations. D a ta  were expressed as m eans 
±  standard  erro r (SE).

Results

Longitud ina l a n d  B athym etr ic  T rend s  in NPP a n d  Seafloor 
POC Flux

T h ere  was a  significant reduction  in N P P along the west-to-east 
axis from  the GB region to the eastern M ed iterranean  basin 
(Fig. 2A; Spearm an rank: r  = -0.89, P < 0 .001). Because they were 
d istanced by I o longitude or m ore, some samples from  the same 
basin, either from  equal (i.e. the 3000 m  samples from  the Algero- 
Provençal and  Ion ian  basin) or different w ater depths (1200 and  
1900+3000 m  samples from  the GB region an d  1900 and  3000 m 
samples in the Algero-Provençal basin), displayed differential N PP 
(Fig. 2). Nevertheless, on  average, N P P ranged  betw een 716.2 g C 
m -2  y r-1  a t the GB region an d  384.2 g C m -2  y r-1 in the 
Levantine Basin. W ithin the western M editerranean , the Algerian 
basin (688 g C m  yr ) exhibited elevated N P P relative to the 
Algero-Provençal basin (540.3-572.5 g C m  2 yr *). In  the 
eastern M ed iterranean  basin, there  was a  small drop  in N PP 
betw een the Ion ian  (400.0 g C m  yr ) and  the Levantine Sea 
(384.2 g C m -2  y r-1 ).

Seasonal variability in N P P a t the GB region (0.43) was m ore 
th an  twice th a t in the M editerranean , w here values slightly 
increased from  west to east w ith 0.16, 0.18, 0.20 and  0.19 in the 
Algerian, A lgero-Provençal, Ion ian  an d  Levantine basin, re­
spectively (see also Fig 2B). T h e  GB1200 station experienced 
m axim al N P P in April, while the deeper stations in the GB region 
showed an  additional, b u t less p ronounced  N P P peak  in August 
(Fig. 2B). T h e  M ed iterranean  stations experienced two N PP 
m axim a per year; one in M arch  and  ano ther one in July.

For a  given w ater depth, seafloor P O C  flux related  negatively 
with longitude (Fig. 3A; T able  2). W hen longitude was fixed, PO C  
flux declined along the bathym etrical axis.
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B enthic  E nv iro nm en ta l  a n d  N e m a to d e  C o m m u n i ty  
C haracter is t ics  o f  th e  S e a m o u n t  S ta t ion

Even though we obtained the highest seafloor P O C  flux values 
for seam ount station GB1200 (Fig. 3A), this station was 
characterized  by the lowest phytopigm ent concentrations o f all 
(chl-a: 0 .0070± 0 .0006  pg  g“ 1, CPE: 0.441 ± 0 .035  pg  g “ 1) 
(Fig. 3B -C ). In  addition, we observed divergently low values for 
T N  (0 .045±0.002% ; Fig. 3G), T O C  (0 .13± 0 .02% ; Fig. 3H) and

T O M  (2 .13± 0 .14% ; Fig. 3J). T h e  samples collected a t GB1200 
contained low num bers o f nem atodes (96.9± 27.7 ind. 10 cm  2) 
relative to the 1200 m  station in the w estern M editerranean  
(203.1 ± 5 .0  ind. 10 c m " ')  and  the deeper stations in the GB 
region (G B 1900:213.5±13.7 ind. 10 cm “ 2; G B 3000:180.0±54.7  
ind. 10 cm -2 ) (Fig. 4). Fig. 5 shows th a t the nem atode generic 
com position at the seam ount station diverged from  that a t the 
non-seam ount stations. T h e  SIM PE R  analysis indicated that this 
divergence (average dissimilarity: 60.4%) was partly  driven by the
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Table 2. Partial Spearm an rank correlations with longitude, 
given dep th  (r|ong|depth), and depth , given longitude 
( rd e p th |io n g )  f ° r environm ental and nem atode variables.

