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Abstract
The Gollum Channels and Whittard Canyon (NE Atlantic) are two areas that receive high Input of organic matter and 
phytodetrl tus from euphotlc layers, but they are typified by different trophic and hydrodynamic conditions. Sediment 
blogeochemlstry was analysed In conjunction with structure and diversity of the nem atode community and differences 
were tested between study areas, water depths (700 m vs 1000 m), stations, and sediment layers. The Gollum Channels and 
Whittard Canyon harboured high meiofauna abundances (1054-1426 Ind. 10 cm -2 ) and high nematode diversity (total of 
181 genera). Next to  enhanced meiofauna abundance and nematode biomass, there were signs of high levels of organic 
matter deposition leading to reduced sedimentary conditions, which In turn structured the nematode community. Striking 
In this respect was the presence of large numbers of 'chemosynthetlc ' Astom onem a  nematodes (A stom onem a  
southwardorum, Order Monhysterida, Family Siphonolaimidae). This genus lacks a mouth, buccal cavity and pharynx and 
possesses a rudimentary gu t containing Internal, symbiotic prokaryotes which have been recognised as sulphur-oxidising 
bacteria. Dominance of Astom onem a  may Indicate the presence of reduced environments In the study areas, which Is 
partially confirmed by the local blogeochemlcal environment. The nem atode  communities were mostly affected by 
sediment layer differences and concomitant trophic conditions rather than other spatial gradients related to  study area, 
water depth  or station differences, pointing to  small-scale heterogeneity as the main source of variation In nematode 
structure and function. Furthermore, the positive relation between nematode standing stocks, and quantity and quality of 
the organic matter was stronger when hydrodynamic disturbance was greater. Analogically, this study also suggests that 
structural diversity can be positively correlated with trophic conditions and that this relation Is tighter when hydrodynamic 
disturbance Is greater.
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Introduction
T h e  Celtic M argin  situated in the N E Atlantic is a  highly 

productive system w ith significant p rim ary  production  in the 
surface waters, w hich consequently supplies deep-sea sediments 
with high levels o f organic m atter (OM) and  carbon  [1,2] 
com pared to o ther deep-sea areas. T his is especially the case for 
mid-slope depths, w hich are influenced by additional export from 
the shelf o r upper slope, w here sediment organic loads are higher
[3]. At the Porcupine Seabight an d  further south along the 
M eriadzek T errace , the m argin  is incised by  num erous canyons 
and  channels. T hese geohydrological structures provide conduits 
for the transport o f sedim ent from  the shelf to the abyssal p lain  and  
over-bank turbidity  currents, w hich deposit on  the intervening 
terraces and  spurs [4], bu t they also accum ulate high am ounts o f 
sediments and  O M , m aking them  im portan t in budgeting  carbon 
sinks and  sources [5,6], In  addition, at the Celtic M argin  cascading 
o f dense w ater masses down the slope is likely to occur [7] and  m ay

entra in  fresh chlorophyll m aterial rapidly dow n slope, as reported  
by Hill et al. [8], T hese observations all imply the presence of 
enhanced  levels o f O M  and  phytodetrital m aterial in canyons and  
channel systems in this area, w hich will have implications for the 
trophic conditions, the biogeochem ical processes an d  ultim ately 
the benthic fauna. In  particu lar m eiobenthic densities and  
standing stocks in canyons are under control o f the flux o f O M  
from  surface productivity to the seafloor an d  resulting trophic 
conditions in the sedim ent [9,10,11], In  addition  to enhanced  
(although variable) O M  levels, canyons and  channel systems 
generally display high hydrodynam ic activity in  the form  o f tidal 
currents, episodic slumps, turbidity  flows, an d  density induced 
internal waves and  cascading events, w hich are likely to have a 
significant effect on  m eiobenthos by  physically d isturbing the 
sediments they reside in [10,11,12,13,14,15,16,17,18],

T h e  effect o f  natural disturbances on  com m unities have 
continuously instigated ecologists to develop and  test conceptual 
models that explain patterns a t various tem poral and  spatial scales
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based on  biological interactions a n d /o r  abiotic processes; e.g. 
In term ediate D isturbance Hypothesis [19], D ynam ic Equilibrium  
M odel [20]. In  applying these models to the benthic environm ent, 
changes in sedim entary trophic param eters and  physical distur
bances m ay regulate deterministic biotic processes, leading to the 
large and  small-scale patterns in benthic  fauna. Specifically applied 
to the deep sea, Levin e t al. [21] presented a  schematic m odel based 
on  five ecological forces (productivity, flow, bottom -w ater oxygen, 
sedim ent heterogeneity, biotic disturbance) to predict regional-scale 
variation of local diversity (1-10 m 2). For the smaller benthic fauna, 
the m eiofauna (32-1000 pm), one could even look a t smaller spatial 
scales and  include the vertical sedim ent profile in  explaining 
com m unity an d  diversity patterns. Such patterns along the vertical 
sedim ent profile m ay be explained by trophic conditions and 
oxygen concentration in the different sedim ent layers; e.g. T R O X  
m odel for Foram inifera [22]. Following this concept, Soetaert e t al. 
[23] suggested that similar processes m ay control benthic nem atode 
com m unity patterns. Based on various interpretations o f environ
m ental variation in the different schematic m odels it is likely that 
there is a  hierarchical interaction betw een environm ental drivers 
w hich regulates abundance and  diversity o f  the m eiofauna on 
various spatial and  tem poral scales.

C anyons and  channel systems provide suitable habitats to test 
the effect o f natu ral disturbances on  benthic faunas. H igh organic 
loads and  variable sedim entary trophic conditions, variable 
frequency an d  intensity o f d isturbance events, and  sediment 
heterogeneity  are all features ascribed to canyon and  channel 
systems and  m ay be used to explain benthic faunal patterns. 
Furtherm ore, it has becom e increasingly clear th a t variability 
betw een canyons and  even w ithin one canyon system is very high 
and  th a t productivity an d  d isturbance processes can shape 
m eiobenthic com m unities differently [10,11,24], D ue to this high 
variability, studies investigating how  processes th a t affect the 
sedim entary environm ent influence the benthic fauna in canyons 
and  channel systems should be conducted  on  a  scale th a t no t only 
allows for sedim entary contrasts on  a  cm-scale, b u t also includes 
com parisons betw een different canyons or channels and  w ater 
depths. T h e  extent to w hich sedim entary conditions an d  processes 
control standing stocks, and  structural and  functional diversity o f 
m eiobenthic com m unities in canyons and  channels w ould provide 
im portan t inform ation on how  benthic  com m unities are shaped 
and  w hat drives diversity in these environm ents.

T h e  Gollum  C hannel system and  W hittard  C anyon along the 
Irish M argin have only recently been  subject to m ore intensive 
investigations, prim arily  w ithin the fram ew ork o f the E U  FP6 
H E R M E S  project, an d  therefore little previous inform ation is 
available [25,26], especially on the biology o f the benthos [27,28]. 
In  this first study on nem atode com m unities -  as representative for 
the m etazoan m eiofauna - from  these two areas we tested 
nem atode standing stocks, diversity, an d  com m unity structure for 
differences betw een study sites, w ater depths, an d  sedim ent depths. 
Differences a re  in terpreted  in relation to biogeochem ical p a ram 
eters, trophic characteristics and  sedim ent disturbance processes. 
Given the high hab ita t heterogeneity  and  environm ental variabil
ity in these canyons an d  channels, we hypothesise th a t the 
nem atode assemblages will be largely controlled by small-scale, 
local environm ental conditions ra th e r th an  large-scale differences 
betw een canyons or w ater depths.

Materials and Methods

S am plin g  a n d  s tu d y  a rea
D uring  the H E R M E S  R V  Belgica 2 0 0 6 /1 3  cruise, 23-29  Ju n e  

2006 [29] to the Irish M argin, m eiofauna samples were taken

using a M idicorer (M D C, O cean  Scientific In ternational Ltd), 
yielding samples with a  virtually undisturbed sedim ent-water 
interface. T h e  M D C  was equipped with four core tubes with an 
inner d iam eter o f 100 m m , b u t 57 m m  diam eter subcores were 
taken for m eiofauna and  nem atode analyses. T w o sites in the 
Gollum  C hannel system were sam pled a t ca. 700 and  1000 m 
dep th  (G700 an d  G 1000, respectively) as well as two stations in 
betw een two north-eastern  branches o f the W hittard  C anyon at 
similar depths (W700 an d  W 1000, respectively). A n overview and  
details o f the sam pling areas are provided in Fig. 1.

