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Abstract
The addit ion  o f  iron to  h igh-nutrient  low-chlorophyll (HNLC) ocean ic  w aters  stimula tes  phy top lank ton ,  leading to  g rea ter  
primary production .  Large-scale artificial o cean  iron fertilization (OIF) has been  p ro p o sed  as a m eans  of mitigating 
a n th ro p o g e n ic  a tm o sp h e r ic  C 0 2, b u t  its impacts  on  o cean  ecosystem s be low  th e  photic  zone  are unknown. Natural OIF, 
th ro u g h  th e  addit ion  o f  iron leached from volcanic islands, has b e en  show n  to  e n h a n c e  primary productivity a n d  carbon  
export  an d  so can  be used to  s tudy  th e  effects o f  OIF on  life in th e  ocean. We c o m p a red  tw o  closely-located de ep -se a  sites 
(~ 4 0 0  km apar t  and  bo th  a t  ~ 4 2 0 0  m w a te r  d ep th )  to  th e  East (naturally iron fertilized; +Fe) and  South (HNLC) o f  th e  
Crozet Islands in th e  so u th e rn  Indian Ocean. Our results su g g e s t  th a t  long-term  g eo -eng ineer ing  o f  surface ocean ic  waters  
via artificial OIF would  lead to  significant c h an g e s  In de ep -se a  ecosystem s.  We found  th a t  th e  +Fe area  had g re a te r  supplies 
of  o rgan ic  m a t te r  Inputs to  th e  seafloor, Including po lyunsa tu ra ted  fatty acid and  caro teno ld  nutrients. The +Fe site also had 
g rea te r  densi ties  and  b iom asses  o f  large de ep -se a  animals with lower levels of ev en n ess  In c o m m u n i ty  s tructuring. The 
species com pos it ion  was also very different, with th e  +Fe site show ing  similarities to  eu tro p h lc  sites In o th e r  o cean  basins. 
Moreover,  major differences occurred  in th e  taxa a t  th e  +Fe and  HNLC sites revealing th e  crucial role th a t  surface oceanic  
condit ions play In ch ang ing  a n d  structuring  de ep -se a  ben th ic  comm unities .
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Introduction

Artificial ocean iron  fertilization (OIF) o f high nu trien t low 
chlorophyll (HNLC) oceanic waters and  subsequent carbon 
draw dow n [1] could provide a  contribution  to m itigation of 
anthropogenic atm ospheric C 0 2 [2,3,4], Artificial O IF  involves 
the seeding o f surface H N L C  waters w ith iron, for exam ple as 
F e S 0 4 [5]. How ever, the im pacts o f large-scale m anipulation  of 
oceanic waters on  pelagic an d  benthic ecosystems are unknow n 
[1,6], W hile spatial and  tem poral variations in total biomass and  
gross taxon com position o f deep-sea m etazoan m acrofauna and  
m egafauna appear to reflect changes in upper ocean conditions 
[7,8,9], the relationship betw een species distributions an d  surface 
ocean productivity is no t understood. This inform ation is vital in 
assessing the consequences o f large-scale m anipulations o f  surface 
ocean productivity an d  carbon  sequestration by  artificial O IF  [10],

T h e  Southern  O cean  is the largest H N L C  region on E arth. 
W ithin  this expanse, there are hotspots o f p rim ary  productivity 
during  the Austral spring an d  sum m er. T hese occur in  areas o f 
na tura l O IF , th rough  the en tra inm ent o f dissolved iron  leached 
from  isolated oceanic islands, such as a t the K erguelen an d  Crozet 
Plateaus [11,12]. T h e  chem ical form  of na tura l iron differs from

F e S 0 4; while its precise chem istry is no t well understood, a  large 
fraction is likely to be com plexed by hum ic m aterials o r o ther 
ligands [13,14], Fe enrichm ent over the light-lim ited w inter period 
to the n o rth  an d  east o f the C rozet P lateau (48"S 56"E) in the 
Southern  Ind ian  O cean , leads to a  seasonal phytoplankton bloom  
w hen solar irradiance increases and  the critical dep th  exceeds that 
o f  the m ixed layer due to the onset o f stratification in the spring. 
T h e  spatial extent o f the b loom  is controlled by a  sem i-perm anent 
m eander in the Sub-A ntarctic F ron t (Fig. la), while the w ater 
circulation is such that south o f C rozet H N L C  conditions prevail 
[15]. SeaW IFs images confirm  that the hotspots o f prim ary 
production  stim ulated by na tura l iron fertilization occur consis­
tently from  year to year [12,16] and  it is likely that these seasonal 
high productivity regions have persisted th roughout the H olocene
[17].