*"long|depth l*depth|long

POC flu x -0.94*** -0.93***

C hl-a in d . AP3000 -0.54*** -0 .2 4

excl. AP3000 -0.71 *** -0.69*

CPE in d . AP3000 -0.64*** -0 .0 7

exd. AP3000 -0.77*** -0.53**

C h la :p h a eo in d . AP3000 0.20 -0 .13

exd. AP3000 0.31 -0 .35

MGS -0.55*** -0 .13

M u d 0.49** -0 .003

T O M 0.42* 0.51**

TO C 0.21 0.14

TN 0.25 0.02

C:N -0 .19 0.09

D e n s ity -0.67*** -0.57***

T o ta l b iom ass -0.75*** -0.38*

In d . b iom ass -0.65*** 0.09

1A -0 .23 0.05

IB 0.02 0.16

2A -0 .32 -0 .22

2B 0.67*** 0.10

Environm ental variables: POC flux (annual particu late  organic ca rbon  flux to  th e  
seafloor), chl-a (chlorophyll a), CPE (chloroplastic p ig m en t equivalents), chl- 
a :phaeo  (chlorophyll a: p h aeo p ig m en ts  ratio), MGS (m edian grain size), m ud, 
TOM (% o f  to ta l organ ic m atter), TOC (% o f  to ta l organic carbon), TN (% o f  to ta l 
nitrogen), C:N (m olar carbon: n itrogen  ratio). N em atode variables: density , to ta l 
and  ind. biom ass, and  relative ab u n d a n ces  o f  feed ing  types  1A (selective 
d ep o s it feeders), 1B (non-selective d ep o s it feeders), 2A (ep istrate  feeders) and
2B (predators/scavengers). S tation AP3000 rep resen ted  an outlier for the  
p igm en t da ta  and analysis w as conduc ted  w ith and w ithou t this station. All 
analyses, excep t for POC flux, w ere  run w ithou t seam o u n t station  GB1200. The 
num ber o f  asterisks d en o tes  th e  statistical significance level w ith 'P  0.05, 
**0.05<P<0.01, and  ***0.01<P<0.001. 
doi:10.1371 /journal.pone.0059954.t002

higher relative abundance o f Bolbolaimus, Desmodora, Metadesmolai­
mus, and Microlaimus /Aponema and  the absence o f Sphaerolaimus at 
GB1200 (Table 3). Bolbolaimus was one o f the 13 genera that were 
restricted to station GB1200. Sim ilar to the non-seam ount stations, 
the seam ount station was dom inated  by  deposit-feeding nem atodes 
(feeding types IA  +1B; 54 .9±5 .3% ). O f  all stations, GB1200 had  
the highest fraction of epistrate feeders (2A; 4 4 .2± 5 .5% ) and  the 
lowest fraction o f predators/scavengers (2B; 0 .8 8 ± 0 .4 5 % ; Fig. 6).

B enthic  E nv iro nm en ta l  a n d  N e m a to d e  C o m m u n i ty  
C haracter is t ics  o f  th e  N o n - s e a m o u n t  S ta t io ns

Longitudinal and bathymetric trends in benthic
environmental variables. T h e  partial Spearm an rank  corre­
lation coefficients describing longitudinal and  bathym etrical trends 
at a  fixed dep th  and  longitude, respectively, are presented  in 
T able  2. S tation AP3000 displayed relatively low P O C  deposition, 
albeit elevated sedim entary phytopigm ent levels (chl-a:
0 .3205± 0 .0108  pg  g - 1 , CPE: 6 .0 0 5 ± 0 .3 2 4  pg  g _1) in com par­
ison with the stations in the GB region and  the A lgerian basin, and  
with AP1900. W e found a significant longitudinal decline in chl- 
a  and  C PE  levels (Fig. 3B-C), w hich was m ore p ronounced  (i.e.

m ore negative value o f rlone, | depth) w hen station AP3000 was 
excluded from  the analysis. M ud  content (Fig. 3F) and  M G S 
(Fig. 3E) increased and  decreased, respectively, from  west to east. 
T h e  percentage o f T O M  showed a  positive relation with longitude 
and  with w ater dep th  (Fig. 3J). Sedim entary T O C  (Fig. 3F1), T N  
(Fig. 3G) and  consequently C :N  (Fig. 31) values did no t change 
with dep th  or longitude.

Longitud ina l a n d  B athym etr ic  T ren ds  in N e m a to d e  
C o m m u n i ty  C haracteris t ics

T h e  relative densities o f the various m eiofaunal taxa encoun­
tered  at each (seam ount+non-seam ount) station are  listed in Table 
S I. N em atodes prevailed a t all stations, accounting for 70.0— 
96.1%  o f m eiofaunal abundance. T h e  second m ost num erous 
taxon were the copepods (adults+nauplii; 1.8-25.0% ). At some 
stations polychaetes, tardigrades or rotifers represented  m ore than  
1 % of total m eiofaunal abundance.

T able  2 contains the coefficients o f the Spearm an rank 
correlations for nem atode density an d  biomass w ith longitude 
and  depth. N em atode standing stock (i.e. total densities and  
biomass) declined with longitude an d  with depth. Individual 
nem atode biomass also decreased from  west to east bu t rem ained 
constant with increasing w ater depth.

For all stations (seam ount an d  non-seam ount), we recorded 150 
nem atode genera o f  w hich the num erically dom inant ones 
(contributing > 3 %  o f total abundance) are listed in T ab le  3. 
Acantholaimus and  Halalaimus were am ongst the dom inant genera at 
every station. O nly  eleven genera w ere encountered  at all stations. 
W hen  w ater dep th  was fitted first in the D IS T L M  m odel 
(excluding GB1200), there  was a graded  transition in nem atode 
genus com position from  west to east (sequential tests, depth: 
P C 0.05; longitude: PC 0.001; Fig. 5). Additionally, w hen longitude 
was fixed, dep th  contributed  significantly to the explained 
variation  in genus com position (sequential D IS T L M  tests, 
longitude: P < 0 .0 0 1 ; depth: P< 0 .05). Longitude (depth fitted first: 
18.6%, longitude fitted first: 18.5%) explained a  greater fraction of 
the variability in nem atode genus com position th an  w ater depth  
(depth fitted first: 6.9% , longitude fitted first: 7.0%). T h e  BEST 
analysis showed that a t 1200 m  dep th  the genus Chromadorina was 
m ost responsible (R = 0.99) for the divergence betw een A Í200  and  
L Í200 , w hich was absent from  the latter station. At the 1900 m 
stations, Manganonema and  Spirodesma, bo th  only found at the GB 
region, were steering the longitudinal gradient in genus com po­
sition (R = 0.62). Linhomoeus (absent from  the Ionian  and  Levantine 
basin), Metasphaerolaimus (more prevalent in the Levantine and  
Ioan ian  basin) and  Gnomoxyala (restricted to the Ionian  Sea) were 
the genera m ainly responsible for the d in e  in genus com position at 
the abyssal stations (R =  0.75).