T h e  Gollum  C hannel system has been described as a  tributary  
channel system incising the upper slope of the south-eastern 
Porcupine Seabight [30,31]. I t  converges into one m ain  channel, 
the Gollum  C hannel, w hich opens into the Porcupine Abyssal 
Plain. Samples were taken in  the m ost northerly  channel o f  the 
Baggins b ran ch  of the channel system, the Bilbo C hannel [32]. 
T h e  Gollum  C hannel system lies along the N E Atlantic M argin 
w here the w ater mass characteristics in the upper 1000 m  are 
dom inated  by  E astern N orth  Atlantic W ater and  M editerranean  
Outflow  W ater. This results in relatively w arm  (8—10°C) and  saline 
w ater (ca. 35.5) betw een 700 and  1000 m  depth, with weak 
vertical tem peratu re  and  density gradients [33]. H ydrographic 
activity in the Bilbo C hannel was investigated by  W hite [33] and  
indicated m ean  currents o f 4.7 cm  s 1 with a  m axim um  recorded 
speed o f 53 cm  s *. T h e  flow in the canyon channel is dom inated  
by the sem i-diurnal tide and  is fairly dynam ic, resulting in currents 
strong enough to produce significant turbidity. Like m any  other 
canyon and  channel systems, there  appears to be a significant 
down-slope flow of suspended m aterial w ithin the Bilbo C hannel
[34].

T h e  W hittard  C anyon consists o f a  num ber o f deeply incised 
branches th a t extend from  the shelf b reak  south o f the G oban 
Spur. Further dow n canyon, the walls are lower b u t the b ranch ing  
na ture  o f this canyon continues towards the canyon fan a t abyssal 
depths [26]. T h e  sam pling stations in the W hittard  C anyon were 
situated on  an  interfluvial a rea  covered in fine sediments in 
betw een two upper N E branches (Fig. 1). In  the upper reaches o f 
the canyon down-slope sedim ent transport is dom inated  by 
turbidity  currents. T hese m ud-rich  flows are o f sufficient size to 
overspill the canyon walls, leading to deposition o f m ainly fine 
sediments, e.g. m uds an d  clays, on  the adjacent continental slope
[4]. A long the Celtic Shelf edge a m ean  northw estern  along-slope 
flow of ca. 6 cm  s 1 has been  reported  [35].

B iog eoch em is t ry
E ach 1-cm-thick slice from  three replicate cores a t each 

sam pling site (two for G700) were analysed for granulom etric 
and  geochem ical param eters dow n to the 5-cm level. G rain  size 
distribution was m easured with a  M alvern M astersizer 2000 (0.02— 
2000 pm  size range). For total sedim entary organic carbon  (TOC) 
and  n itrogen (TN), samples were lyophilised, hom ogenised and  
acidified w ith 1 % HC1 until com plete decarbonisation and  dried 
before being analysed w ith a  PD Z E uropa  A N C A -G SL elem ental 
analyser (UC Davis, USA). Chloroplastic P igm ent Equivalents 
(CPE: sum of chlorophyll a  (chl-a) and  its degradation  products 
(phaeopigments)) [36] served to estim ate the am o u n t o f sedim en
tary  O M  derived from  prim ary  production. Sedim ent samples 
were lyophilised and  hom ogenised, after w hich pigm ents were 
extracted in 90%  acetone, separated using reverse-phase H P L C , 
and  m easured w ith a  Gilson fluorescence detector according to 
W righ t & Jeffrey [37]. T h e  ratio chl-a:phaeopigm ents was used as 
a  m easure o f  ‘freshness’ o f the photosynthetically derived O M  in 
the sediments, the ratio ch l-a :T O C  gives an  indication o f the 
bioavailability o f the bulk O M .
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Figure 1. Overview (left) and detailed maps (right) of the study area with the Gollum stations (top right) and W hittard stations 
(bottom right). G1000: Gollum Channel at 1090 m depth, G700: Gollum Channel at 755 m depth, W1000: Whittard Canyon at 1160 m depth, W700: 
Whittard Canyon at 762 m depth. 
doi:10.1371/journal.pone.0020094.g001

M eiofauna  a n d  n e m a t o d e  analysis
A t each station, three replicate samples were sliced p e r cm  down 

to 5 cm  sedim ent dep th  an d  fixed in buffered 4% form alin. 
Samples were w ashed over a  1000-pm  m esh and  then  sieved on a 
32-pm  m esh to re ta in  the m eiofauna fraction. T h e  m eiofauna was 
then  elutriated by  the centrifugation-flotation technique using 
L U D O X  [38,39] and  stained with Rose Bengal. All m etazoan 
m eiobenthic organism s were classified a t h igher taxon level 
following Higgins & Thiel [40] an d  counted under a  stereo- 
m icroscope (50 xm agnification). For nem atode analysis, 100-150 
individuals w ere picked out random ly from  each sedim ent slice 
and  transferred using the form alin-ethanol-glycerine technique 
[38] and  m ounted  on  glass slides. N em atode identifications 
followed the pictorial key to nem atode genera o f W arwick et al. 
[41], taxonom ic literature from  the nem atode library  of G hent 
University, and  the NeM ys database [42]. All individuals were 
grouped into four feeding types sensu W ieser [43] : selective deposit 
feeders (1A), non-selective deposit feeders (IB), epistratum  feeders 
(2A), and  predators/scavengers (2B). O ne additional feeding type 
was defined for gutless nem atodes o f the genus Astomonema. 
Because these nem atodes have a  degenerated  alim entary canal 
with absence o f m outh  and  buccal cavity, they do not belong to 
any o f W ieser’s four feeding types [43]. Length (excluding filiform

tail tips) and  m axim al w idth were m easured using a  Leica D M R  
com pound  m icroscope an d  Leica LAS 3.3 im aging software. 
N em atode wet weight was calculated according to A ndrassy’s [44] 
form ula and  translated  into nem atode dry weight w ith a  dry-to- 
wet ratio o f 0.25 [39]. T o  calculate total nem atode biomass 
associated w ith sedim ent layers, sam pling stations and  feeding 
types, average biomass was calculated for each nem atode genus 
and  m ultiplied by their density per sedim ent layer, for each layer, 
station and  feeding type.

D ata analysis
T h e  m ultivariate com m unity da ta  on  genus level (standardised, 

square-root transform ed, Bray-Curtis similarity was used to 
calculate resem blance) was analysed by m eans o f non-param etric  
perm utational A N O V A  (PE R M A N O V A  [45,46]) to assess 
differences betw een the Gollum  and  W hittard  areas, betw een 
w ater depths, an d  betw een sedim ent layers. T he da ta  set was 
analysed using a 4-factor m ixed m odel design (factors: C anyon 
(Ca; fixed), W ater D epth  (WD; fixed), Sedim ent D epth  (SD; fixed), 
Cores (Co; to account for replicate variability; random  and  nested 
in C ax W D ) in PE R M A N O V A +  for P R IM E R  [46]). Since the 
vertical layers in the sedim ent were no t replicated within each 
core, a  split-plot design was used leading to a  repeated  m easures
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analysis w hereby the m ain-factor test was followed by pair-wise 
com parisons w ithin each C a x W D  com bination to investigate 
significant in teraction  effects in the full-model test. A non-m etrical 
M ulti-dim ensional scaling plo t (MDS) was used to visualise the 
PE R M A N O V A  results and  illustrate the three-w ay interaction 
term s. T h e  M D S was obtained by calculating the centroids o f the 
three-w ay interaction cell groupings in the full m ultivariate Bray- 
Curtis space, followed by  calculating the distances am ong them  
(PER M A N O V A + for P R IM E R  [46]). A two-way crossed 
(Ca,W D) univariate PE R M A N O V A  test was perform ed on 
average biom ass da ta  (data was fourth-root transform ed, resem 
blance calculated w ith Bray-Curtis). Averaging the biom ass data  
over replicates gave a m ore realistic estim ate o f the true biomass 
pe r sedim ent layer, station an d  canyon.

A two-way crossed (factors: C anyon and  W ater Depth) 
S IM PE R  (Similarity Percentages -  species contributions) analysis 
was perform ed to reveal w hich genera are responsible for the 
m ultivariate com m unity patterns w ithin an d  betw een canyons and  
w ater depths.

S tructural diversity o f the com m unity was calculated using Hill's 
[47] diversity num bers (H 0, H ¡, H 2, H lnj), estim ated num ber o f 
genera (EG(51), [48,49]). Functional o r trophic diversity (TD) was 
calculated as the reciprocal value o f the trophic index ( 0 _1) by 
H eip  e t al. [50], so th a t h igher values correspond with h igher T D , 
based on relative abundance data.