T h e  C rozet P lateau provides an  ideal opportunity  to study the 
im pact o f  nu trien t enrichm ent in surface waters on the ecology of 
the deep-ocean floor. Studies o f upper ocean biogeochem istry in 
the Austral sum m er of 2004/2005  [11,12] confirm ed enhanced  
prim ary  productivity in surface waters to the no rth  and  east o f  the 
C rozet P lateau stim ulated by iron enrichm ent. Sedim ent traps 
deployed over periods o f ~ 1 2  m onths from  D ecem ber 2004 to
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Figure 1. Location maps of the +Fe and HNLC sites w ith respect
to: a. m onth ly  (O ctober 1998) SeaWiFS chlorophyll (mg rrV 3) 
distribution, show ing a typical spring bloom  to  th e  north of th e  Crozet 
Plateau (adapted from Ref. 15), with th e  m eander of the  Sub-Antarctic 
Front indicated by parallel black lines, b. W ater d ep th  (km) in the  
corresponding Crozet region (derived from the  General Bathymetric 
Chart o f th e  Oceans, Centenary Edition). 
doi:10.1371/journal.pone.0020697.g001

Ja n u a ry  2006 [12,18] indicated enhanced  export o f carbon  to the 
deep ocean, n o rth  and  east o f the C rozet Islands [11,12]; the 
annual carbon  flux at ~ 3 0 0 0  m  w ater dep th  in iron-enriched 
waters was —2.5 x  greater th an  the flux in  H N L C  waters south o f 
the P lateau [12] during  this period.

W e undertook an  intensive research program m e during the 
Austral sum m er o f 2 005 /2006  a round  the C rozet Islands in the 
Southern  O cean  [19], to test for the first tim e our hypothesis that 
abyssal benthic ecology is influenced by natural O IF . W e chose 
two sites, +Fe and  H N L C  (460 km  apart), a t the same w ater depth  
(~ 4 2 0 0  m) and  in similar geom orphological, hydrographic and  
sedim entary settings w ith no physical barrie r betw een them  
(Fig. lb) [20], T h e  two sites are alm ost identical in their 
environm ental characteristics ap art from  the productivity o f 
overlying surface waters. T h e  absence o f geom orphological and  
hydrographic barriers betw een the two sites ensured that there are 
no constraints on  the dispersal o f  fauna, o ther th an  that which 
m ight be  related  to surface w ater productivity. W e m easured 
fluxes o f organic m atter in the w ater colum n, with a  specific aim  of 
assessing the com position and  quality o f the sinking particulate 
organic m atter. W e investigated the m egabenthos (> 4  cm  and  
large enough to be seen in bo ttom  photographs; [21]) by  m eans o f 
trawls and  video transects. These fauna, in particu lar holothurians, 
are a  good group to use to investigate the influence o f productivity 
from  surface waters because they feed alm ost exclusively on  freshly 
deposited detritus on  the seafloor [22]. T he holothurians dom inate 
the deep-ocean m egabenthos, sometimes accounting for up  to 
95% of individuals [22]. T h e  ophiuroids a re  ano th er im portant

group, w hich feed on a variety o f substrates [23]. M acrofauna are 
not included, because we were unable to collect sufficient samples, 
while results for the m eiofauna and  fish are reported  elsewhere 
[19,20],

Materials and Methods

A com prehensive account o f sam pling activities is given in the 
R R S  Discovery cruise 300 Cruise R eport [19] together w ith a 
narrative and  full station list. W e sum m arise relevant sam pling 
activities in T able  1.

2.1. Collection o f samples
2 .1 .1 . Fauna. Sam pling o f m egafauna was undertaken w ith a 

sem i-balloon otter traw l (OTSB 14) [24] with a  w ing-end spread of 
8.6 m. W hile being towed on the bo ttom  at nom inal speeds o f 
0.75 ms *, the height o f  the net from  the footrope to the headline 
is ~ 1 .5  m. C ontact o f the net with the seafloor, an d  hence 
estim ates o f the a rea  fished, was assessed by changes in wire 
tension during  traw ling operations. C atches were im m ediately 
sorted into m ajor taxa and  fresh wet weight biom ass determ ined 
by batch  weighing using a m arine bench  balance. Specim ens for 
biochem ical analysis w ere transferred to a  cold room  (4"C) and  
im m ediately dissected an d  samples frozen (—70"C). O th er 
m aterial was subsequently fixed in 5% borax-buffered seawater 
form aldehyde and  later (3-5 days) transferred  to 80% Industrial 
D enatu red  Alcohol. C om parisons o f relative biomass com position 
betw een the two C rozet sites and  w ith a  site on the Porcupine 
Abyssal Plain (north-eastern Atlantic O cean) were carried  out by 
cluster analysis using the P R IM E R  6 software [25]. D a ta  were 
com piled for m ajor holothurian  families (Synallactidae, Elpidiidae, 
Psychropotidae, Deim atidae), com bined ‘o ther holo thurians’ and  
com bined ‘o ther invertebrates’, standardised (converted to 
p roportion  o f total catch), B ray-Curtis similarities calculated, and  
a group-average clustering strategy em ployed to p roduce a 
dendrogram .

2 .1 .2 . S ea-bed  p h otograp h y . T he W ide-Angle Seabed 
Photography system (WASP) was used to provide sea floor 
photographs. W ASP is a  self-contained, off-bottom, towed cam era 
vehicle that provides still and video footage o f the seabed fitted with: 
O S IL  (O cean Scientific International Ltd, UK) Mk7 (stills) cam era, 
O S IL  1200 J  flash gun, NOC! OceanCamöOOOV (digital video) 
cam era, 2 x 2 5 0  W  Deepsea Power an d  Light (DSPL) video lamps, 
3 x D S P L  24 V  batteries, Sim rad M esotech 200 kH z altim eter, and 
a  NOC! acoustic telem etry system (10 kHz). T h e  vehicle was 
operated  at —3 m  above the seabed. T h e  still an d  video cam eras 
were bo th  autom atically activated by the altim eter w hen the range 
to the seabed was < 1 0  m. For all deploym ents m ade during  the 
cruise, the still cam era was loaded with K odak Vision 250D colour 
negative 35 n in i film (c. 40 m  loads) and the video cam era loaded 
with a  65-m inute M iniD V  tape.