T h e  trophic structure o f the nem atode com m unities at all 
(seam ount+non-seam ount) stations is illustrated in Fig. 6. D e­
posit feeders (IA  +1B) prevailed a t all stations an d  accounted 
for 45.7 to 85.7%  o f total nem atode abundance. Except for half 
o f  the 13000 samples, in w hich epistrate feeders (2A) a tta ined  
lowest relative abundances, p redators/scavengers (2B) were 
represented  the least (range: 0-15.4% ). T h e  relative abundance 
o f p redatory /scavenging  nem atodes displayed a  positive longi­
tudinal gradient (Table 2).

C orre la tions  b e tw e e n  Seafloor POC Flux a n d  Benthic  
E nv iron m en ta l  Variables

Seafloor P O C  flux showed an  inverse relationship w ith station- 
averaged T O M  (Spearm an rank, r =  —0.78, P  = 0.01).
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Figure 3 . Longitudinal and bathym etric trends in environm ental variables. The basins sampled are displayed on the x-axis (GB: Galicia Bank 
region, A: Algerian basin, AP: Algero-Provençal basin, I: Ionian basin, L: Levantine basin) and are ordered from  west to  east. The colour o f the bars 
indicates approxim ate water depth (1200 m: white, 1900 m: grey, 3000 m: dark grey). Bars represent average values; error bars denote standard 
errors. POC flux: annual particulate organic carbon flux to  the seafloor, chl-a: chlorophyll a, CPE: chloroplastic p igm ent equivalents, chl-a:phaeo: 
chlorophyll a: phaeopigm ents ratio, MGS: median grain size, TOM: % o f to ta l organic matter, TOC: % o f to ta l organic carbon, TN: % o f tota l nitrogen, 
C:N : molar carbon:nitrogen ratio. 
doi:10.1371/jou rna l.pone.0059954.g003

E nviro nm en ta l  Drivers o f  N e m a to d e  A sse m b la g e s
T h e  Spearm an rank  correlations com puted  betw een environ­

m ental variables and  nem atode com m unity descriptors are shown 
in T ab le  4. N em atode density and  biomass were bo th  correlated 
with the m agnitude o f seafloor P O C  flux, bu t related m ore 
strongly to benthic param eters like T O C  (in the case o f nem atode 
density) and  T N  (total biomass). N em atode individual biomass was 
im pacted positively by sedim entary C :N  levels, and  displayed an 
inverse relationship with sedim entary m ud and  T N  content. T he 
generic structure o f the nem atodes related  significantly to 
sedim entary organic m atter an d  nitrogen concentrations. Al­
though chlorophyll pigm ents were no t correlated with nem atode 
genus com position, the variability betw een replicate samples o f the 
same station declined with increasing p igm ent concentration 
(Spearm an rank, chl-a: r  = -0.83, PC 0.05; CPE: r = -0.76, PC 0.05; 
Fig. 7). After omission of station 13000, from  w hich an  aberrantly  
high num ber o f replicates (n = 7) were collected, this relationship

was still significant for chl-a (Spearm an rank, r = —0.79, P  = 0.05), 
bu t no t for C PE  (r=  -0 .6 8 ,  P  =  0.11).

W e found only few significant associations betw een the relative 
densities o f nem atode feeding types and  environm ental variables at 
the station level (Table 4). Selective deposit feeders (feeding type 
1A) were affected negatively by  sedim entary T O C  levels, whereas 
p redatory /scavenging  nem atodes (2B) contributed  m ore to total 
nem atode abundances in sediments with elevated T N  levels.

Discussion

Longitud ina l T ren d  in NPP
O u r Vertically G eneralized Production  M odeled N P P data  

revealed a  decline in surface productivity  along a  longitudinal 
transect from  the GB region to the eastern M editerranean , in 
agreem ent w ith previously reported  in situ m easurem ents [59] and  
o ther satellite-based estim ates [41,44] for the M ed iterranean  Sea. 
T h e  longitudinal drop in productivity was m ore p ronounced  for

Table 3. Average (SE) relative abundances (%) of dom inant nem atode genera (>3%) per station.