T h e  full set o f  18 available environm ental variables was tested 
for collinearity (Draftsm an plot an d  Spearm an  correlation matrix) 
and  (redundant) variables with correlations (r2) > 0 .9  were om itted 
from  the m odel; chl-a, chl-a:phaeo, ch l-a :T O C ,a  nd  C PE :T O C  
needed log(X+0.1) transform ation  to com pensate for skewness. For 
analysis o f selected geochem ical variables (chl-a, CPE, chl- 
a:phaeo, ch l-a :T O C , T O C , T N , C:N, m ean  grain size), separate 
univariate PE R M A N O V A  tests were perform ed (data was 
norm alised, Euclidean distance was used to calculate resem 
blance). T h e  PE R M A N O V A  design was identical to the one used 
for com m unity analysis. R E L A T E  and  D IS T M L  (distance-based 
linear model) routines were perform ed [51,52] to analyse and  
m odel the relationship betw een the nem atode genera assemblages 
and  the environm ental variables (chl-a, CPE, chl-a:phaeo, chl- 
a :T O C , C P E :T O C , T O C , T N , C:N, m ean  grain size). T he 
assem blage D IS T M L  was constructed using the step-wise selection 
procedure and  the adjusted R 2 as selection criterion to enable the 
fitting o f the best explanatory environm ental variables in the 
m odel [51]. In  addition, D IS T L M  models w ere calculated for 
selected biotic param aters (Nem atode density, relative abundance 
‘chem osynthetic’ Astomonema nem atodes, total nem atode biomass, 
biomass ‘chem osynthetic’ Astomonema, trophic diversity (TD), Hill's 
diversity num bers H 0, H ¡, and  expected num ber o f genera 
(EG(51)). Euclidean distance was used as resem blance m easure in 
all D IS T L M  procedures. C om plem entary  to these analyses, non- 
param etric  K endall-T au  correlations were com puted  betw een the 
same selected biotic param eters and  abiotic variables for each of 
the can y o n /ch an n e l systems.

Results

S e d im e n t  charac ter is t ics
Biogeochemical properties o f the sedim ent are shown in Figs. 2 

and  3. Grain-size fractions differed significandy betw een study areas 
and  individual stations (p< 0 .01 , Table SI). H ighest m uddy clay and 
silt content were observed a t W 700 and  highest sand content at 
G700 (Fig. 3). A t station W 1000, the sedim ent becam e finer with 
increasing sedim ent depth, whilst a t the o ther stations average grain 
size values declined slightly with sedim ent depth  (Fig. 3).

Sedim entary T O C  (p<0.05) and  T N  (pCO.Ol) contents differed 
significantly betw een stations (C ax W D , T able  SI). T N  also 
differed significantly betw een canyons and  w ater depths (p< 0 .05 , 
T ab le  SI), w hich was supported  by  significant pair-wise com par
isons w ithin each canyon or w ater dep th  group (data no t shown). 
C :N  only differed significandy betw een stations (p< 0 .05 , Table 
SI). Station W 700 was characterised  by highest average total-core 
T O C  an d  T N  content, followed by G1000, G 700, and  W 1000, 
respectively (Fig. 2). A t stations G 1000 and  W 700, average total- 
core T O C , T N  and  C :N  values were h igher com pared  to G700 
and  W 1000 (Fig. 2), indicating h igher am ounts o f O M  with 
greater fractions o f terrestrial a n d /o r  very degraded O M  a t these 
stations. No clear gradients were observed along the vertical 
sedim ent profile for T O C , T N , an d  C :N  (Fig. 3).

C hl-a differed significandy betw een canyon areas an d  w ater 
depths (p< 0 .05 , T able  SI), b u t the test showed a  significant 
interaction term  (C axW D ), w hich indicates station differences 
(pCO.Ol, T ab le  SI). Subsequent pair-wise com parisons within 
each canyon an d  w ater dep th  level showed th a t these were due to 
significant differences betw een W 700 an d  the o ther stations (data 
no t shown, b u t see Fig. 3). C PE  levels contrasted  significandy 
betw een w ater depths (p< 0 .05 , T able  SI), b u t these were also 
caused by contrasting values betw een W 700 and  the o ther stations. 
C PE  an d  chl-a concentrations w ere clearly higher a t W 700 th an  at 
o ther stations (Fig. 2, 3) and  decreased significandy w ith sediment 
dep th  a t all stations (p< 0 .05 , T able  S I; Fig. 3). T h e  ‘freshness’ 
(chl-a:phaeo) and  bio-availability (chl-a: T O C ) of O M  decreased 
significandy w ith sedim ent dep th  a t each station (p< 0 .01 , Table 
S I; Fig. 3), b u t did no t contrast betw een canyon areas, w ater 
depths o r stations (Table SI). Sedim ents a t W 700 showed higher 
chl-a:phaeo an d  ch l-a :T O C  com pared  to the o ther stations, 
indicating the presence o f m ore ‘fresher’ an d  bio-available O M .

M e ta z o a n  m e io fau n a
A total o f 21 h igher m eiofauna groups were identified o f which 

20 occurred  in the Gollum  area  and  15 in the W hittard  a rea  
(Table S2). T he m ost diverse station was G 1000 with 18 different 
groups. N em atodes were consistendy the dom inan t taxon (90 .2- 
95.2%), followed by nauplius larvae (1.51-4.30% ) an d  copepods 
(1.06-2.94% ). O th e r taxa such as polychaetes an d  tardigrades 
occurred  typically in lower abundances (<  1 %). H ighest m eiofauna 
abundance was recorded a t G 1000 (Table S2, Fig. 2), bu t was still 
similar to abundances a t o ther stations because o f high variability 
betw een replicates. T o tal m eiofauna abundances consistendy 
decreased with increasing sedim ent depth.

N e m a to d e s
Nematode community and biomass. T h e  PE R M A N O V A  

com m unity results indicated significant differences betw een the 
Gollum  and  W hittard  areas, w ater depths, sedim ent layers, and  
stations (p< 0 .01 , T ab le  1). T h e  significant three-w ay interaction 
term  (C ax W D x S D ) called for pair-wise com parisons w ithin each 
two-factor com bination  to investigate the na ture  o f the effect 
(Table S3) and  the M D S plot in Fig. 4 clearly shows the reasons for 
the three-w ay in teraction  suggested by the pair-wise com parisons. 
T h ere  is the p a tte rn  o f a  g radient across the different sediment 
layers from  the upper left (0-1) to the lower right (4-5), b u t the size 
o f the sedim ent-layer effect is very different in the different 
canyons an d  at different w ater depths (Fig. 4). M ore specifically, 
W 1000 has a  very m odest sedim ent-layer effect, while W 700 has a 
m uch larger effect, spreading practically all the way across the first 
M D S axis (Fig. 4). Overall, the surface layers (0-1 cm) are m uch 
m ore similar than  the deeper layers, since all 0 -1  cm  points are 
m ore densely grouped. T he difference betw een w ater depths is
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Figure 2. Average meiofauna and nem atode abundance, nem atode biomass, and selected sedim entary biogeochemical variables 
for each station (average total core values 0 -5  cm, 10 cm-2 ). TOC: total sedim entary organic carbon, Chl-a:phaeo: chlorophyll a divided by its 
degradation  products (phaeophytines) indicating 'freshness' o f the  phytodetrital OM, chl-a:TOC: chlorophyll a divided by total organic carbon con ten t 
indicating bioavailability of the  bulk OM, dwt: dry w eight. G1000: Gollum Channel a t 1090 m d ep th , G700: Gollum Channel a t 755 m dep th , W1000: 
W hittard Canyon a t 1160 m d ep th , W700: W hittard Canyon at 762 m d ep th . Values averaged over replicates; error bars d en o te  standard  deviations. 
doi:10.1371/journal.pone.0020094.g002

m uch greater for the W hittard  samples th an  it is for the Gollum  
samples (Table S3, pair-wise com parisons w ithin C a x S D ; Fig. 4) 
and  a t 1000 m  w ater dep th  the differences betw een Gollum  and  
W hittard  are m ore p rom inent th an  a t 700 m  w ater dep th  (Table 
S3, pair-wise com parisons w ithin W D  xSD , Fig. 4). In  general, the 
M D S plot illustrates clearly the extent to w hich differences 
betw een sedim ent layers exceed differences betw een canyons and  
w ater depths (Fig. 4), w hich is supported  by the estim ated 
com ponents o f variation  (Table 1), and  points to small-scale 
heterogeneity  as the m ain  source of variation in nem atode 
structure. M oreover, the im portan t role o f sedim ent dep th  in 
shaping com m unity com position was clearly illustrated by the 
clustering o f 0—1 cm  layers and  the p ronounced  dissimilarity 
betw een the 4 -5  cm  layers from  different stations (Fig. 4).

T h e  dom inant genera for each station are given in T able  2. 
Sabatieria was clearly the dom inant genus in the Gollum  area, its 
relative proportions being highest a t G 1000 (27 an d  16% for G 1000 
and  G 700, respectively). Sabatieria occurred in the W hittard  C anyon, 
bu t in m uch lower densities (3.5—4.5%). In  contrast, station W 1000 
was dom inated  by  Leptolaimus and  Molgolaimus (14.4 an d  13.5%, 
respectively), whilst at station W 700 mouthless nem atodes o f the 
genus Astomonema (-4. southwardorum, containing endo-symbiotic 
bacteria) constituted m ore th an  10% of the total com m unity.

