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Abstract

Background: Recent climate-induced ice-shelf disintegration in the Larsen A (1995) and B (2002) areas along the Eastern 
Antarctic Peninsula formed a unique opportunity to assess sub-ice-shelf benthic community structure and led to the 
discovery of unexplored habitats, including a low-activity methane seep beneath the former Larsen B ice shelf. Since both 
limited particle sedimentation under previously permanent ice coverage and reduced cold-seep activity are likely to 
influence benthic meiofauna communities, we characterised the nematode assemblage of this low-activity cold seep and 
compared it with other, now seasonally ice-free, Larsen A and B stations and other Antarctic shelf areas (Weddell Sea and 
Drake Passage), as well as cold-seep ecosystems world-wide.

Principal Findings: The nematode community at the Larsen B seep site differed significantly from other Antarctic sites in 
terms of dominant genera, diversity and abundance. Densities in the seep samples were high (>2000 individuals per 
10 cm2) and showed below-surface maxima at a sediment depth of 2-3 cm in three out of four replicates. All samples were 
dominated by one species of the family Monhysteridae, which was identified as a Halomonhystera species that comprised 
between 80 and 86% of the total community. The combination of high densities, deeper density maxima and dominance of 
one species is shared by many cold-seep ecosystems world-wide and suggested a possible dependence upon a 
chemosynthetic food source. Yet stable 13C isotopic signals (ranging between —21.97±0.86%o and — 24.85±1.89%o) were 
indicative of a phytoplankton-derived food source.

Conclusion: The recent ice-shelf collapse and enhanced food input from surface phytoplankton blooms were responsible 
for the shift from oligotrophic pre-collapse conditions to a phytodetritus-based community with high densities and low 
diversity. The parthenogenetic reproduction of the highly dominant Halomonhystera species is rather unusual for marine 
nematodes and may be responsible for the successful colonisation by this single species.
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Introduction

T h e  L arsen B ice shelf, located off the E astern  Antarctic 
Peninsula, began  its re treat in 1995 and  culm inated in  the b reak­
up of 2300 km 2 o f the n o rth ern  ice shelf into m any small icebergs 
over ju st one week in M arch  2002. T h e  total surface a rea  o f the 
Larsen B ice shelf decreased from  11 512 km 2 in Ja n u a ry  1995 to 
2667 km 2 in April 2003 [1]. T h e  reason for this rapid  disintegration 
was a ttributed  to increased air tem peratures, resulting in the 
warm est sum m er preceding the collapse an d  the occurrence o f large 
m eltw ater pools on the surface of the ice, further facilitating 
disintegration [2,3]. T h e  phenom enon o f ice shelf collapse is not 
unexpected along the Antarctic Peninsula, as this area, together 
with north-w estern N orth  Am erica and  an  area  on the Siberian 
Plateau is am ongst the fastest w arm ing and changing regions on 
earth  [4], In  each of these areas, m ean annual tem peratures 
increased with m ore th an  1.5"C since 1950, com pared to a  global 
m ean increase o f  approxim ately 0.6"C over the 20th century [5,6],

D uring  the latter pa rt o f the 20th century no less th an  seven ice 
shelves have retreated  west off the Eastern Antarctic Peninsula [5]. 
T heir recent disintegration as a  result o f global tem perature  rise 
creates unprecedented  opportunities to explore the formerly 
inaccessible sub-ice-shelf seafloor.