G B 1 2 0 0  G B 1 9 0 0  G B 3 0 0 0  A í  2 0 0  A í  9 0 0

Leptolaimus 11.3 (1.4) Daptonem a 14.6 (2.3) Acantho laim us 9.5 (1.5) 7.4 (3.3) Halalaimus 7.6 (0.1Daptonem a

Bolbolaim us ¡.1 (3.5) Diplopeltula 5.0 (2.6) Daptonem a Neochrom adora  6.8 (0.9) Am phim onhystre lla  7.1 (0.5)

M etadesmolaimus 4.0 (1.3) Halalaim us 4.1 (1.3) Halalaim us 6.6 (0.9) Leptolaim us 5.9 (2.7) Sabatieria 6.4 (3.1

Acantholaim us 3.8 (1.7) Leptolaimus 3.9 (2.7) Diplopeltu la 4.0 (0.8) Richtersia 4.2 (2.3) Prototricom a 4.0 (0.7)

3.7 (0.5) Desmoscolex 4.0 (0.1 3.7 (2.5) M olgolaim us 3.5 (0.7)Daptonem a Tricoma

Richtersia 4.2 (2.1 Desmoscolex 4.7 (0.5) Tricoma 7.4 (3.4) Acantho la im us 6.8 (1.2) Richtersia 6.7 (0.9)

Pselionema 4.0 (1.3) Thalassomonhystera 4.0 (2.1) Monhystrella 6.1 (0.3) Pselionema 4.8 (1.2) D aptonem a 5.3 (0.5)

Halalaimus 3.8 (0.8) Monhystrella 3.2 (1.2) Thalassomonhystera 4.0 (1.4) Desmoscolex 4.1 (1.2) Leptolaimus 3.7 (2.0)

M icrolaim us/Aponem a  12.4 (3.6) Acantholaim us 15.7 (1.5) Theristus 9.6 (1.5) Am phim onhystre lla  8.3 (1.6) M onhystrella

Prototricom a 3.1 (0.9) M onhystrella 3.5 (0.7) Diplopeltu la 3.2 (0.7)

Desmodora 10.3 (4.3) M icro la im us/ 
Aponem a

7.9 (3.2) M icro la im us/ 
Aponem a

Halalaim us 7.3 (1.0) Acantholaim us 7.3 (4.4)

A P I9 0 0  A P 3 0 0 0  13000 L í2 0 0  L 3 0 0 0

Halalaimus 13.5 (0.9) Halalaim us 12.0 (1.6) Acantho laim us 12.7 (3.6) Theristus 5.8 (2.5) Halalaimus 15.4

M icrolaim us/Aponem a  5.4 (2.8) Daptonem a 6.6 (2.7) Halalaim us 5.2 (1.5) Halalaim us 5.0 (0.8) M etasphaerolaimus  7.7

M onhystre lla 4.7 (0.2) Leptolaimus 3.5 (0.9) Theristus 5.0 (2.6) Sabatieria 4.7 (1.0) M arylinn ia 4.6

Metasphaerolaim us M etasphaerolaimus 4.6 (2.5) M onhystrella 3.8 (0.1) Pselionema 4.6

Sabatieria 3.6 (2.0) 3.8 (0.5) M anganonem aPrototricom a

Neochromadora 5.4 (2.4) Am phim onhystre lla  6.7 (0.2) Sphaerolaimus 7.5 (2.9) Pselionema Thalassomonhystera 10.5

Am phim onhystre lla  3.8 (1.5) Aegialoalaim us 3.2 (0.7) Thalassomonhystera 4.8 (2.4) M olgolaim us 4.1 (0.3) Oxystomina 4.6

Daptonem a 4.7 (2.9) Monhystrella 4.4 (0.9) M olgolaim us 5.1 (2.2) Richtersia 4.7 (0.« Enchonema 4.6

Diplopeltu la Sphaerolaimus Sphaerolaimus

Aegialoalaim us 3.9 (1.9) M arylinn ia 3.8 (0.5) Diplopeltu la

Acantholaim us 13.5 (2.5) Acantholaim us 13.4 (2.1) Monhystrella 13.2 (5.1 Acantho la im us Acantho la im us 16.9

Desmoscolex 3.2 (0.8)

The n um ber o f  replicate sam ples p e r station  is indicated  in Table 1. 
doi:10.1371 /journal.pone.0059954.t003
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Figure 4. Longitudinal and bathym etric trends in densities, 
total and individual b iom ass o f nem atodes. The basins sampled 
are displayed on the x-axis (GB: Galicia Bank region, A: Algerian basin, 
AP: Algero-Provençal basin, I: Ionian basin, L: Levantine basin) and are 
ordered from  west to  east. The colour o f the bars indicates approxim ate 
water depth (1200 m: w hite, 1900 m: grey, 3000 m: dark grey). Bars 
represent average values; error bars denote standard errors. 
doi:10.1371/jou rna l.pone.0059954.g004

the in situ m easurem ents o f  M outin and  R aim bault [59] (factor 
2.2-2.9) com pared  to ou r d a ta  (1.8) and  those o f Bosc et al. [44] 
(1.5). S tandard  algorithm s used to convert ocean colour da ta  to 
chlorophyll concentrations have been proven to systematically 
overestim ate actual concentrations in the M editerranean , espe­
cially in the oligotrophic parts o f  the basin [44,60], How ever, the 
west-east difference in productivity  reported  in this study, in which 
standard  algorithm s w ere used, is larger than  that recorded by 
Bosc et al. [44] w ho em ployed a bio-optical algorithm  adap ted  for 
M editerranean  waters.