O th e r photographs were obtained using the R O bust B io d i­
versity lander (R O B IO ) [26], This is a  baited  tim e-lapse cam era 
system used to assess the abundance an d  diversity o f scavenging 
fish fauna. It was equipped with a  3 m egapixel digital cam era  
(Kongsberg OE-218) an d  flash-gun; the tim e-lapse interval was 
pre-program m ed an d  images were recorded internally. R O B IO  
was deployed with the instrum ent fram e tethered  2 m  above the 
seabed, betw een 100 kg of ballast below  an d  floatation above.

2 .1 .3  P articu la te  org a n ic  m a tter . Sinking P O M  was 
collected using deep-sea sedim ent traps. These were deployed in 
D ecem ber 2004 and  recovered in D ecem ber 2005 for the +Fe site 
and  deployed in Ja n u a ry  2005 and  recovered in Ja n u a ry  2006 for 
the H N L C  site (Table 1). All sediment traps w ere funnels (0.5 m~
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Table 1. Details o f  se lec ted  scientific d ep lo y m e n ts  a t  +Fe and  HNLC sites a ro u n d  th e  Crozet Plateau.

Site
Discovery Station  
Num ber Latitude (S)

Longitude
(E) Date Depth (m) Gear Sampling type

+Fe 15773 #6 45°50.43' 56° 12/12/2005 4157 ROBIO Bottom video/
06.16' stills

+Fe 15773 #8 45°43.06' 56° 12/12/2005 4258-4290 Trawl Invertebrate
32.16' megabenthos

+Fe 13773 #9 45° 50.45' 56° 13/12/2005 4200 WASP Bottom video/
24.78' stills

+Fe 15773#13 45°50.47' 56° 14/12/2005 4162 ROBIO Bottom stills
06.42'

+Fe 15773 #17 45°43.47' 56°
36.66'

15/12/2005 4301-4283 Trawl Invertebrate
megabenthos

+Fe 15773 #20 45°53.34' 56°
24.24'

15/12/2005 4189 Megacorer Surface sediments

+Fe 15773 #21 45°53.67' 56°
24.40'

15/12/2005 4193 Megacorer Surface sediments

+Fe 15773 #23 45°40.05' 56°
35.27'

16/12/2005 4269-4275 Trawl Invertebrate
megabenthos

+Fe 15773 #25 45°55.07' 56°
27.95'

17/12/2005 4203 Megacorer Surface sediments

+Fe 15773 #26 45°54.10' 56°
25.42'

17/12/2005 4188 SAPs Suspended POM

+Fe 15773 #28 45°53.81 ' 56°
25.03'

18/12/2005 4191 Megacorer Surface sediments

+Fe 15773 #30 45°00.00' 56°
05.00'

26/12/2004-20/12/
2005

3195 Sediment trap 
mooring

Sinking POM flux

+Fe 15773 #31 45°53.56' 56°
25.77'

20/12/2005 4200 Megacorer Surface sediments

+Fe 15773 #32 45°40.45' 56°
33.70'

20/12/2005 4267-4270 Trawl Invertebrate
megabenthos

+Fe 15773 #42 45°53.88' 56°
25.38'

24/12/2005 4194-4196 WASP Bottom video/ 
stills

HNLC 15775 #3 49°03.65' 51°
14.21'

27/12/2005 4202 Megacorer Surface sediments

HNLC 15775 #4 48°56.21 ' 51°
03.90'

27/12/2005 4182-4195 Trawl Invertebrate
megabenthos

HNLC 15775 #10 49°03.99' 51°
14.02'

29/12/2005 4204 Megacorer Surface sediments

HNLC 15775 #13 49°01.15' 51°
04.52'

29/12/2005 4187-4191 Trawl Invertebrate
megabenthos

HNLC 15 775#15 49°11.41' 51° 30/12/2005 4221 SAPs Suspended POM
09.56'

HNLC 15775 #19 49°04.59' 51°
13.49'

31/12/2005 4202 Megacorer Surface sediments

HNLC 15775 #23 49°00.03' 51° 03/01/2005-03/01/ 3183 Sediment trap Sinking POM flux
30.59' 2006 mooring

HNLC 15775 #26 49°04.63' 51° 03/01/2006 4169-4193 WASP Bottom video/
11.48' stills