C old seeps have been  observed in a  variety o f m argin  systems 
around  the globe, a t different latitudes and  depths [7,8], C old seep 
ecosystems have rem ained  undiscovered in the A ntarctic until 
2005, w hen after the break-up of the p e rm anen t ice cover in the 
L arsen B area, D om ack et al. [9] first discovered a  possible 
m ethane seep. C haracterised  by an  ecosystem th a t derives its 
p rim ary  m etabolic energy from  chem ical processes instead of, or 
in addition  to, settling phytodetrital m atter from  euphotic waters 
[10-12], these rem arkable habitats host a  unique fauna [8,13,14], 
Cold seeps are highly patchy ecosystems due to their occurrence in 
a  variety o f geologically diverse habitats with differences in fluid 
origin an d  com position, an d  flow rate [7,15]. As a  consequence, 
specialised com m unities are associated w ith the different habitats
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and  vertical zones found in cold-seep sediments [8]. Larger 
inhabitants o f cold seep systems often belong to the tubew orm  
family Siboglinidae and  bivalve families Vesicomyidae and 
M ytilidae, w hich live in symbiosis with chem oautotrophic bacteria  
[7,8]. T hey  m ay form  extensive aggregations (so-called tubew orm  
fields and  mussel beds) w hich act as a  three-dim ensional hab ita t for 
o ther invertebrates [8,10,16]. T h e  presence o f these characteristic 
seep m egafauna often serves as an  indication of the occurrence of 
high m ethane or sulphide levels [7]. O th e r hab ita t types found 
a t cold seeps include m icrobial mats, consisting o f m at-form ing 
genera such as Beggiatoa, Arcobacter and  Thiothrix [8,10,16]. W ithin 
cold seep systems, as well as o ther reducing environm ents, diversity 
tends to decrease with increasing sulphide levels w hich leads to the 
replacem ent o f  species-rich com m unities w ith low-diversity assem­
blies dom inated  by one or a  few species th a t seem to be  able to cope 
with the sulphidic a n d /o r  reduced conditions [12,14,16-19]. Also 
w ithin the m eiofauna, and  m ore specifically the nem atodes, 
sulphidic sediments are expected to reduce diversity and  enhance 
dom inance o f a  few genera o r species [8,20], whereas standing 
stocks m ay occasionally exceed background values gready [14],

D uring  a  videographic survey in the Larsen B region in M arch 
2005, D om ack et al. [9] observed whitish m aterial covering the 
seabed, assum ing it consisted o f sulphide-oxidising, chem oauto­
trophic bacteria . Such m icrobial m ats are typical for active cold 
seeps w here the anaerobic oxidation o f m ethane leads to high 
sulphide concentrations n ear the sedim ent surface [8,21]. An 
additional sign o f cold-seep activity was present in the form  of 
small m ounds encrusted by  bivalve shells belonging to the seep- 
associated vesicomyid clam  Calyptogena sp., w hich lives in symbiosis 
with sulphur-oxidising bacteria  [22].

D uring the austral sum m er o f 2006-2007, the Larsen A and  B 
areas were visited w ithin the “ Census o f A ntarctic M arine Life” 
(CAML) program m e during the R /V  Polarstern A N T -X X III/8  
expedition. T he aim  of this expedition was to obtain a  synoptic 
overview o f the area  [23] with sam pling a t different spatial scales, for 
different groups o f organisms and  different environm ental settings. 
Five stations were selected w ithin the form erly perm anendy  ice- 
covered Larsen A and  B regions. G utt et al. [23] investigated the 
benthos (mainly m acro- an d  megafauna) in this a rea  for the first 
time, while Raes e t al. [3] exam ined the nem atode comm unities 
(meiofauna). These studies provided key insights into the benthic 
diversity an d  ecology of sub-ice-shelf com m unities and  their 
response to the loss o f perm anen t ice cover. D uring  the same 
expedition, samples were collected a t the seep site discovered by 
D om ack et al. [9] (hereafter referred to as Larsen B_Seep), located 
centrally in the Larsen B em baym ent a t a  dep th  o f ~ 8 2 0  m, in a 
trough form ed by the Evans and  C rane glaciers some 100 km  from 
the pre-collapse (1995) ice shelf front [9,21]. N iem ann et al. [21], 
based on samples from  the same glacier trough taken during  the 
A N T -X X III/8  Polarstern cam paign, reported  the presence o f clam 
patches as described in D om ack et al. [9] b u t only dead shells had  
been recovered this time. Furtherm ore, instead o f the conspicuous 
white ‘m ats’ observed by D om ack et al. [9], the seabed surface had 
a  green-greyish colour, p ro o f o f settíed pelagic sediments and 
phytodetritus. T here  were no signs o f gas ebullition, w hich implied 
th a t sulphide flux and  hence seep activity had  dim inished over the 
years [21]. This was attested by the presence o f only m oderately 
elevated concentrations o f therm ogenic m ethane below 30 cm 
sedim ent depth  and  a  slight decrease o f sulphate in deeper layers 
(below 1 m  depth). Sulphide concentrations and  the ra te  of 
anaerobic oxidation o f m ethane (AOM) increased with dep th  bu t 
only took place below 1 m  sedim ent depth  [21].