T he N PP da ta  estim ated here were high com pared  to  those 
reported  previously for the same oceanographic regions. This m ay 
be related to the usage o f different algorithm s, which m ay  provide 
divergent estimates o f  N PP [61,62]. Jo in t el al. [35] provided 
a regional N PP estim ate for the northw estern Iberian  m argin, 
w here the GB is situated, o f  ~ 2 2 0  g G m  2 y r *, which is about 
three times lower than  o u r value for the GB1200 station (693.5 g 
G m  2 y r *). This m ay point to a local N P P m axim um  associated 
w ith the GB, which has been observed before for some seamounts 
[63], How ever, unlike seam ount station GB1200, the deeper 
stations in the GB region experience, besides a chlorophyll 
m axim um  in spring, a N P P peak in late sum m er, resulting in 
h igher annual NPP. This second N PP m axim um  m ay result from  
offshore transport o f  phytoplankton produced  at the shelf 
following coastal upwelling during sum m er [35]. Also for the 
various M editerranean  regions, our N PP approxim ations (Fig. 2A) 
were consistently a  factor 3 to 4 higher than  the satellite-based 
values o f  Bosc et al. [44] (Algerian basin: 162.5 g C m  2 yr *, 
A lgero-Provençal basin: 153 g G m  2 y r *, Ionian  basin: 120.4 g 
G m  2 y r *, Levantine basin: 106.3 g G m  2 yr *). Because o f 
the presence o f Saharan  dust in M editerranean  surface waters, 
standard  algorithm s, such as V G PM , tend  to overestim ate N PP in 
this basin [44,60]. Bosc et al. [44] em ployed a regional algorithm , 
adap ted  for M editerranean  waters, w hich was believed to  generate 
less biased N PP values.

L ongitud ina l T rend  in Seafloor POC Flux
T he productivity gradient betw een the GB region and  the 

eastern M editerranean  was accom panied by a reduction in 
seafloor P O C  flux, conform ing with sedim ent trap  d a ta  for the 
M editerranean  basin [39]. How ever, several factors m ay have 
resulted in a bias in these estim ated P O C  flux data.

T he P O C  flux calculated for the seam ount station was most 
p robably  an  overestim ate since local strong near-bo ttom  currents 
m ay have diverted the P O C  ra in  [4-5,64], T he coarse sediment 
texture at the GB was previously ascribed to the w innow ing o f the 
fine sediment fraction by strong bo ttom  currents [37,65]. At 
station GB1200, m axim al estim ated P O C  deposition was associ­
ated  with m inim al benthic p igm ent concentrations, poin ting  to 
a decoupling betw een N PP and  P O C  deposition (but see later). 
How ever, the P O C  flux we approxim ated for GB1200 (Fig. 2A) 
was similar to the values o f  D uineveld et al. [37] at 800 m  depth 
(6.2-12.8 g C m “ 2 y r-1 ).

T he P O C  sedim entation rates estim ated for the M editerranean 
stations were e ither lower than  o r com parable to those previously 
reported. At 3000 m  depth  in the A lgero-Provençal basin, Zúñiga 
et al. [6] recorded a P O C  flux o f 1 g G m  2 y r \  which is one 
th ird  o f  the value we found for station AP3000. In  the Antikythira 
strait, which connects the A egean with the Ionian  Sea, the am ount 
o f  P O C  collected w ith a sediment trap  placed 1345 m  deep was 
3.9 g C m  2 y r 1 [66], which is o f  the same order as the P O C  flux 
we estim ated for the same depth  in the Levantine Sea (4.7 ±0 .1  g 
G m  2 yr !). In  the C retan  Sea, no rth  o f C rete, D anovaro  et al. 
[39] m easured a four times lower P O C  flux o f 1.2 g C m  2 yr \  
inferred from  sedim ent trap  data. T h e  divergence betw een 
m odeled P O C  flux and  that m easured  by  sedim ent traps m ay be 
related to the systematic bias associated with the latter caused by, 
am ongst others, inclusion o f swimmers, hydrodynam ic biases, 
degradation  o f trapped  organic m aterial [67].