HNLC 15775#37 49°01.88' 51° 05/01/2006 4192 Megacorer Surface sediments
14.10'

doi:10.1371 /journal.pone.0020697.t001

surface area) w ith a  baffled apertu re  and  a narrow  opening a t the 
bottom  leading to the sam pling rosette (M cLane IN C . Parflux 
~ 21cup). Sam ple bottles were filled with buffered preservative 
solution p rep ared  according to JG O F S  protocols by  add ing  100 g 
o f analytical grade N aC l to 19 L of unfiltered deep (> 2000  m) 
seawater from  the trap  deploym ent locations. 1 L o f form aldehyde 
(AnalR® grade, V W R  International) was buffered to p H  8.6 with 
sodium  tetraborate  and  added  to the 19 L o f hypersaline seawater

solution an d  left to stand for a  period  o f 1 day. O n  recovery 
samples were filtered through a 1 n in i N itex mesh. Swimmers 
were rem oved from  the <  1 n in i fraction. T h e  >  1 n in i size 
fraction was com prised exclusively o f  large swimmers. Some cups 
were con tam inated  by fish (Notolepis coatsi) feeding on the sinking 
m aterial. All fish debris was picked out by hand . All chem ical 
analyses were perform ed on the < 1  nin i fraction. T h e  250 m L 
samples were split into 8 aliquots o f equal volum e using a  ro tary
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Figure 2. Carbon fluxes determ ined over a period of ~ 1 2 
months in 2005 at the Crozet Plateau (see also Ref. 12): a. the  
+Fe site at 3183 m w ater depth b. the HNLC site at 3195 m 
w ater depth. Both —1000 m above th e  seabed . Bar w idths are 
proportional to  cup  open ing  tim es of the  Parflux sed im ent traps. Bar 
heights represen t the  material supplied over the  period of cup opening. 
doi:10.1371/journal.pone.0020697.g002

splitter. A ccording to sample mass, 1M  o f these eighths were 
filtered onto glass-fibre filters (W hatm an G F /F , 47 nini, 0.7 jini 
pore  size). T he samples and  filters w ere subsequently rinsed w ith a 
0.56 M  am m onium  form ate solution (pFl 7) to rem ove excess sea- 
salt and  form alin. T he filters w ere then  freeze-dried and  stored 
(—20"C) p rio r to analysis.

Suspended particulate m atter was collected close to the sea floor 
using large-volum e stand-alone pum ps (SAPs; C hallenger O cean­
ic). T h e  particulate m aterial was collected on  two pre-ashed 
(450"C; 4 h) filters (293 n in i diam eter; G F /F ). T h e  filters were 
w rapped in d ichlorom ethane-rinsed foil, stored for the duration  o f 
the cruise (—70"C), freeze-dried on return , and  then  stored until 
analysis (— 20"C).

2 .1 .4  S ed im en ts. Sediments were collected using a Bowers- 
C onnelly M egacorer [20], O n  recovery, all cores were 
im m ediately taken to a  constant tem perature  laboratory  (4"C)

for further processing. For chem ical analyses o f  surface sediments, 
small cores (50 n in i diam eter) were sliced and  the top 5 nini 
section was packed in clean (400"C; 12 h) alum inum  foil and  
stored in Petri dishes (— 70"C), before being freeze-dried on  re turn  
and  stored until analysis (—20"C).

2.2 Chemical analyses
2 .2 .1 . T o ta l org a n ic  ca rb o n  an d  n itro g en . Elem ental

analyses o f the sediments were carried  out as described by 
Kiriakoulakis et al. [27]. Briefly, organic carbon  contents were 
determ ined using aliquots o f freeze-dried sediments following de- 
carbonation  by the acid HC1 vapour. D eterm ination  o f total 
carbon  and  n itrogen was perform ed on the non-decarbonated  
sediments. All analyses were carried  out in duplicate using a  CE- 
Instrum ents N C  2500 CF1N analyser. R eproducibility o f the 
analytical technique was < ± 1 0 % . Analytical precision calculated 
as the relative standard  deviation from  the m ean  for the standard  
(n = 25) is ± 0 .0 7  and  ±0 .0 1 %  for C and  N, respectively.

2 .2 .2 . L ip ids. Procedures for lipid analyses o f  bo th  filters and  
sediments have been  described elsewhere [27]. Briefly, separate 
aliquots o f freeze-dried sedim ent (1-5 g) or filter m aterial (—1 g) 
were spiked with an  in ternal standard  (5a(Fl)-cholestane), 
sonicated (filters; 45 min; dichlorom ethanem iethanol 9:1), 
m ethylated (m ethanolic acetyl chloride) and  silylated (bis- 
trim ethylsilyltrifluoroacetam ide; 1 % trim ethylsilane chloride; 3 0 -  
50 pL; 40"C; 0 .5-1 h). G C -M S analyses were carried  out using a 
T race  2000 Series G C  (on-colum n injector; fused high 
tem perature  silica colum n, 60 m x 0 .2 5  nin i i.d.; 5% p h en y l/ 
95% m ethyl polysiloxane equivalent phase, 0.1 jini film thickness, 
D B 5-H T , J& W  carrier gas helium  at 1.6 m L m in -1 ). Typically, 
the oven tem perature  was program m ed from  60"C to 170"C at 
6"C m in 1 after 1 m inute, an d  then  to 315"C at 2.5"C m in 1 and  
held (10 min). T h e  colum n was fed directly into the E l source of a 
T herm oquest Finnigan T S Q  7000 mass spectrom eter. Typical 
operating  conditions were: ionisation potential 70 eV; source 
tem perature  215"C; trap  curren t 300 pA. Mass da ta  were 
collected at a  resolution o f 600, cycling every s from  50-600  
T hom psons and  were processed using X calibur software. 
C om pounds were identified either by  com parison of their mass 
spectra and  relative retention  indices w ith those available in the 
literature a n d /o r  by com parison with authentic  standards. 
Q uantitative da ta  were calculated by com parison o f peak areas 
o f  the internal standard  with those of the com pounds o f interest, 
using the total ion curren t (TIC) chrom atogram . T h e  relative 
response factors o f the analytes were determ ined individually for 
36 representative fatty acids, sterols and  alkenones using authentic 
standards. R esponse factors for analytes w here standards were 
unavailable were assum ed to be identical to those o f available 
com pounds o f the same class. R eproducibility o f the lipid 
extraction procedure  and  analysis are reported  by Jeffreys et al. 
[28].