In  this study, we characterise the m eiofauna and  their m ost 
ab u n d an t com ponent, the nem atodes o f the Larsen B_Seep area.

Usually com prising m ore than  90%  o f the m eiofauna com m unity 
[24,25], nem atodes p resent an  ab u n d an t study object bo th  in 
regular shelf sediments an d  seep environm ents. Tw o hypotheses 
are tested: (i) In  accordance with the findings o f N iem ann et al. 
[21] the nem atode assemblage and  trophic signals will no t po in t to 
(reduced) seep activity beneath  the form er ice shelf, (ii) T he 
nem atode com m unity will be im poverished in term s o f density and  
diversity because of long-term  ice-shelf cover and  concom itant lack 
o f phytodetrital export from  the overlaying euphotic surface waters 
com pared to areas th a t have been  exposed to phytodetrital input 
for a  longer period  o f tim e. T o  investigate this, structure, diversity 
and  trophic status o f the nem atode com m unity a t B_Seep was 
com pared to those o f o ther L arsen stations [3], o ther A ntarctic 
shelf areas [24,26] and  o ther seeps world-wide. T h e  cu rren t study 
is the first, to our knowledge, to provide da ta  and  insights on  the 
functioning o f the nem atode com m unity o f the Larsen B cold seep 
area  and  contributes to knowledge on A ntarctic shelf com m unities 
form erly covered by perm an en t ice shelves.

Materials and M ethods

S am p lin g  a rea  a n d  m e t h o d s
Sam pling was conducted  a t the A ntarctic Peninsula during  the 

A N T -X X III /8  Polarstern cam paign in  2006-2007 in the 
fram ew ork o f the Belgian Science Policy project B IA N ZO  II 
(Biodiversity o f three representative groups o f the A N tarctic 
Z O obenthos: coping with change). Special a ttention  was given to the 
L arsen A and  B areas a t the eastern  side o f the Peninsula, which 
were covered with a  p e rm anen t ice shelf until 1995-2002. Larsen 
A lies to the n o rth  o f L arsen B an d  bo th  areas are separated by a 
narrow  lan d /ice  strip. A total o f five stations was sam pled for 
m eiofauna analyses: L arsen B _South, Larsen B_Seep, Larsen 
B_W est, L arsen B _N orth  an d  Larsen A _South (Fig 1). T he 
different stations have been  free o f ice cover for different periods o f 
tim e (see [3]). L arsen B _South was always situated very close to the 
ice shelf edge, and  hence subject to conditions o f the open W eddell 
Sea, w hereas the o ther stations have only been  exposed since 2002 
o r later (Larsen B collapse). Larsen B_Seep is analysed in this study 
and  was selected because o f possible cold-seep activity [9,21]. T he 
o ther four stations were analysed by [3] and  serve as a  reference 
th roughout this study. T h e  Larsen B seep a rea  lies m ore centrally 
com pared to the o ther Larsen stations, a t a  dep th  o f approxim ately 
820 m, whereas dep th  ranges betw een 229 m  and  427 m  for the 
o ther stations. T his difference in dep th  is a ttribu ted  to its location 
w ithin a trough form ed by two glaciers [21].