T h e  S IM PE R  test revealed similarity values for the Gollum  and  
W hittard  a rea  o f 51.5 an d  53.8% , respectively (Table 3). As

expected from  its dom inant occurrence at the Gollum  stations, 
Sabatieria clearly contributed  m ost to similarity w ithin this a rea  
(14.5%). For the W hittard  area, a  b ro ad er range o f genera were 
responsible for similarity betw een stations. Sim ilarity betw een the 
700 m  stations was lower th an  betw een the 1000 m  stations (49.9 
and  55.5% , respectively), and  the genus Sabatieria contributed  most 
to similarity w ithin these groups. Dissimilarity betw een the canyon 
and  w ater-depth  groups (57.5-59.4% ) was h igher th an  similarity 
w ithin groups (49.9-55.5% ), with Sabatieria and  Astomonema as the 
m ain  discrim inating genera.

T otal nem atode biomass was significantly greater in the Gollum  
C hannel than  in the W hittard  area  (Fig. 2, Table 4) w ith highest 
values recorded at station G 1000 and  lowest a t W 1000 (Fig. 2). No 
significant differences were observed betw een w ater depths. 
Biomass typically decreased tow ards the deeper sedim ent layers.

Structural and functional nematode diversity. O ne 
hundred  and  eighty one genera were found am ong a  total o f 
6051 identified nem atodes (H 0, T able  5). T h e  Gollum  area  was 
m ost diverse with 152 genera, com pared to 132 genera a t the 
W hittard  stations, w ith 103 genera occurring  in  bo th  areas. W ithin 
the Gollum  C hannel, only 83 genera were shared betw een 
stations, whilst a t the W hittard  stations, 64 genera were shared. 
T h e  shallower stations (G700 and  W 700) harboured  m ore genera 
(127 an d  112, respectively) th an  the deeper stations G 1000 and  
W 1000 (108 an d  84 genera, respectively). Generally, H ill’s indices
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Figure 3. Average values for selected sedim entary biogeochemical parameters along the vertical sediment profile. Chl-a: chlorophyll 
a; CPE: chloroplastic p igm ent equivalents; Chl-a:phaeo: chlorophyll a divided by its degradation  products (phaeophytines) indicating 'freshness' of the  
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indicated that W 700 was m ost diverse and  equitable, followed by 
G700, whilst the deeper stations harb o u red  less diverse and  less 
even com m unities. At all stations, structural diversity did not show 
a  consistent decrease o r increase w ith sedim ent depth.

T rophic  diversity (TD) is shown in T able  5. T rophic diversity 
was h igher at the 700 m  stations than  at the 1000 m  stations, and  
highest at W 700 (4.37). This was due to relatively high num bers o f 
the gutless nem atodes belonging to the genus Astomonema at this 
station. Lowest T D  was observed a t station W 1000 (3.10). At the 
G ollum  stations, the non-selective deposit feeders (IB) dom inated  
in term s of relative abundance, whilst at the W hittard  stations the 
selective deposit feeders (1A) dom inated  the assem blage. At all 
stations biom ass was dom inated  by the non-selective deposit 
feeders (IB). Striking was the increasing num bers o f Astomonema

nem atodes w ith increasing sedim ent dep th  a t station W 700. This 
was also the case, bu t to a  m uch lesser extent, a t G 1000, where 
non-selective deposit feeders (IB) w ere dom inant.

Relation between structure and function of nematodes 
and environmental variables. T h e  R E L A T E  analysis 
indicated that the spatial p a tte rn  based on the environm ental 
variables is significantly related to the patterns inherent to the 
com m unity structure (p  = 0.27, p < 0 .01). O f  the original set o f 18 
environm ental param eters, 9 were re ta ined  for further analysis 
based on collinearity analysis (Draftsm an plot, Fig. SI). N ine 
variables with correlation r~ values > 0 .9  (considered redundant) 
were om itted for the D IS T L M  procedures; the rem aining 
variables and  their pair-wise spearm an correlations are shown in 
T able  S4. T h e  best fitted m odel, based on the retained
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environm ental variables, that explains the genera assemblage is 
shown in T able  S5 and  illustrated in Fig. 5. T hese results show 
that availability o f O M  (chl-a:TOC) explains nearly 17% of the 
variation observed. O th er m ain  contributors in  explaining 
nem atode genera assemblage variation in genera assemblages 
betw een samples include T N  (14.2%), m ean  grain size (11.3%) 
and  chl-a content (6.4%) o f the sediments. O th er variables 
contributed  < 5 %  in explaining assem blage variation. O f  the 9 
variables, 8 w ere used by the D IS T L M  procedure to construct the 
best-fitting m odel, together explaining 64.3%  of total variation. 
T h e  D IS T L M  results for the univariate biotic param eters are 
sum m arised in Table S6. T h ey  reveal th a t the relative abundance 
and  biom ass o f Astomonema are m ainly explained by T O C  and  T N  
in the sediments, while T D  variability is m ainly explained by T N . 
N em atode density an d  diversity indices are controlled by chl-a- 
derived param eters, indicating the im portan t role o f the quality 
and  quantity  o f phytodetrital O M  for these biotic param eters.

Fig. 5 shows the D IS T L M  results by m eans o f a  dbR D A  plot, with 
the relative abundance o f Astomonema superim posed. T h e  vectors o f 
the environm ental variables retained by the D IS T L M  procedure 
as fitting the best explanatory m odel indicate the im portan t role o f 
T O C , T N  and  C :N  in explaining their abundance.

K endall-T au  correlations betw een structural com m unity p a 
ram eters and  environm ental variables are shown in T able  6. 
T h ere  were differences betw een the Gollum  an d  W hittard  stations, 
w ith 34 and  21 significant correlations, respectively, indicating 
different levels o f interactions betw een the two areas.

In  the Gollum  area, nem atode density, nem atode biomass, H (h 
and  H j  w ere positively correlated  w ith the quality and  bioavail
ability o f O M  (Chl-a, CPE, ‘freshness’ (Chl-a:phaeo), bioavailabil
ity (C hl-a:TO C ). N em atode density was positively correlated  with 
T N  and  silt content and  showed a  negative relation with sand 
content. T h e  relative abundance and  biomass o f Astomonema 
showed no correlation w ith chl-a and  its derivatives. H ow ever, the 
biomass o f this genus was positively correlated  w ith T O C , T N , 
and  C :N  while its relative abundance was positively correlated 
with T O C  and  C :N . A  a tz i Astomonema biom ass was greater in finer 
sediments th an  in coarser sediments as inferred from  the 
correlations w ith grain-size fractions. T rophic  diversity was 
positively correlated  w ith ch l-a :T O C . G enus diversity (H 0, H¡) 
was positively correlated  with chl-a and  chl-a-derived variables.

In  the W hittard  area, nem atode density was positively 
correlated  w ith ‘freshness’ and  availability o f  O M  (chl-a:phaeo, 
chl-a:T O C ), whilst a  negative relation was found w ith clay 
content. Astomonema relative abundance an d  biomass was positively 
correlated  w ith T O C  an d  C :N  an d  negatively correlated  with sand 
content. N em atode biomass was positively correlated with chl-a 
and  all chl-a-derived variables, indicating its dependence on 
photosynthetically derived m aterial. H (h H j ,  an d  EG(51) were 
positively related  to ‘freshness’ values (Chl-a:phaeo).

Discussion

Q u a n t i ty  a n d  qua li ty  o f  o rg an ic  m a t te r  a n d  its e ffec t  on  
m e io fa u n a  a b u n d a n c e  a n d  b io m ass

A t the Celtic M argin area, the high productivity in surface 
waters leads to significant sedim entation o f O M  to the deep sea 
[53,54], w hich m ay positively control m eiofauna standing stocks 
[55,56,57,58,59,60], M eiofauna abundances and  biomass were

T a b le  1. Results from  multivariate PERMANOVA analyses for differences in nematode com m unity structure.

S ource d f SS MS Pseudo-F P (p erm ) U n iq u e  perm s
Estim . o f  c o m p , o f  
v a ria tio n

Ca 1 10490 10490 48.268 0.0021 9826 285.89

WD 1 8657.3 8657.3 39.836 0.0024 9839 222.89

SD 4 23748 5936.9 5.474 0.0001 9879 415.91

CaxWD 1 12637 12637 58.148 0.0024 9852 719.38

CaxSD 4 7691.4 1922.8 17.729 0.0001 9832 143.7

WDxSD 4 6383.9 1596 14.715 0 .0097 9826 87.671

Co(CaxWD) 8 17434 2179.2 20.093 0.0001 9788 224.54

CaxWDxSD 4 8270.4 2067.6 19.064 0.0003 9832 337.04

Res 31 33621 1084.6 1084.6

Total 58 1.30E+05

PERMANOVA full 4-factor m odel te s t fo r differences b e tw e en  canyon areas (Ca: Gollum and  W hittard), w ate r d ep th s  (WD: 700 and  1000 m), sed im en t d ep th s  (SD: 1 ,2 ,3 , 
4, 5 cm), cores (Co: 1-12), and  interaction term s. Bold italic values indicate significant differences a t  p  < 0 .01 . Data w as s tandard ised  and  sq u are  roo t transform ed; 
resem blance w as ca lcu la ted  using Bray-Curtis. 
doi:10.1371 /journal.pone.0020094.t001
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T a b le  2 . Dominance list o f nematode genera per station.