2 .2 .3 . P ig m en ts . In  o rder to evaluate the gonad index and  
their biochem istry o f  the holothurians, samples o f their ovarian 
tissue were dissected, freeze-dried an d  weighed. Pigm ents 
(carotenoids) w ere extracted in 3 m L o f 90% H PLC  grade 
ace tone/w ater. Sam ples were u ltrasonicated for 30 seconds then 
centrifuged for 10 m ins at 3000 rpm . T h e  extract was passed 
th rough  a  (0.2 pm) Nyalo m em brane filter (Gelman) p rio r to 
analysis. Samples were transferred  to am ber vials an d  loaded into 
a  chilled (0"C) H P L C  autosam pler tray. Aliquots o f sample 
(500 pL) were m ixed with 1 M  am m onium  acetate (500 pL) and  
100 pL  of this m ixture injected onto the H P L C  colum n. Pigm ent 
samples were separated using ion p a ired  reverse phase H PLC  
according to Barlow et al. [29]. T h e  H PL C  was controlled by  the
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Table 2. Total o rgan ic  c arbon  (TOC), m ean  molar C/N, chlorophyll a an d  lipid concen tra t ions  (mg g 1 TOC) and  ratio of  
chlorophyll a to  p h e o p lg m e n ts  (Chl/P) In surface sed im en ts  (0-5  mm) a n d  In sPOM at th e  Crozet Islands abyssal locations, +Fe and 
HNLC at - 4 2 0 0  m.

Total O ther
TOC1 C/N Chi Chl/P Lipids FA Br-FA MUFA PUFA ALK Sterol lipids2

+Fe

Sediment 4.2 (0.3) 7.0 (0.7) 0.060 1.89 3.56(1.08)0.56(0.11) 0.2(0.04) 1.17(0.24) 0.66(0.49) 0.007(0.003) 0.43(0.11) 0.081
(0-5 mm)3 (0.007) (0.035)

sPOM at seafloor4 4.7 (0.5) 4.2 1.618 ND 85.7 20.6 0.5 21.6 23.9 2.8 15.2 0.8

HNLC

Sediment 5.1 (1.1) 
(0-5 mm)5

6.1 (0.85) 0.019 0.77 
(0.014)

4.88 (2.54) 1.09 (0.49) 0.46 (0.29) 2.67 (1.67) 0.47 (0.48) 0.02 (0.007) 0.79 (0.68) 0.11
(0.05)

sPOM at seafloor6 2.7 (1.1) 4.5 BD ND 51.2 19.4 1.4 12.3 5.6 7.2 5.1 0.1

Concentrations are normalised to TOC to allow comparison of chlorophyll and lipid concentrations in sPOM and sediment samples.
TOC -  Total organic carbon, Chi -  Chlorophyll a, FAs - saturated fatty acids, Br-FAs -  branched fatty acids; MUFAs -  monunsaturated fatty acids; PUFAs -  
polyunsaturated fatty acids; ALKs -  n-alkanols; US-ALKs -  unsaturated alkanols; Other lipids include branched alkanols, tritepenoids, steroidal ketones, phytol derivatives 
and alkenones.
1Units mg g~1 (dry sediment);
2Other lipids include tritepenoids, phytol derivatives, alkenones and hydrocarbons.
3n = 5, standard deviation in parentheses; except for chlorophyll, where n = 2, range in parentheses.
40ne SAP deployment, pumped 2138 L of water, 10 mab, units pg L~1 standard deviation of 5 replicate analyses of GFF filter; 
sn = 5 except for chlorophyll, where n = 4;
6One SAP deployment, pumped 1517 L water, 60 mab, units ug L 1 standard deviation of 5 replicate analyses of GFF filter; BD Below Detection. ND Not Determined. 
doi:10.1371 /journal.pone.0020697.t002

Chrom Q uest software system. It consisted o f either a  Perkin Elmer 
Cl 18 column [30] or Perkin Elmer CI8 column [29], Therm oseparation 
HPLCI system with an online vacuum  degasser, a  dual solvent pum p 
(P2000), autosampler (AS3000), a  LTV photodiode array detector 
(UV6000) and a Spectra System fluorescence detector (FL3000). 
Chlorophylls and carotenoids were detected by absorbance at