M eiofauna sam pling was carried  ou t using a  m ulticorer (MUC) 
device, enabling recovery o f twelve cores w ith undisturbed 
sedim ent-w ater interface pe r deploym ent. T h e  separate core tubes 
each h ad  an  inner diam eter o f 57 m m , corresponding to 
approxim ately 25.5 cm 2 cross-sectional surface a rea  [27]. Similar 
to the o ther Larsen stations [3], different M U C  deploym ents 
(replicates) were obtained in the seep area, four o f w hich are 
analysed in this study. T he four analysed replicates (see T able  1) 
were selected based on the presence or absence o f a  clear sulphidic 
layer (3-10 cm  depth  in the core) w ith grey-black colour and  
typical hydrogen-sulphide smell: replicates 7 0 6 /5  and  709 /5  
showed a grey sulphidic layer a t respectively 7 and  3 cm, whereas 
70 6 /6  and  7 0 9 /8  did not. D a ta  on  the different M U C  
deploym ents and  analysed cores are given in Table 1 [28].

E nviron m en ta l  variables
O n e core pe r deploym ent was analysed for grain size and  

photopigm ents (see T able  1: environm ental). T hese cores were 
im m ediately sliced per cm, down to 5 cm  sedim ent dep th  and
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Figure 1. Overview of the stations. The s ta tio n s  sam p led  d u rin g  th e  ANT-XXIII/8 Po larste rn  c a m p a ig n  a re  in d ica ted  o n  th e  in serted  m a p  B. Larsen 
B_Seep is in d ica ted  in red  (a d a p te d  from  [75]). T he re fe ren ce  s ta t io n s  u sed  fo r co m p a riso n  a re  in d ic a ted  on  m a p  A: tw o  a reas  in th e  Drake Passage  
(S o u thern  Sco tia  Arc (SSA) & N orthern  Scotia Arc (NSA) in d ica ted  in b lue ; [24]), tw o  lo ca tio n s  a t  th e  e a s te rn  W eddell Sea (Hailey Bay (HB) & Kapp 
N orvegia (KN) in d ica ted  in g re en ; [26]). 
do i:10 .1371/jo u rn a l.pone.0022240 .g001

stored at — 20"C until further analysis in the lab. G rain  size 
analysis was perform ed using laser diffraction (M alvern M astersi- 
zer 2000, size range: 0 .02-2000  pm) and  relative percentages o f

the different size fractions w ere calculated following W entw orth  
[29]. T h e  size classes used in this study include: volum e w eighted 
m ean  (i.e. m ean  grain size), clay % (4-38 pm), silt % (38-63 pm),

Table 1. Data on the different MUC deployments at Larsen B_Seep during the Polarstern ANT-XXIII/8 campaign (adapted from 
[28]).

Drop no. Date Latitude Longitude Depth (m) Core no. Analysis Sulphidic layer Depth of sulphidic layer

PS69/706/5 14/01/2007 65°26.09' S 61 °26.48' W 819 3 community Present 7 cm

5 environmental Present 9-10 cm

PS69/706/6 14/01/2007 65°26.10' S 61 °26.53' W 820 5 community Absent

6 environmental Absent

PS69/709/5 15/01/2007 65°26.09' S 61 °26.51 ' W 819 4 community Present 3 cm

5 environmental Present 4 -5  cm

7 stable isotopes Present 4 -5  cm

PS69/709/8 15/01/2007 65°26.07' S 61 °26.49' W 818 3 community Absent

4 environmental Absent

doi:10.1371 /journal.pone.0022240.t001 
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very fine sand % (63-125 pm), fine sand % (125-250 pm) and  
m edium  sand % (250-500 pm), according to analyses carried  out 
b y [ 3] .

Photopigm ent concentrations were m easured  with a  fluores­
cence detector after separation using H P L C  (High Perform ance 
L iquid C hrom atography). P rior to m easurem ents, pigm ents had  
been extracted  from  the lyophilised sediments by  add ing  10 ml 
90% acetone. Following p igm ent variables are considered, in 
accordance w ith [3]: f lg /g  chi a  (chlorophyll a), p g /g  phaeopig- 
m ents (i.e. the degradation  products o f chlorophyll a) and  p g /g  
C PE  (total Chloroplastic Pigm ent Equivalents), bo th  for total 
sedim ent dep th  (up to 5 cm) an d  the upper cm  separately.