G 1000 % G 700 % W 1 0 0 0 % W 7 0 0 %

Sabatieria 27.0 Sabatieria 16.2 Leptolaim us 14.4 Astom onem a 10.3

Halalaimus 4.9 Syringolaimus 8.2 M olgo la im us 13.5 Halalaimus 8.9

Acantho la im us 4.5 Halalaimus 6.8 Acantho la im us 9.1 Acantholaim us 7.0

Cervonema 3.6 Trefusia 4.5 Halalaimus 5.1 Sabatieria 4.5

Syringolaimus 3.5 Acantho la im us 3.8 M icrolaim us 5.0 Terschellingia 3.9

Viscosia 3.0 M etadesmolaimus 3.1 M onhystre lla 4.9 M etasphaerolaimus 3.4

Trefusia 2.6 Cervonema 2.8 Syringolaimus 4.5 M etadesmolaimus 2.7

Setosabatieria 2.3 M etadasynemella 2.2 Desmoscolex 3.7 aff. Nannolaim us 2.3

Actinonem a 2.3 Actinonem a 2.1 Sabatieria 3.5 Actinonem a 2.2

M olgolaim us 2.0 Desmodora 2.0 Cervonema 3.2 Cervonema 2.0

Setosabatieria 2.0 Campylaimus 2.5

G enera w ith ab u n d an ce  -2%i. Mean values p resen ted  here based  on relative abundances  correc ted  for slice density  differences. 
doi:10.1371 /journal.pone.0020094.t002

higher (1054-1426 ind. 10 c m " ',  89 .2 -276 .8  pg dwt) in the 
W hittard  an d  Gollum  area  com pared to values reported  for areas 
such as the Iberian  M argin or the M ed iterranean  Sea a t similar 
depths (see Soltwedel [57] for review), bu t similar to values 
observed previously along the Celtic M argin  [58,61], In  contrast, 
at the G oban  Spur, in betw een the Gollum  and  W hittard  area, 
V anaverbeke et al. [62] found m eiofauna densities o f 612 and  619 
ind. 10 cm ~ at 670 and  1034 m  dep th  respectively an d  suggested 
that lower O M  input was responsible for the lower densities 
com pared to neighbouring areas th a t receive h igher am ounts o f 
phytodetritus. O n  a  global scale, the Gollum  an d  W hittard  stations 
exhibit m uch greater m eiobenthic standing stocks w hen com pared 
to trenches/canyons and  similar dep th  zones [60], E nhanced  
accum ulation o f O M  in topographically enclosed areas o r can y o n / 
channel structures is a  well-known phenom enon  [5,6,60,63,64], 
and  is often seen to result in  benthic abundance an d  biomass 
hotspots [11,60,65,66,67]. For the Gollum  and  W hittard  area, the 
positive control o f food sources on  m eiofauna standing stocks is 
illustrated by the strong correlations o f nem atode densities and

biomass with the quality and  bioavailability o f  the O M  (Table 6) 
and  the high contributions o f freshness (chl-a:phaeo) and  
C P E :T O C  in explaining variation  o f total nem atode densities 
and  biomass (Table S6). How ever, the correlations were m ore 
frequent and  stronger in the Gollum  C hannel w here currents are 
capable o f producing  significant turbidity  com pared  to the 
W hittard  study area, w here hydrodynam ic d isturbance is less 
intense an d  less frequent [26,33,35]. This suggests that the relation 
betw een nem atode abundance an d  biomass, an d  quantity , quality 
and  bioavailability o f the present food is stronger when 
hydrodynam ic d isturbance is greater, providing that the distur
bance is no t o f  such proportions that it is able to preclude the 
establishm ent o f  m eiobenthic com m unities. Interestingly, Bian- 
chelli et al. [12] suggested for the Bari C anyon (Adriatic Sea) that 
the trophic relations in canyon sediments are  tightly connected 
with the hydrodynam ic conditions an d  th a t such a  relation 
becom es tighter as the hydrodynam ic forcing increases. Even 
though this hypothesis needs to be  substantiated by m ore 
observations from  different canyon and  channel systems, it

T a b le  3. Results from  analysis o f similarities and species contributions (SIMPER).

SIM PER  s im ila r ity  {% , c o n tr ib u tio n  > 4 % )

Gollum 51.5 W hittard 53.8 700 m 49.9 1000 m 55.5

Sabatieria  14.5 Sabatieria 5.5 Sabatieria 9.7 Sabatieria 10.1

Trefusia 5.9 Syringolaimus 5.4 Astom onem a 5.2 Syringolaimus 5.9

Syringolaim us  5.0 M onhystre lla 4.8 Syringolaimus 4.4 M icrolaim us 5.5

Astom onem a 4.8 Trefusia 4.0 M onhystrella 5.1

Leptolaimus 4.7 Leptolaim us 4.5

M icrolaim us 4.5 Halalaimus 4.5

Halalaimus 4.5 Acantho la im us 4.4

Trefusia 4.3

SIM PER  d is s im ila r ity  (% , c o n tr ib u tio n  > 3 % )

Gollum vs. W hittard 59.4 700 m vs. 1000 m 57.5

Sabatieria  4.9 Astom onem a 4.9

Astom onem a  4.6

Individual g en u s  cu t-o ff level w as 4% fo r similarity analysis, 3% for dissimilarity 
doi:10.1371 /journal.pone.0020094.t003

analysis.
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T a b le  4 . Results from univariate PERMANOVA analysis for 
differences in biomass.

S ource d f SS M S Pseudo-F P (p erm ) perm s

Ca 1 200.88 200.88 31.914 0 .0 2 7 261

WD 1 13.274 13.274 0.21089 0.605 258

CaxWD 1 30.117 30.117 47.848 0.096 263

Res 4 25.178 62.944

Total 7 257.5

PERMANOVA te s t for biom ass data  (rig dw t) b e tw een  canyon areas (Ca: Gollum 
and  W hittard), w ate r d ep th s  (WD: 700 and 1000 m), sed im en t d ep th s  (SD: 1, 2, 
3, 4, 5 cm), cores (Co: 1-12), and  interaction term s. Data w as fourth -roo t 
transform ed; resem blance was calculated using Bray-Curtis. Bold values indicate 
significant differences a t p < 0 .05 . 
doi:10.1371 /journal.pone.0020094.t004

corroborates the Dynam ic E quilibrium  M odel and  there  are o ther 
indications for its validity. D isturbance o f deep-sea, soft-bottom  
com m unities at an  interm ediate level, i.e. w hen no t detrim ental to 
the sustenance o f the com m unity, can explain high benthic 
standing stocks because o f the replenishm ent o f available food 
sources th rough  cycles o f resuspension an d  deposition o f O M  [68].

H igher rates o f hydrodynam ic d isturbance m ay therefore enhance 
food availability and  intensify the positive relation betw een food 
sources in the sedim ent and  benthic standing stocks. A nother 
possible explanation for the high m eiofauna num bers an d  biomass 
at the Gollum  and  W hittard  stations m ay be the w arm ing 
influence o f the M ed iterranean  Outflow  W ater (M O W , [33]) and  
its positive effect on  bacterial biomass production . Since m any 
deep-sea nem atodes are specific bacteria  feeders o r general 
m icrobial feeders, enhanced  bacterial biom ass under the influence 
o f the w arm er and  m ore saline M O W  com pared to o ther locations 
at similar depths, m ay result in an  increase o f suitable organic food 
sources an d  lead to greater standing stocks [69].

T h e  C :N  ratio can give an  indication of w hether the 
sedim entary O M  is derived from  a  terrestrial source o r w hether 
it is o f a  m arine origin. How ever, preferential rem oval o f labile, 
proteinaceous (i.e. N-rich) m arine O M  during  degradation 
processes m ay also lead to h igher C :N  ratios. A t station G1000 
and  W 700, C :N  values were very high, indicating the presence of 
either large am ounts o f terrigenous m aterial o r highly degraded 
O M . O u r sam pling sites are not located n ear a  river system from 
w hich they could receive substantial fluvial export, as is the case 
for o ther canyon systems such as the N azaré an d  Setúbal canyons 
at the Portuguese M argin. It is therefore very likely th a t enhanced  
degradation  of the O M  at these stations is responsible for the high

T a b le  5 . Structural and functional diversity indices per sediment layer and total per station.