A dditional potential bias in the P O C  flux estim ated via the 
algorithm  o f Lutz et al. [50] m ay be in troduced by (1) the lim ited 
coverage o f the data, on which the algorithm  was based, relative to 
the W orld  ocean surface (including only two (rather productive) 
locations from  the M editerranean), and  (2) the fact that the
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seasonal variability in N P P is not the only factor that governs the 
am ount o f P O C  that is transported  to depth. First o f  all, P O C  that 
sinks from  the euphotic zone does not only com prise phytoplank- 
ton-derived m aterial, bu t also consists o f  fecal pellets and  
Zooplankton m oults [2,3]. T h e  contribution  o f fecal pellets to the 
P O C  rain  can  be substantial (up to 100% of total P O C  flux) and  
varies betw een regions [68], Secondly, the com position and  
activity (which is affected by seawater tem perature) o f pelagic 
Zooplankton and  bacterial com m unities, as well as the overall 
food-web structure determ ines the efficiency of the biological 
pum p [69], Siokou-Frangou et al. [70] describe the disparity in the 
com position o f p lankton com m unities betw een the w estern and  
the eastern M editerranean , w hich m ay lead  to differences in PO C  
transport efficiency. T h e  inclusion o f da ta  on  circulation patterns, 
and  p lankton com m unity an d  food web structure m ay lead  to 
a  refinem ent o f  the algorithm  to estim ate P O C  flux.

B enth ic -pe lag ic  C oup ling : Effects on  th e  Seafloor 
E nv iro n m en t

T h e  longitudinal cline in surface productivity an d  resulting 
sedim entation rates betw een the GB region and  the Levantine 
basin was m irrored  in the benthic phytopigm ent concentrations, 
consistent w ith Pusceddu et al. [71] (Portugese-C retan margin) 
and  G am bi and  D anovaro  [72] (western versus eastern M editer­
ranean).

A t seam ount station GB1200 (high P O C  flux, low pigm ent 
concentrations) and  abyssal p lain station A P3000 (low P O C  flux, 
high p igm ent concentrations), seafloor P O C  flux da ta  did not 
appear to m atch  with sedim entary pigm ent levels. W e argue that 
the high pigm ent levels observed for AP3000 relative to the GB 
stations an d  A1200 are prim arily  caused by the different tim ing of 
the expeditions during  w hich these stations w ere sam pled. T he 
p igm ent samples from  AP3000 w ere collected in Ju n e , w hen N PP 
values were nearly m axim al (Fig. 2B). In  contrast, sam pling at the 
GB region and  at station A P I900 was conducted  in O ctober- 
N ovem ber w hen N P P was at a  low. In  Ju n e , however, N P P values 
for the GB region exceeded those for the w estern M editerranean. 
Thus, at least pa rt o f the divergence betw een seafloor P O C  flux 
and  p igm ent concentrations can be a ttribu ted  to the usage of

annual com posite P O C  flux data, w hich do no t take into account 
seasonal heterogeneity. How ever, the difference in pigm ent 
concentrations betw een A1200 an d  AP3000, bo th  sam pled in 
Ju n e , cannot be a ttribu ted  to seasonal sam pling differences. T he 
smaller pigm ent pool at A1200 m ay be the consequence of the 
m ore extensive, total (i.e. m ega-, m acro-, and  m eiofauna, as well as 
prokaryotes) benthic com m unity at this shallower dep th  [19,20], 
As for the seam ount station, the discrepancy betw een PO C  
deposition an d  p igm ent concentrations m ay also be a result o f  the 
usage o f annual com posite P O C  flux in com bination with pigm ent 
da ta  obtained in O ctober. Nonetheless, an  additional explanation 
for the low pigm ent concentrations a t GB1200 is the strong 
hydrodynam ic forcing, sweeping away fine phytodetrital m atter 
(see earlier).

In  contrast to Relexans et al. [73], G am bi an d  D anovaro  [72] 
and  L am padariou  et al. [28], we did not observe lower sediment 
T O C , T N  or T O M  values a t the less productive stations. Bulk 
concentrations o f these elem ents do no t necessarily represent food 
availability, since pa rt o f  n itrogen or carbon  contain ing m aterial 
m ight be either intrinsically refractory or unavailable for 
consum ption owing to physical pro tection  by organic or inorganic 
m atrices [74], H ence, we consider T O C , T N , T O M  and  C :N  to 
be potential bu t no t definite nem atode food indicators. In 
addition, although these variables are often regarded as a  m easure 
o f P O C  deposition, they can be m ore closely associated with grain 
size (owing to its relationship w ith surface: volum e ratios) th an  with 
O M  delivery [75,76], In  the present study, however, we did not 
find statistically significant relations betw een sedim ent grain size 
and  T N , T O C  or T O M .

B enth ic -pe lag ic  C oupling : Effects o n  N e m a to d e  S tan d in g  
S tock

T h e  present study supports the general notion  that deep-sea 
sediments underlying productive waters ha rb o r elevated meiofau- 
nal (nematode) standing stock [28,46,72,73,77-79]. Also the deep- 
sea m egabenthos attains h igher biomass in the m ore productive 
w estern M ed iterranean  com pared to the m ore oligotrophic eastern 
basin [80],
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Figure 6. Longitudinal and bathym etrical trends in the relative  
abundance o f nem atode feed in g  types. The basins sampled are 
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selective deposit feeder, 1B: non-selective deposit feeder, 2A: epistrate 
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doi:10.1371/jou rna l.pone.0059954.g006