M eiofauna  a n d  n e m a t o d e  analysis
Meiofauna. O n e core pe r MXJC deploym ent was sectioned 

into different sedim ent dep th  layers for m eiofauna analysis: 0 -1 , 
1-2, 2 -3 , 3—4, 4—5, 5 -1 0  and  10-15 cm  (see T able  1: comm unity). 
T hese sedim ent slices were fixed separately in 4% buffered 
form alin. T h e  m eiofauna fraction (32-1000 pm , b o th  perm anen t 
and  tem poral, [30]) was separated from  the larger m acrofauna in 
the lab, using a  1 nin i sieve. M eiofauna was re ta ined  on a 32 pm  
mesh-size sieve and  extracted from  the sedim ent using density 
gradient centrifugation w ith Ludox H S-40 as a  flotation m edium  
(specific density o f 1.18 g /c m 3; [31,32]). Samples w ere centrifuged 
(3x12  m inutes at 3000 rpm) to extract all m eiofauna. After 
centrifugation, m eiofauna was stained with Rose Bengal (0.5 g/1) 
and  stored in 4%  buffered form alin. Identification a t h igher taxon 
level and  counting  of the m etazoan m eiofauna individuals in each 
sedim ent layer was carried  out with a  stereoscopic m icroscope (50x 
magnification) using Higgins and  Thiel [33].

Nematodes. From  each sedim ent layer o f the four replicates, 
120 nem atodes were picked out random ly and  transferred to 
anhydrous glycerol using the form alin-ethanol-glycerol technique 
[32]. N em atodes were then  m ounted  on glass slides and  identified 
to genus level w ith a  Leica D M LS com pound m icroscope (lOOOx 
magnification), using a  pictorial key to nem atode genera [34], the 
NeM ys database [35] and  o ther relevant literature such as [36].

Stable carbon  isotope analysis was perform ed on Larsen B_Seep 
samples to test for the presence o f a  chem osynthetic carbon  source. 
A dditional m aterial from  the Larsen B _N orth  station was used for 
com parison with a  non-seep site. Sedim ent layers with highest 
nem atode densities o f bo th  Larsen B_Seep (2-3 cm) and  Larsen 
B _N orth  (0-1 cm; [3]) w ere subjected to the analysis. O nly 
specimens o f the highly abu n d an t Halomonhystera species in the 
Larsen B_Seep and  Larsen B _N orth  replicates w ere used, bo th  
from  frozen samples (—20"C; 0-1 cm  an d  2 -3  cm) an d  forma- 
lin(4% )-stored samples (2-3  cm). Sufficient nem atode specimens 
(150-200) w ere picked out to obtain  enough biom ass for analysis 
and  reproducible 13C isotope m easurem ents (ca. 5 pg  carbon  per 
sample; [37]). D etailed inform ation on sedim ent dep th  layer and  
num ber o f nem atodes picked out pe r sample is given in T able  2.

Table 2. Stable isotope analysis.

Next to a  com parison betw een food sources (chem osynthetic vs. 
phytoplankton-derived), the 2 -3  cm  layer o f only B_Seep was used 
to com pare betw een preservation m ethods (frozen vs. form alin- 
stored samples). N em atodes from  frozen samples w ere elutriated 
from  the sedim ent th rough  density gradient centrifugation using 
Ludox H S-40 (see earlier; [32]) and  picked out im m ediately to 
minim ise decay o f the carbon  isotope signal [37]. T hey  were then  
rinsed thoroughly with miliQywater to rem ove adhering  particles 
that m ight disturb the signal (e.g. detritus, sediment). All 200 
specimens o f each frozen sample were pu t in a  small A lum inium  
(AÍ) cup for further analysis (2 .5x6  nini, p rehea ted  at 550"C 
overnight to rem ove contam inating  organic m atter; [37]). T he 
specimens from  the form alin-preserved sam ple were rinsed twice 
with miliQywater before transfer to Al-cups. Finally, the cups were 
dried  overnight a t 60"C and  p inch  closed.