Site S e d im e n t d e p th  (cm ) T D  ( ® -1 ) Ho H 1 h 2 Hinf EG (51)

G 700 0-1 3.67 86 67.0 52.3 20.2 39

G 700 1-2 3.20 63 43.4 29.5 9.3 24

G 700 2 -3 3.26 70 53.4 38.8 10.6 34

G 700 3 4 3.07 45 37.7 31.2 12.7 45

G 700 4 -5 2.83 45 36.1 29.2 11.8 33

G 700 0 -5 3 .7 8 127 4 6 .8 2 0 .8 6 .2 27

G1000 0-1 3.63 70 54.7 44.7 19.5 37

G1000 1-2 2.72 57 39.2 24.4 6.9 26

G1000 2-3 2.62 58 42.5 27.1 7.2 29

G1000 3 4 2.58 49 35.9 25.1 7.6 27

G1000 4 -5 3.20 52 38.8 29.3 10.9 25

G 1000 0 -5 3 .4 3 108 3 3 .5 11 .5 3 .7 2 6

G o llu m 3.6 7 152 4 3 .8 15 .9 4 .6 2 6

W700 0-1 3.39 73 57.7 45.0 16.0 39

W700 1-2 4.00 84 65.8 52.8 19.9 33

W700 2-3 4.21 62 46.4 33.8 11.5 32

W700 3 -4 3.58 42 29.7 20.4 7.4 26

W700 4 -5 2.96 37 22.1 13.5 4.9 14

W 7 0 0 0 -5 4 .3 7 112 5 0 .8 2 8 .2 9 .7 30

W1000 0-1 2.78 50 34.9 25.4 10.9 27

W1000 1-2 3.12 56 40.1 29.8 12.1 27

W1000 2-3 3.57 43 30.7 23.1 10.7 25

W1000 3 -4 3.70 40 33.0 28.2 12.8 30

W1000 4 -5 3.29 35 28.4 23.8 12.2 31

W 1 0 0 0 0 -5 3 .1 0 8 4 2 7 .6 15 .7 6 .9 21

W h itta rd 3 .7 5 132 4 8 .7 2 8 .3 1 2 .4 29

G o llu m -W h itta rd 3 .8 6 181 5 3 .9 2 6 .8 7.8 29

Com m unity ab u n d a n ce  data  w as averaged  over replicates. For to tal values, relative abu n d an ces  w ere  first correc ted  for density  differences per sed im en t layer. 
doi:10.1371 /journal.pone.0020094.t005
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Figure 5. Distance-based redundancy (dbRDA) bubble plot illustrating the DISTLM model based on the genera assemblage data  
and fitted environm ental variables with their vector (strength and direction of effect o f the variable on the ordination plot). Axis 
legends include % of variation explained by the  fitted m odel and % of total variation explained by the  axis. Relative abundance  o f the  
'chem osynthetic ' Astom onem a  nem atodes is visualised by the  size of the  circles, including the  value of their relative abundance  in each sam ple. Chl-a: 
chlorophyll a, CPE: chloroplastic p igm ent equivalents, Chl-a:phaeo: chlorophyll a divided by its degradation  products (phaeophytines) indicating 
'freshness' of the  phytodetrital OM, TN: total nitrogen con ten t, TOC: total organic carbon con ten t, C:N: molar carbon-nitrogen ratio, Chl-a:TOC: 
chlorophyll a divided by total organic carbon co n ten t indicating bioavailability o f the  bulk OM, CPE:TOC: total p igm ent derived m atter relative to  the  
bulk OM, VW Mean: volum e w eighted m ean grain size. 
doi:10.1371/journal.pone.0020094.g005

C :N  ratios observed. E nhanced  aerobic decay o f high organic 
loads m ay lead to reducing conditions and  lim ited oxygen 
availability, and  ultim ately lower infauna abundances and  biomass 
beyond expected for the observed food input [23,70,71], bu t also 
change the com position o f the resident fauna. This is illustrated by 
the biogeochem ical conditions a t station W 700. Even though 
sediments at W 700 displayed greatest levels o f  T O C  and  C PE and  
highest chl-a:phaeo and  ch l-a :T O C  values (Tig. 2, 3), m eiofauna 
densities an d  nem atode biom ass were not h igher com pared to the 
o ther stations (Fig. 2), possibly due to oxygen lim itation in the 
sediment. Fu rther argum ents for this are given in the discussion of 
the nem atode com m unity assemblage o f station W 700.

C u rren ts  p referen tia lly  tran sp o rt finer g ra ined  sedim ents, 
causing the rem ain in g  sedim ent to becom e relatively coarser 
[72]. T h is is in ag reem en t w ith coarser sedim ents be ing  p resen t 
a t the  G ollum  stations com p ared  to the W h itta rd  stations w hen 
considering  cu rren t activity  in these areas, an d  reflects the 
G ollum  C h an n e l’s role as p referen tia l condu it for the  tran sp o rt 
o f  sedim ent from  shelf dep ths to the deep  sea. Since cu rren ts in 
the  G ollum  C hannels a re  able to tran sp o rt the  ligh ter sedim ent 
fractions dow n canyon, the  u p p e r reaches o f this ch annel system 
will be  ch aracte rised  by  the  coarser rem ain in g  fraction , as 
illustra ted  by  the  g ra in  size differences betw een  G 700 an d  
G 1000 (Fig. 3). F o r the  G ollum  stations, nem ato d e  densities an d  
biom ass w ere negatively co rre la ted  w ith sand  co n ten t o f the 
sedim ents. Flowever, we expect th a t this is no t pu re ly  a  causal 
re la tion  b u t ra th e r  a  result o f  a  decrease  in g rain  size w ith 
sedim ent d ep th  coincid ing  w ith decreasing  n em atode  a b u n 
dance  a n d  biom ass.

N e m a to d e  c o m m u n i ty  s t ru c tu re  a n d  func t ion ,  a n d  the i r  
re la tion  w ith  e n v iro n m e n ta l  co n d i t io n s

T h e  generic assemblages were significantly different betw een 
the Gollum  and  W hittard  stations, betw een 700 and  1000 m  w ater 
depth, and  betw een individual stations (Table 1). Furtherm ore, 
nem atode com position differed significantly betw een different 
sedim ent layers (Table 1), w hich was the m ost im portan t factor 
across canyons an d  w ater depths as indicated by the estim ated 
com ponents o f variation (Table 1) and  illustrated in the M D S plot 
(Fig. 4). T h e  contrasting com m unity differences betw een sediment 
layers suggest that biogeochem ical gradients in the sedim ent have 
a greater im pact on  nem atode com m unity structure than  gradients 
related to canyon area, w ater depth, and  station differences. 
M oreover, assem blage differences in  the deeper sedim ent layers 
were m ore pronounced  th an  a t the surface, a  p a tte rn  th a t was also 
observed for the N azaré, Cascais an d  Setúbal canyons and  the 
open slope a t the Portuguese M argin  [11,66]. T h e  prevailing effect 
o f  sedim ent dep th  is m ost p robably  related  to the differential 
ability o f different genera to reside in o r penetrate  different 
sedim ent layers and  has been  associated w ith oxygen availability in 
the sediments [23,70], Striking in this respect is the occurrence o f 
high num bers o f Astomonema southwardorum at station W 700 and  
G 1000, especially in the deeper sediment layers. N em atodes o f the 
genus Astomonema have a degenerated  alim entary canal; they posses 
no m outh, no buccal cavity, nor pharynx, and  they have a 
rud im entary  gut containing m icro-organism s [73,74,75,76], ETntil 
now, -4. southwardorum h ad  only been  found in a  m ethane seep 
pockm ark in the N orth  Sea [73]. M outhless an d  gutless nem atodes 
carrying endosym bionts have been  observed previously in near-
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T a b le  6 . Kendall-Tau correlation coefficients between biotic and abiotic variables.