440 nm; pheopigments were m onitored with the fluorescence 
detector using excitation and emission wavelengths o f 410 and 
670 nm, respectively. Pigments were identified by comparison of 
relative retention times with pigment standards. Supporting 
identification was gained by comparison of spectral data with known 
standards as well as by reference to the Jeffrey et al. [31]. Response
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Figure 3. Lipid fluxes at the Crozet abyssal locations, +Fe and HNLC at 3195 and 3183 m w ater depth in 2005. Labile lipids:
Polyunsaturated fatty  acids (PUFA), m onounsa turated  fatty  ad d s  (MUFA) and unsaturated  alkanols (U-ALK); Semi-labile lipids: Saturated fatty ad d s  
(FA), branched fatty a d d s  (Br-FA) and n-alkanols (ALK); Refractory lipids: Sterols (STER) and o ther lipids including branched alkanols, triterpenoids, 
steroidal ketones, phytol derivatives and alkenones (OLIP). 
doi:10.1371/journal.pone.0020697.g003
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Figure 4. Seabed seafloor mosaic from  WASP photographic  
images of: a. & b. th e  +Fe site, show ing substantial cover of 
phy todetritus patches, which are clearly visible and appear green, c. & 
d. for com parison the  FINLC site, w here there  is no phytodetritus but 
faecal casts are visible. In each case th e  sw ath width is c. 1.2 m and the  
total along track distance show n is approxim ately 2 m. (Total area 
illustrated c. 20 m2). 
doi:10.1371/journal.pone.0020697.g004

factors for each of the pigments were calculated by plotting 
concentrations o f the standards against peak area. Reproducibility of 
the analytical technique was better than  ±10%  and the analytical 
precision < ± 5 % .

Results

Sedim ent traps w ere deployed a t the +Fe and  H N L C  sites at 
3195 and  3183 m  w ater dep th  (ca. 1000 m  above the seafloor), 
respectively [12,18], T h e  tim ing and  tem poral variability in flux 
was significantly different betw een the two sites (Fig. 2 a, b) [12]. 
At the +Fe site, east-southeast flows led to transport o f  exported 
flux from  the C rozet b loom  to the sedim ent trap. This extended 
over a  period  o f at least 120 days originating from  the spring / 
sum m er b loom  in late 2 0 0 4 /early 2005. W e deduce that the high- 
flux event towards the end of 2005 was derived from  the onset o f 
the late 2005 peak  export flux to the deep sea. In  contrast, 
dow nw ard flux a t the H N L C  site was focused in one very short 
event. It is no t known if this represents a  typical annual event, or 
one that occurs occasionally. For the purpose of this study we use 
the m easured cum ulative fluxes o f organic carbon  in the deep 
traps o f 41.1 m m ol m  ~ (355 days) at the +Fe site, and  of 
14.1 m m ol m _ ~ (352 days) a t the H N L C  site. A t bo th  sites, m olar 
C /N  ratios o f organic m atter reaching the sedim ent traps were 
close to the R edfield ratio  (—6.6), varying from  4.2 to 8.0. 
How ever, the chem ical com position o f the sedim ent trap  m aterial 
revealed substantial differences in  organic m atter quality betw een

the two sites. H ence, fluxes (and concentrations) o f labile lipids, 
including polyunsaturated  fatty acids (PLTFAs) and  m onounsatu­
ra ted  fatty acids (MLTFAs), the presence o f w hich suggest a  source 
o f high quality organic m atter [32,33,34], w ere significantly higher 
(Friedm an’s test; n  = 6 contiguous pairs, p  = 0.014) a t the +Fe site 
th an  a t the H N L C  site (Table 2; Fig. 3). PLTFAs were below 
detection limits at the H N L C  site. Photographs taken using the 
W A SP system at the +Fe site in D ecem ber 2005 confirm  the 
presence o f fresh phytodetritus at the seafloor (Fig. 4). W e in terpret 
this phytodetritus as originating from  the late 2005 spring bloom  
event (Fig. 2a). Suspended P O M  (sPOM) collected using stand 
alone pum p systems close to the seafloor at the +Fe site at that time 
had  high chlorophyll and  PLTFA concentrations o f 1.62 and  
23.9 m g g C - 1 , respectively (cf. below detection and  5.6 m g g C - 1 , 
respectively at H N LC ). T h e  chlorophyll/phaeopigm ent ratio  o f 
surface sediments was also consistent w ith the presence o f very 
fresh phytoplankton-derived m aterial [35] (Table 2). W ASP 
images showed no evidence o f fresh phytodetritus at the seafloor 
at the H N L C  site (Fig. 4).

T h e  total standing stock of invertebrate m egafauna, in term s of 
biomass and  abundance, m irrored  the particulate organic carbon 
(POC) fluxes at the two sites (Table 3; T able  S I; Fig. 2). It should 
be noted  that we w ere able to collect four trawls at +Fe, bu t only 
two a t H N L C  because o f severe technical difficulties [19], Despite 
this, we have some confidence in our da ta  because the video 
transects confirm ed the significant difference in populations 
betw een the +Fe and  H N L C  sites. Biomass was x3  greater at 
the +Fe site th an  at the H N L C  site (15,251 and  5,083 g wet weight 
h a -  *, respectively), while abundance was ~  x 6  h igher a t +Fe vs the 
H N L C  site (44,600 an d  7,200 individuals h a - 1 , respectively). T he 
close relationship betw een biomass an d  organic input has been 
observed in o ther abyssal ecosystems [36], A bundance is a  better 
m easure o f ra te  processes and  ecosystem function [7,37,38], T he 
m uch higher abundances (Table 3; T able  SI) suggest a  higher rate 
o f  carbon  cycling at the +Fe th an  the H N L C  sites; this is reflected 
in the lower organic carbon  contents o f surface sediments at +Fe 
th an  H N L C  (Table 2).