M easurem ents were carried  out using a  C H N -analyser 
(Elemental Analyser -  EA) coupled through an  interface to an 
Isotopic R atio  Mass Spectrom eter (IRM S, Flask 1112 series). Stable 
carbon  isotope ratios are expressed relative to the V ienna Pee Dee 
Belem nite (VPDB) reference standard  using the delta notation 
(expressed hi %o): S13C = [(Xsamplc -  X standai.d) /X standard] x lO 3, with 
X = 13C / 1~C. E ach isotope value was subjected to a  blank 
correction since obtained values are a  com bination o f bo th  the 
delta value o f the organic m atter in  the cup (80 m ) a n d o f the cup 
itself (8Uank). T h e  blanks consisted o f the same analysed Al-cups bu t 
w ithout nem atode content, and  were m easured a t regular intervals 
betw een the actual samples. Sam ple signals were corrected using: 
SOM xam plitudeoM  = (8sampieXaniplitudesamplc) -  (Sblankxam plitu- 
debiank) in w hich the am plitudes and  delta values o f the sample and 
blanks are m easured an d  the am plitude o f the O M  equals the 
am plitude of the sample m inus the m ean blank am plitude.

Statistical analysis
T h e  dataset used for fu rther statistical analysis included 

nem atode genera an d  abundance da ta  ( in d /10 cm 3) from  different 
locations a ro u n d  the A ntarctic continent for com parison with the 
Larsen seep site (Fig 1): Hailey Bay an d  K app  N orvegia in the 
south-east W eddell Sea [26], two stations located n ear South 
G eorgia and  Signy Island in the D rake Passage [24] and  the four 
o ther Larsen stations ([3]; new  data). D ue to differences in 
identification o f the different genera o f the family M onhysteridae, 
all genera have been grouped under this family nam e prio r to 
statistical analyses, to avoid m isinterpretation. T he problem  
m ainly lied w ithin the identification o f two closely-related and  
similar genera Halomonhystera and  Thalassomonhystera.

P R IM E R  v6 software [38] was used to calculate Bray-Curtis 
dissimilarities betw een different stations and  produce a non-m etric 
m ultidim ensional scaling tw o-dim ensional plot (nMDS) an d  a one­
way crossed Analysis o f  Similarities (A N O SIM  test). A S IM PE R  
(Similarities o f  Percentages) analysis was perform ed to determ ine 
w hich genera con tribu ted  m ost to the observed differences. All 
nem atode abundance da ta  were standardised (to account for

Station Depth layer Preservation m ethod #  replicates yf nem atodes per replicate

709/5 (Larsen B_Seep) 0-1 cm —20°C 2 200

709/5 (Larsen B_Seep) 2-3  cm —20°C 2 200

Formalin 4% 3 150

718/1 (Larsen B_North) 0-1 cm —20°C 2 200

doi:10.1371 /journal.pone.0022240.t002
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differences in  sample sizes) an d  square-root transform ed (to down- 
weigh the im portance o f very abu n d an t genera w ithout losing the 
influence o f ra re r genera) p rio r to analysis. P R IM E R  v6 was also 
used to calculate various diversity indices to com pare generic 
diversity betw een different stations. Indices included in this study 
are: H ill’s indices No, N i and  N œ [39], Pielou’s evenness index J ’, 
Shannon-W iener diversity index H j ol!C and  the expected num ber 
o f  genera E G (51) for a  sam ple size o f 51 individuals.

Results

C harac te r isa t io n  o f  t h e  site
A t Larsen B_Seep, some sedim ent cores exhibited a clear 

sulphidic layer betw een 3 and  10 cm  sedim ent dep th  (see T able  1; 
Fig 2), characterised by a  typical sulphide smell and  dark blue-grey 
colour ([28]; personal observations). E m pty shells o f the cold-seep 
clam  Calyptogena, also observed by [9], w ere still present a t the time 
o f sam pling [21,28],

A n overview o f sedim ent characteristics is provided in T able  3. 
All Larsen B_Seep replicates w ere characterised  by  similar m uddy 
clay-silt sediment. M ean  particle size ranged  from  9.62 pm  at 
replicate 7 0 9 /8  to 11.03 pm  at replicates 7 0 6 /5  and  709 /5 , 
yielding an  overall m ean  grain size o f 10 .36±0 .78  pm  (volume 
w eighted m ean). Silt was dom inant w ith an  average contribution 
o f 65% . T ogether with the clay fraction (34% average), pellite (silt 
+  clay) was the dom inant size class. O nly m inor fractions o f  sand 
were present (<  1 %). T h e  same trends w ere observed for the upper 
cm  separately (Table 3).