P aram eter  C hl-a CPE C h l-a :p h a eo  TN TOC C:N Chl-a:TOC CPE:TOC C lay % S ilt % S a n d  %

G ollu m

Nem aDens 0 .653 0 .835  0 .5 4 4  0 .6 0 0  0.378 0.244 0 .5 9 9  0.740  0.333 0 .511  - 0 . 5 5 6

C hem os. RA -0 .2 1 6 -0 .1 6 2 -0 .3 3 9 0.479 0 .6 3 0 0 .5 8 0 -0 .2 7 8 -0 .271 0.731 0.428 -0 .3 7 8

NemaBiom 0 .5 4 4  0.692  0 .5 4 4  0.467 0.244 0.111 0 .4 9 0  0.692  0.289 0.467 - 0 .5 1 1

Chem os.
Biomass

0.031 0.054 -0 .0 9 3 0 .5 8 0 0.731 0 .5 8 0 -0 .031 -0 .0 5 4 0 .6 3 0 0 .6 3 0 - 0 .5 8 0

TD 0.435 0.358 0.435 -0 .0 6 7 0.067 0.022 0 .4 9 0 0.454 -0 .1 5 6 -0 .0 6 7 0.022

H0 0 .5 8 5 0 .6 3 5 0 .5 8 5 0.159 0.114 0.159 0.640 0.733 0.068 0.159 -0 .2 0 5

H, 0 .5 9 9  0.645  0 .5 9 9  0.111 0.067 0.111 0.653  0.740  0.022 0.111 -0 .1 5 6

EG (51) 0.109 0.072 0.000 -0 .2 0 0 -0 .2 4 4 -0 .0 2 2 0.054 0.072 -0 .3 7 8 -0 .2 0 0 0.156

W h ittard

N em aDens 0.368 0.405 0 .5 2 9 0.200 -0 .1 5 6 -0 .2 4 4 0 .5 5 2 0 .4 9 4 - 0 .6 4 4 -0 .0 2 2 0.022

Chem os. RA 0.420 0.290 0.162 0.406 0.835  0 .788  0.222 0.193 0.215 0 .501  - 0 .5 0 1

NemaBiom 0 .5 0 6 0 .5 3 9 0 .5 2 9 0.378 0.111 0.022 0 .5 0 6 0 .5 3 9 -0 .4 6 7 0.244 -0 .2 4 4

Chem os. 0.469 0.338 0.217 0.358 0.788 0 .740  0.272 0.145 0.263 0.454 - 0 .5 4 9
Biomass

TD -0 .0 4 6 0.090 0.227 0.200 0.289 0.378 -0 .2 3 0 -0 .0 9 0 0.244 0.422 -0 .4 2 2

H „ 0.460 0 .4 9 4  0 .5 8 0  0.289 0.022 -  0.067 0.368 0.405 -  0.378 0.244 -  0.244

H i 0.368 0.405 0 .5 2 9 0.244 -0 .0 2 2 -0 .111 0.276 0.315 -0 .2 4 4 0.200 -0 .2 0 0

EG(51) 0.256 0.386 0 .5 1 0  0 .4 9 4  0.135 0.045 0.163 0.295 0.135 0.405 -  0.405

Chl-a: chlorophyll a, CPE: chloroplastic p igm en t equivalents, Chl-a:phaeo: chlorophyll a divided by its deg rada tion  p roducts  (phaeophytines) indicating 'freshness ' o f th e  
phytodetrita l OM, TN: to ta l n itrogen  co n ten t, TOC: to tal organic carbon con ten t, C:N: m olar ca rbon-n itrogen  ratio, Chl-a:TOC: chlorophyll a divided by to ta l organic 
carbon co n ten t indicating bioavailability o f th e  bulk OM, CPE:TOC: to tal p igm en t derived m a tte r relative to  th e  bulk OM. NemaDens: n em a to d e  abundance , Chem os. RA: 
relative ab u n d a n ce  o f th e  chem osyn thetic  Astom onem a  n em atodes , NemaBiom: to tal n em a to d e  biom ass, C hem os. Biomass: to tal b iom ass o f th e  chem osyn thetic  
Astom onem a n em atodes . Bold values d e n o te  significance a t th e  p < 0 .0 5  level. Bold, italic values d e n o te  significance a t th e  p <0.01 level. 
doi:10.1371 /journal.pone.0020094.t006

anoxic, deep-sea environm ents rich in O M  [77], bu t this is the first 
tim e that Astomonema has been recovered from  the deep-sea. T he 
genus Astomonema is m orphologically closely related to the genus 
Parastomonema, and  has been classified in the same subfamily 
A stom onem atinae [78], T h e  prokaryotic endosym bionts associat
ed with A. southwardorum a re  now  recognised to be  sulphur- 
oxidising chem olithoautotrophs, w hich reduce sulphur com pounds 
as an  energy source to provide their nem atode hosts w ith nutrition  
[74,75,79]. T h e  abundance a í  Astomonema was positively correlated 
with T O C , T N , and  C :N  values an d  the variation in its abundance 
and  biomass was m ainly explained by T O C  and  T N  content in the 
sediments (Table S6), suggesting that they are directly or indirectly 
dependent on the quantity  an d  level o f  decom position o f O M . No 
correlations with any chl-a derived variable was observed (Table 6), 
nor were there im portan t contributions o f chl-a derived variables 
in explaining its abundance and  biom ass variability (Table S6), 
indicating their independence o f fresh food sources. E nhanced  
aerobic respiration o f great am ounts o f O M  m ay lead  to reducing 
conditions w hereby anoxic m ineralisation leads to reduced 
byproducts such as sulphides. T h e  presence of the ‘chem osyn
thetic’ Astomonema at W 700 and  G 1000, w here O M  levels and  C :N  
ratios (as a  m easure o f O M  degradation) are  greatest, supports the 
idea of a  sulphidic biom e in reducing sedim ent conditions being 
present at these stations. T his is also attested by  higher Astomonema 
abundances in deeper sedim ent layers, w here oxygen availability is 
likely lower an d  the concentration  of sulphidic com pounds higher 
th an  a t the surface. Such environm ents constitute ideal habitats for 
Astomonema nem atodes to thrive in, as their endosym biotic, 
thiotrophic bacteria  m ay provide them  w ith a  competitive 
advantage over o ther feeding types. M oreover, their filiform shape

is characteristic for nem atodes in oxygen-lim ited environm ents 
and  m ay result in increased m obility, w hich enables these 
organism s to m igrate betw een anoxic patches and  parts o f the 
sedim ent w here oxygen is available a n d /o r  to bridge the gap 
betw een oxic and  anoxic patches w ith their body [23]. T he 
presence of the ‘chem osynthetic’ Astomonema at stations w ith high 
organic input is in agreem ent w ith the T R O X  m odel [22] in the 
sense that in eutrophic systems, the faunal com m unity seems 
oxygen driven as opposed to a  food-driven com m unity in 
oligotrophic conditions. Astomonema is able to exploit the reduced 
environm ent w here patchy  oxygen lim itation hinders the survival 
o f  other, less tolerant genera and  can use reduced com pounds as a 
food resource th rough  an  endosym biotic pathw ay. A com plem en
tary  explanation for the prevalence of Astomonema in deeper 
sedim ent layers could be that in  deeper layers they w ould be better 
pro tected  against possible predators. Interestingly, m any o f the 
Astomonema individuals exhibited different stages o f w ound healing 
at their posterior end, an  indication that these nem atodes are 
being preyed on, bu t have the ability to escape their attackers. 
Possibly, their long, flexible bodies enable them  to avoid being 
killed th rough  hind-body loss w hich m ay be facilitated by cuticle 
structure in o rder to survive p redation  (Tchesunov, unpublished 
data). T h e  same phenom enon of h ind-body w ound healing is 
found with typically very long Siphonolaimus individuals from  the 
W hite Sea (Tchesunov, unpublished data).

D om inant genera differed greatly betw een stations (Table 2). 
W hilst Sabatieria consistently dom inated  at the Gollum  stations, the 
nem atode assemblage a t W 700 was controlled by the genus 
Astomonema and  at W 1000 by the genera Leptolaimus and  
Molgolaimus (Table 2). M any Sabatieria species are adap ted  to
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exploit newly available habitats o r resources [13,80] and  are 
typically found in unpredictable and  variable environm ents 
[38,81]. T h e  dom inance of Sabatieria a t the disturbed and  
h y d ro d y n a m ica ^  active Gollum  stations is thus no t surprising. 
In  contrast, Leptolaimus an d  Molgolaimus, the dom inan t genera at 
W 1000, are usually no t regarded as opportunistic b u t ra ther as 
persisters (cf. definitions sensu Bongers e t al. [82]) and  are not 
considered able to endure intense sedim ent d isturbance [80]. This 
suggests th a t sediments a t this station are m uch m ore stable and  
less d isturbed com pared  to those a t the Gollum  stations, w hich is 
confirm ed by our knowledge on hydrodynam ic activity in these 
areas [33]. O n  the o ther hand, ex-situ colonisation experim ents 
investigating the ability o f  nem atodes to actively colonise 
defaunated  sediments revealed th a t Leptolaimus nem atodes m ay 
be considered active colonisers [83]. How ever, the Sabatieria and  
Leptolaimus species found to colonise the defaunated  sediments [83] 
often occur in deeper, hypoxic to anoxic sedim ent layers [84], 
M oreover, the defaunated  sediments used for the experim ent 
originated from  deeper sedim ent layers (> 8  cm  depth) and  
biogeochem ical characteristics such as oxygen availability m ay 
have been  different com pared to natu ral surface and  subsurface 
sediments. H ence, the preferential m igration o f Leptolaimus to the 
defaunated  sediments m ay have been  triggered by the biogeo
chem ical properties o f the substratum  used.