T h e  correlation analysis pointed  towards the significance o f food 
availability, in term s o f POC. sedim entation rates and  even m ore 
im portantly  sedim entary T N  and  T O C  levels, for nem atode 
standing stock. How ever, the results obtained for the seam ount 
station indicate that food m ay  not be the only de term inant o f 
nem atode biomass. Correspondingly, in his review on m eiofauna 
along continental m argins, Soltwedel [25] noticed considerable 
variation in the relationship betw een C PE and  m eiofaunal 
abundances betw een geographic regions, w hich he a ttribu ted  to 
the interference o f o ther environm ental a n d /o r  biotic factors. T he 
unusually low standing stock at GB1200 was believed to be the

result o f  the strong hydrodynam ical forcing (inferred from  the 
coarse and  well-sorted sediments [37,65]) e ither th rough  the 
exertion o f physical stress o r th rough  the low food availability that 
comes w ith it, o r both . Food shortage a t GB1200 is suggested by 
the low am ounts o f  phytopigm ents, n itrogen and  organic m atter 
w ithin the sediments. In  support, Thistle and  Levin [81] 
docum ented reduced nem atode abundances u nder experim ental 
strong near-bo ttom  flow.

O pposed to D anovaro  et al. [82], the longitudinal trophic 
gradient was accom panied  by  a significant drop in individual 
nem atode biomass. Based on an  extensive literature analysis, 
U dalov et al. [83] described a positive effect o f  grain size and  food 
availability on individual nem atode biomass. In  contrast, Soetaert 
et al. [84], w ho analyzed raw  biomass data, found no effect o f 
grain size on individual biomass. In  ou r study area, individual 
nem atode biomass decreased with increasing sedim entary m ud 
content, b u t strangely also with sedim entary T N  concentrations. 
This finding suggests that bulk T N  concentrations m ight not 
represent a  suitable proxy for the am ount o f  food available to 
nem atodes. Note that the lack o f a  relationship betw een nem atode 
size and  labile phytodetritus, a  potentially be tte r m easure for food 
availability than  T N , m ay be the result o f  the fact that we had  to 
average environm ental and  faunal variables p e r station, thereby 
expunging (co)variation in bo th  param eters at a sm aller spatial 
scale.

B enth ic -pe lag ic  Coupling : Effects on  N e m a to d e  
C o m m u n i ty  S truc tu re

T here  was a highly significant and  strong reduction in core 
surface a rea  from  the GB region to the eastern M editerranean 
(Spearm an rank, r  = -0.74, P< 0 .001). Thus, since sample volume 
m ight have an im pact on genus com position (smaller samples 
m ight contain  com paratively less ra re  genera than  larger sediment 
samples), the observed longitudinal gradient could result partly  
from  the heterogeneity  in core surface area. Nevertheless, the 
generic com position o f the nem atode assemblages changed 
gradually from  the GB region to the eastern M editerranean 
together with several benthic environm ental variables (TN, T O C  
and  T O M ). T he significance o f (potential) food availability to  the 
structure o f  nem atode assemblages was also dem onstrated  by 
Ingels et al. [85] (TN, chl-a, chl-a:TO G ) and  Fonseca and 
Soltwedel [86] (particulate proteins and  phospholipids). Sim ilar 
to Fonseca and  Soltwedel [86] (who studied nem atode species 
com position in the Arctic), we no ted  increased variability in 
nem atode com m unity  structure am ong replicate samples in 
sediments w ith reduced phytopigm ent concentrations. Fonseca 
and  Soltwedel [86] invoked the energy-richness hypothesis [87] as 
an  explanation for this pattern . A ccording to this hypothesis, low 
energy levels result in small population  sizes o f species, and  local 
stochastic events restrict species’ distribution ranges.

T he gradual change in nem atode trophic structure from  west 
to east was m ainly driven by  the increased relative abundance 
o f p redatory /scavenging  nem atodes (mainly Sphaerolaimus and 
Metasphaerolaimus) w ith longitude. A lthough they found no 
statistically significant relationship betw een p red ato r/scavenger 
abundance and  longitude, D anovaro  et al. [82] also noticed 
a higher representation  o f this particu lar feeding guild in the 
eastern com pared to the western M editerranean . T he lower 
fraction o f p redatory /scavenging  nem atodes in the m ore 
productive western p a rt o f  our transect implies that m em bers 
o f  this feeding guild do not relate directly to the supply o f 
surface-derived O M . As Gage [2] stated, in oligotrophic regions, 
organisms feeding upon  sedim ented P O C  m ay suffer a  disad­
vantage com pared  to those that do not. In  support, Sibuet et al.
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Table 4. Spearman rank correlations betw een station-level nem atode and environm ental variables.