H olothurians were the dom inant m egafaunal group a t bo th  sites 
accounting for betw een 70 and  89% o f the total biomass. 
How ever, ra th e r than  the same species occurring  at +Fe and  
H N L C  sites, despite their close proxim ity, there were striking 
differences in  species com position an d  dom inance (Table 3; Figs. 5 
a  & b). Som e species w ere com m on to the two sites, an d  occurred 
in similar abundances, such as the ophiuroids Ophiura lienosa, 
Ophiura irrorata loveni and  Amphioplus daleus, bu t m ost m egafaunal 
species showed very m arked differences (Table 3, T ab le  SI). O f  
the elpidiid holothurians Kolga nana, Peniagone willemoesi and  
Peniagone affinis dom inated  at the H N L C  site, while closely related, 
bu t different, species, Peniagone crozeti [39] an d  Peniagone challengeri 
dom inated  at the +Fe site in all o f  the trawls.

Discussion

If  only one or two species had  shown radical differences 
betw een the +Fe and  H N L C  sites then  one m ight conclude that 
spatial patchiness was a key elem ent in the observed differences. 
How ever, the m arked contrast in m any species suggests that 
environm ental factors relating to organic m atter supply are 
im portan t in influencing species com position and  ecosystem 
structure. In  this context, the similarity in the com position o f the 
dom inant taxa at the +Fe site and  at abyssal depths in the 
productive N E Atlantic, 16,000 km  distant [40,41], is rem arkable. 
T h e  relative contributions to the total biomass by  different higher 
taxonom ic groupings is alm ost identical in  the two regions (Fig. 6).
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Table 3. The a b u n d a n c e  an d  biomass (wet weight)  of th e  d o m in a n t  m egafauna l  inver tebra tes  a t  abyssal si tes a round  th e  Crozet 
Plateau.

Species Name Taxon
Density (+Fe) (ind. 
h a-1 ) n = 4

Rank (+Fe) 
Biomass (+Fe) (g Abundance  
ha_1) n  = 4  (Biomass)

Density (HNLC) 
(ind. ha-1 ) n = 2

Biomass (HNLC) 
(g ha 1) n = 2

Rank (HNLC)
Abundance
(Biomass)

Peniagone crozeti Holothuroidea 259.6 910.5 1 (3) 11.1 23.47

Ophiura lienosa Ophiuroidea 194.7 53.43 2 162.3 64.25 1

Amphioplus daleus Ophiuroidea 128 35.69 3 37.9 6.615 5

Peniagone challengeri Holothuroidea 69.2 137.1 4 5.6 9.894

Ophiura irrorata loveni Ophiuroidea 41.3 38.53 5 18.7 17.61

Kolga nana Holothuroidea 0 0 17.4 3.276

Peniagone affinis Holothuroidea 3.7 29.57 94.6 497.4 3 (1)

Peniagone willemoesi Holothuroidea 1.8 4.544 95.6 134.2 2 (3)

Ophiotrema tertium Ophiuroidea 0.04 7 x i0 ~ 4 61.1 7.633 4

Psychropotes longicauda Holothuroidea 12.6 1195 (1) 2.5 105 (5)

Molpadiodemas aff. 
atlanticus

Holothuroidea 28.3 962.9 (2) 0 0

Molpadiodemas morbillus Holothuroidea 8.7 460.3 (4) 0 0

Benthodytes sordida Holothuroidea 5.1 308.7 (5) 3.5 131 (4)

Styracaster robustus Asteroidea 6.8 52.11 13.1 230.1 (2)

Bold italic numbers indicate significantly different populations in terms of abundance or biomass (p<0.05; ANOVA). Rankings (1--5) for the most abundant species and
those having the highest biomass (parentheses) are also shown. 
doi:10.1371 /journal.pone.0020697.t003

In addition, the same, or very similar, abundant holothurian 
species occur at widely separated eutrophic sites around the world
[42].

This poses questions about w hat factors associated with organic 
supply a re  responsible for these broad-scale geographic patterns; is 
it the quantity, tim ing o r quality o f the P O M  flux o r a  com bination 
o f these factors? O u r da ta  suggest that the quality o f  P O M  arriving 
at the sea floor a t +Fe was m uch higher than  at H N L C . 
Phytoplankton com m unities were distinctly different at the +Fe 
and  H N L C  sites during the spring /sum m er 2004 /2005 , the 
form er being dom inated  by Phaeocystis sp., the latter by  large