G enus richness (Hq) at all four stations (84—127 genera) was very 
high in com parison with reported  values by V anaverbeke et al. [62] 
for similar depths a t the G oban  Spur (45-60). Even when 
com paring H q from  the present study w ith values from  a cold- 
w ater coral hab ita t in the Porcupine Seabight [85], w hich is globally 
considered one o f the m ost diverse nem atode habitats [86], genus 
richness is still m oderately h igher a t the Gollum  and  W hittard  
stations (91-106 and  84-127 for the cold-water coral hab ita t and 
the present study, respectively). For the Gollum  area  strong positive 
correlations were found betw een Hq, Hq  and  chl-a, CPE, chl- 
a:phaeo, and chl-a :T O C , indicating th a t structural diversity is 
related to the quality an d  bioavailability o f  the O M  present 
(Table 6). In  contrast, correlations in the W hittard  area were m uch 
less p ronounced  o r no t significant. This suggests th a t the underlying 
causes for structural nem atode diversity have a  differential effect in 
these two study areas. M ore im portandy, it indicates th a t diversity in 
the Gollum  C hannels m ay be m ore dependent on  the trophic 
conditions (i.e. quantity, quality, and  bioavailability o f the O M ) than 
is the case for the W hittard  area. T his difference m ay reflect the 
differential hydrodynam ic regimes in the two areas. It suggests that 
increased hydrodynam ic activity, as in  the Gollum  Channels, 
enhances the relation betw een structural diversity an d  food quality 
and  availability, as was the case for nem atode abundance and 
biomass. F rom  this perspective, the interm ediate disturbance 
hypothesis, w hich is generally applicable to deep-sea comm unities 
[68], can be evoked. An interm ediate disturbance frequency m ay 
prom ote high diversity, providing there  is enough time betw een 
disturbance events for species to colonise and  establish themselves in 
the new  habitats. T oo  m uch tim e betw een disturbance events, and 
competitive interactions an d  exclusion m ay cause diversity to 
decline. C om bined with enhanced food availability because of 
cycles o f resuspension an d  deposition caused by recurring 
hydrodynam ic disturbance, these factors m ay explain the tighter 
positive relation betw een nem atode structural diversity and  trophic 
conditions in sediments a t the Gollum  stations com pared to the 
W hittard  C anyon.

N em atode trophic diversity (TD) was correlated with chl-a:T O C  
a t the Gollum  stations and  this was no t the case for the W hittard  
stations. This m ay imply th a t T D  is differentially influenced by 
trophic conditions w hen com paring bo th  areas. How ever, the lack

o f correlations betw een T D  an d  o ther trophic param eters suggests 
that, if such a  contrast is even present, it occurs to a  m uch lesser 
extent. Both structural and  trophic diversity were lower a t the 
deeper stations than  a t the shallower stations w ithin each study area, 
and  bo th  seemed to be  controlled to some extent by trophic 
conditions (see D IS T L M  results, T able  S6), som ething w hich is also 
supported by the observation th a t the quality o f food a t the deeper 
stations is lower th an  a t the shallower stations (Fig. 2, 3). O n  the 
o ther hand, the high am ounts and  freshness o f the O M , and  the 
prevalence o f Astomonema a t W 700 (resulting in a  high T D  and 
indicative o f the use o f reduced com pounds as food source) agree 
with the principle o f m ore trophic levels being present w hen food 
input is greater [87]. This is also confirm ed by higher T D  a t sites 
with higher organic input caused by greater relative abundances 
and  biomass o f predators/scavengers [11]. W ith this in m ind, it can 
be argued that the ecofunctional im portance of Astomonema in the 
com m unity is transferring the energy contained in available sulphur 
com pounds into nem atode biomass so th a t the high trophic 
complexity o f the com m unity is sustained by providing a  food 
source to nem atode predators/scavengers and  m acrofauna. T he 
presence of Astomonema as a  result o f local trophic conditions 
indicates the im portance o f small-scale heterogeneity and  biogeo
chem ical patterns along the vertical sedim ent profile for structural 
and  trophic diversity in canyon environm ents.

Supporting Information
Figure SI Draftsman plot or scatter plot matrix of 
environmental variables to assess collinearity between 
environmental variables. Chl-a: chlorophyll a, CPE: chloro- 
plastic pigm ent equivalents, Chl-a:phaeo: chlorophyll a  divided by 
its degradation  products (phaeophytines) indicating ‘freshness’ o f 
the phytodetrital O M , T N : total n itrogen content, T O C : total 
organic carbon  content, C:N: m olar carbon-nitrogen ratio, Chl- 
a :T O C : chlorophyll a  divided by  total organic carbon  content 
indicating bioavailability o f the bulk O M , C P E :T O C : total 
pigm ent derived m atter relative to the bulk O M , V W  M ean: 
volum e w eighted m ean  grain size.
(EPS)

Table SI Results from univariate PERMANOVA analy
ses for differences in sedimentary abiotic variables.
PE R M A N O V A  test for canyon areas (Ca: Gollum  and  W hittard), 
w ater depths (WD: 700 an d  1000 m), sedim ent depths (SD: 1, 2, 3, 
4, 5 cm), cores (Co: 1-12), and  interaction term s. Chl-a: 
chlorophyll a, CPE: chloroplastic pigm ent equivalents, Chl- 
a:phaeo: chlorophyll a  divided by its degradation  products 
(phaeopigments) indicating ‘freshness’ o f the phytodetrital O M , 
C hl-a:T O C : chlorophyll a  divided by total organic carbon  content 
indicating bioavailability o f the bulk O M ; T O C : total organic 
carbon, T N : total nitrogen, C:N: m olar ca rb o n /n itro g en  ratio, 
M ean  grain size: volum e weighted grain size. D a ta  was 
norm alised; resem blance was calculated using Euclidean D istance. 
Bold values indicate significant differences a t p  < 0 .0 5 , bold italic 
values indicate significant differences a t p  < 0 .0 1 .
(DO CX)

Table S2 Meiofauna taxa abundances per sediment 
layer. Values denote m eans o f replicates (ind. 10 cm -2 ). St. 
Dev.: standard  deviation. G1000: Gollum  C hannel a t 1090 m 
depth, G700: Gollum  C hannel a t 755 m  depth, W 1000: W hittard  
C anyon a t 1160 m  depth, W 700: W hittard  C anyon a t 762 m  depth. 
(DO CX)

Table S3 Results from pair-wise multivariate PERMA
NOVA analyses for differences in nematode community
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structure. PE R M A N O V A  pair-wise com parisons w ithin each of 
the C a x W D  xSD  levels as p a rt o f  the repeated  m easures analysis, 
including M onte-C arlo  perm utation  p  values (P(MC)). T h e  p a ir
wise com parisons give an  indication of the individual contribution 
to the significant three-w ay interaction term  (C ax W D x S D ) with 
differences betw een canyon areas (Ca: Gollum  and  W hittard), 
w ater depths (WD: 700 and  1000 m), sedim ent depths (SD: 1, 2, 3, 
4, 5 cm). D a ta  was standardised an d  square roo t transform ed; 
resem blance was calculated using Bray-Curtis. Bold values 
indicate significant differences a t p  < 0 .0 5 .
(DO CX)

Table S4 Spearman correlation coefficients between 
environmental variables. Chl-a: chlorophyll a, CPE: chloro- 
plastic pigm ent equivalents, Chl-a:phaeo: chlorophyll a  divided by 
its degradation  products (phaeophytines) indicating ‘freshness’ o f 
the phytodetrital O M , T N : total n itrogen content, T O C : total 
organic carbon  content, C :N: m olar carbon-nitrogen ratio, Chl- 
a :T O C : chlorophyll a  divided by total organic carbon  content 
indicating bioavailability o f the bulk O M , C P E :T O C : total 
pigm ent derived m atter relative to the bulk O M .
(DO CX)

Table S5 Distance-based linear model (DISTLM) for 
genera assemblages and selected environmental vari
ables. Variables: Selected environm ental variables used to calculate 
the optim um  model. M arginal tests: explanation of variation for each 
variable taken alone. Sequential tests: conditional tests o f  individual 
variables in constructing the model. Each test examines whether 
adding the variable contributes significandy to the explained 
variation. Selection procedure: step-wise, selection criterion: adjusted 
R 2. Prop.: % variation explained. Cumul.: cumulative variation 
explained. Chl-a: chlorophyll a, CPE: chloroplastic pigm ent 
equivalents, Chl-a:phaeo: chlorophyll a  divided by its degradation 
products (phaeophytines) indicating ‘freshness’ o f the phytodetrital 
O M , TN : total nitrogen content, T O C : total organic carbon content, 
C:N: m olar carbon-nitrogen ratio, C hl-a:TO C : chlorophyll a  divided 
by total organic carbon content indicating bioavailability o f the bulk 
O M , C PE :TO C : total pigm ent derived m atter relative to the bulk 
O M , M ean grain size: volume weighted m ean grain size.
(DO CX)
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