PO C flu x  C h l-a  CPE C h l-a :p h a e o  T O M  T O C  T N  C:N M G S  m ud

D e n s ity 0.85** 0.62 0.60 0.12 - 0 .5 2 -0 .88** -0 .71 0.12 0.28 -0 .3 2

In d . b iom ass 0.50 0.14 0.69 -0 .5 5 -0 .6 5 -0 .1 0 -0 .93** 0.76* 0.63 -0 .85**

T o ta l b iom ass 0.77* 0.40 0.62 -0 .2 6 - 0 .6 7 -0 .5 2 -0.98*** 0.57 0.57 -0 .6 2

G enus co m p . 0.02 -0 .1 7 0.30 -0 .2 3 0.44* 0.40* 0.40* 0.04 -0 .1 2 -0 .1 4

1A 0.20 0.17 -0 .1 4 0.45 0.25 -0 .7 6 * -0 .4 8 -0 .1 0 -0 .4 0 0.27

IB -0 .0 8 0.24 0.31 0.14 0.15 0.14 0.05 -0 .0 5 -0 .0 2 -0 .0 8

2 A 0.35 0.19 0.64 -0 .6 0 -0 .4 5 -0 .1 2 -0 .4 5 0.60 0.65 -0 .2 2

2B -0 .5 7 -0 .3 8 -0 .6 4 0.17 0.37 0.60 0.79* -0 .3 6 -0 .3 3 0.38

Environm ental variables: POC flux (annual particu late  organic carbon flux to  th e  seafloor), chl-a (chlorophyll a), CPE (chloroplastic p igm en t equivalents), chl-a:phaeo 
(chlorophyll a: phaeo p ig m en ts  ratio), TOM (% o f to tal organic m atter), TOC (% of to tal organic carbon), TN (% o f to tal nitrogen), C:N (molar carbon: n itrogen  ratio) MGS 
(m edian grain size) and  m ud. N em atode variables: density, to tal and  ind. biom ass, and  relative ab u n d an ces  o f feeding  types  1A (selective d ep o s it feeders), 1B (non- 
selective d ep o s it feeders), 2A (epistrate  feeders) and  2B (predators/scavengers). Correlations betw een  g en u s com position  (genus com p.) and  env ironm ental variables
w ere o b ta ined  th rough  th e  RELATE procedure . The num ber of asterisks d en o te s  th e  statistical significance level w ith -P  0.05, " 0 .0 5  P  0.01, and  -"0 .0 1  P 0.001.
doi:10.1371 /journal.pone.0059954.t004

[88] counted  m ost necrophagous am phipods at the most 
oligotrophic site in the tropical Atlantic. In  contrast, sediments 
from  the N azaré canyon [89] and  from  several M editerranean 
canyons [90], w hich receive high P O C  loadings, harbored
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Figure 7. W ithin-station variability in nem atode gen u s com ­
position  in function o f sedim entary ph ytop igm ent concentra­
tions. Top: chlorophyll a (chl-a) concentrations. Bottom: chloroplastic 
p igm ent equivalents (CPE). Pigment data were missing fo r station 
A1900. Only one sample was collected at L3000, proh ib iting  the 
assessment o f w ith in-sta tion variability in com m unity  structure. 
doi:10.1371/jou rna l.pone.0059954.g007

a h igher percentage o f predators/scavengers relative to adjacent 
open slope stations. This paradox  calls for m ore detailed 
investigations into the environm ental drivers o f p re d a to r / 
scavenger abundances.

Epistrate feeders were especially ab u ndan t at the GB seam ount, 
as observed for M aud  Rise in the A ntarctic  [91] and  for sediments 
surrounding the Paluniro seam ount in the western M editerranean 
[92]. How ever, at the M arsili seam ount in the w estern M editer­
ranean  the share o f  epistrate feeders was lim ited and  as such the 
dom inance o f this feeding type in seam ount sediments cannot be 
generalized. Nevertheless, there were very few seam ount studies 
addressing nem atode com m unity structure w ith which we could 
com pare ou r results, and  m uch m ore research in this field is 
definitely needed.

Conclusions
Along the longitudinal transect from  the Galicia Bank region to 

the eastern M editerranean , dow nw ard benthic-pelagic coupling 
was evident in term s o f phytopigm ent concentrations, and  in 
standing stock, size, genus and  trophic com position o f nem atodes 
in bathyal and  abyssal sediments. S tanding stock seemed to be 
regulated by  P O C  deposition and  benthic potential food indicators 
(i.e. percentage o f nitrogen, organic carbon, and  total organic 
m atter), whereas genus com position was only related to the latter. 
T he significant relationship betw een nem atode param eters and 
P O C  flux does not necessarily im ply these organisms feed upon 
the sedim ented O M  directly; for instance bacteria, ano ther 
potential nem atode food source, are often associated with 
phytodetritus [93],

C lim ate change is expected to modify the biogeochem ical 
fluxes to the deep sea, which regulate the com m unity  structure 
and  function o f deep-sea benthic  com m unities [94]. Long-term  
studies in the northeast Pacific and  at the Porcupine abyssal 
p lain have revealed clim ate-driven variation in the com m unity 
structure o f  foram iniferans, mega- and  m acrofauna in abyssal 
sediments [95]. T h e  coupling betw een bathyal and  abyssal 
nem atode assemblages and  surface w ater processes, as evidenced 
in the present study, suggests that it is likely that clim ate change 
will affect the com position and  function o f deep-sea nem atodes 
as well.
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