I •  +F e  O  HNLCl

A B C
Ô O 

D E F

Figure 5. Variation in holothurian species composition be­
tween +Fe and HNLC sites, a. D endrogram  representation  using 
group-average clustering. Based on trawl (A-F) catch data standardized 
to  area fished, subject to  log(x+1) transform ation and assessed with 
Bray-Curtis similarity coefficient, b. N on-m etric m ultidim ensional 
scaling ordination plot (ordination stress = 0) for the  sam e data. 
doi:10.1371/journal.pone.0020697.g005

diatom s including Fragilariopsis kerguelensis [43]. T h e  preserved 
planktonic assemblages in the deep-w ater sedim ent traps a t the 
+Fe an d  H N L C  sites were dom inated  by diatom s, bu t w ere also 
distinctly different, in that the neritic species Eucampia antarctica was 
ab u n d an t at +Fe, bu t com pletely absent a t H N L C  site [18], These 
significant differences were reflected in the organic com position o f 
the sinking P O M  collected in 1) the deep-w ater sedim ent traps 
(Fig. 3), 2) sP O M  collected close to the seafloor and  3) surface 
sediments a t the two sites (Table 2).

T h e  greatly enhanced  flux o f labile com pounds a t +Fe vs. 
H N L C  sites m ay be crucial in controlling species com position; this 
is supported  indirectly by  the differences in the biochem istry and  
fecundity o f Peniagone species betw een sites. All the Peniagone species 
had  a similar gam etogenic biology and  similar m axim um  egg size 
(ca. 500 pm  diam eter). T h e  only difference was that Peniagone 
crozeti h ad  a  significantly h igher gonad index (weight gonad/w eigh t 
organism) a t the +Fe site com pared to all the o ther species, 
im plying h igher fecundity. Furtherm ore, the concentrations o f 
carotenoids, w hich are im portan t for echinoderm  reproduction  
and  enhance larval m atu ration  and  survival [44,45], nam ely 
can thaxanthin , echinenone and  ß-carotene, were high in the 
ovaries o f Peniagone crozeti at the +Fe site (Table S2). T he supply of 
these pigm ents, w hich are believed to be derived from  phyto­
plankton in overlying waters, and  the ability o f P. crozeti, in 
particular, to assimilate them , m ay be critical factors leading to the 
dom inance o f this species at +Fe. Peniagone crozeti was the single 
m ost ab u n d an t species a round  the C rozet Islands, occurring  in 
g reat abundance in all o f the trawls only a t the +Fe site. It has 
never been  recorded a t any o ther locality. T h e  distribution of P. 
crozeti appears to be restricted by the characteristics o f the 
productivity regim e in the overlying surface waters, poin ting  to the 
im portance o f organic input in regulating faunal distributions on 
the deep seafloor.

T h e  tim ing an d  predictability  o f organic m atter flux, including 
year-to-year consistency in flux, m ay also be im portan t in
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Figure 6. Fresh wet w eight biomass composition of the megabenthos at Crozet (HNLC,+Fe) and the NE Atlantic Porcupine Abyssal 
Plain (PAP) sites. A. Average relative biom ass o f dom inan t holothurian families, com bined 'o th er holothurians' and 'o ther invertebrates'. 
B. Similarity of individual trawl catches based on th e  relative biom ass of the  sam e taxonom ic g roups (proportional biomass; Bray-Curtis similarity; 
group-average clustering). 
doi:10.1371/journal.pone.0020697.g006

structuring deep-sea benthic com m unities. U nfortunately, in ter­
annual sedim ent trap  da ta  are not available, bu t the H N L C  site 
was notable for the prevalence o f the holo thurian  species Kolga 
nana. Kolga has high fecundity and  a  small egg size indicative o f 
‘opportunistic’ species [22,46], It can  occur episodically for short 
periods in high num bers [22,47]. Its presence, together w ith the 
com plete absence o f species generally found in eutrophic settings, 
suggests that the character o f the organic m atter supply from  year 
to year in H N L C  regions m ay influence the com position o f species 
in this region.

T h e  quantity  and  com position of P O M  arriving at the seafloor 
in the C rozet region is influenced by the supply o f iron to surface 
waters and  this in tu rn  controls the biomass and  species 
com position o f large invertebrate fauna a t the seafloor. It is likely 
that enhanced  carbon  flux to the seafloor, via artificial O IF  o f the 
H N L C  ocean, w ould change the deep-sea benthic biomass, species 
com position and  dom inance over an  extended period o f time. 
Furtherm ore, our study provides evidence that a  com bination  of 
tim ing, quantity  an d  quality o f P O M  export strongly influence 
com m unity structure o f deep-sea benthic ecosystems.

Supporting Information

T ab le  SI A bundance and  biomass (wet weight) da ta  for 
Echinoderm  m egafauna. S tation num bers are taken from  ref 19. 
(DO CX)

T ab le  S2 Pigm ent concentrations (pg gD W  *) in  the ovaries o f 
Peniagone spp. (n = 5 at each site) sam pled a t C rozet. 19'- 
bu t = 19'-butanoyloxyfucoxanthin; 1 9 '-h ex =  19'-hexanoyloxyfu- 
coxanthin; D iadinox = diadinoxanthin; Allox = alloxanthin; Dia- 
tox = d iatoxanthin; Z eax = zeaxanthin; C an th ax  = canthaxanthin; 
Echin = echinenone; ß-carot = ß-carotene. (S tandard deviation in 
parentheses).
(DO CX)
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