C hloroplastic Pigm ent Equivalents (CPE) ranged  from 
0.243 p g /g  for replicate 7 0 9 /8  to 0.544 p g /g  for 7 0 9 /5  (mean 
values over 5 cm  sediment; T ab le  3) with h igher concentrations 
in  the core w here a sulphidic layer had  been  observed (709/5). 
Average C PE  was 0.345 ± 0 .172  p g /g  o f w hich 0.236 ± 0 .1 2 4  p g /  
g was chlorophyll a. P igm ent concentrations decreased  rapidly 
th roughout the sedim ent colum n, w ith total C PE  ranging 
betw een 0.6 an d  1.5 p g /g  in the upper cm  and  decreasing to 
zero after the th ird  (706 /6  an d  709/8) o r fourth  (709/5) cm  (see

Fig 2). V ertical C PE  profile for replicate 7 0 6 /5  is m issing since 
values for the different sedim ent dep th  layers w ere not available. 
C ontribu tion  o f phaeopigm ents was com parab le  for the different 
replicates, ranging betw een 25.9 an d  39.8%  o f total C PE 
concentration .

T he b e n th o s  a t  Larsen B_Seep
T able  4 gives an  overview o f the m eiofauna com position and  

densities for the four Larsen B_Seep replicates. A total o f 8 
m etazoan m eiobenthic taxa was recovered at Larsen B_Seep, o f 
w hich nem atodes were the dom inant taxon (>90% ), followed by 
harpacticoid  copepods an d  their nauplii larvae (Table 4). O th er 
taxa contributed  less th an  1% to total abundance and  included 
Polychaeta, O stracoda, Isopoda, K inorhyncha, H alacarida, and  
R otifera. H ighest m eiobenthic densities were observed a t replicate 
70 6 /5  (4205 individuals pe r 10 cm 2) and  lowest at 7 0 6 /6  (2220 
in d /1 0  cm"), w ith an  average density o f 2988± 851 .5  in d /1 0  cm" 
over the four replicates (see T able  4). N em atode densities followed 
the same p a tte rn  with the highest value a t replicate 706 /5 , 
interm ediate values at replicates 70 9 /5  and  7 0 9 /8  and  the lowest 
value at replicate 706 /6 , leading to an  average nem atode density 
o f 2 8 6 3 ± 8 7 7  in d /1 0  cm 2. M ost m eiobenthic taxa resided in the 
upper cm  w here C PE  concentrations were highest (see Fig 2), 
except for the nem atodes, w hich showed a  deeper density 
m axim um  at 2 -3  cm  depth  in three  out o f four replicates (not 
the case for replicate 7 0 6 /6  bu t also there, densities were high 
until after 3 cm  depth; Fig 2). A total o f  66 different nem atode 
genera w ere identified over the four replicates. T o tal num ber o f 
genera (N0) was highest a t replicate 7 0 6 /6  (32) and  lowest at 7 0 9 / 
5 (22). Yet, the expected num ber o f genera for 51 individuals 
showed the opposite tren d  w ith highest num bers for 709 /5 . O th er 
diversity indices (Shannon-W iener H ’loge and  H ill’s N l)  as well as 
evenness (Nœ, J ’) w ere highest for replicate 706 /5 . G enera  with 
relative abundance > 1 %  are given in Table 5. All replicates were 
dom inated  by a single species o f Halomonhystera (relative abundance 
79.57-86.03% ) o f w hich only juveniles and  females were 
recovered and  w hich was dom inan t in all sediment dep th  layers

709/5 709/8 706/6 706/5
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Figure 2. Vertical profiles o f nem atode densities. Halomonhystera densities and CPE concentration per sediment layer. Scale b a rs  have 
b e e n  m a d e  un ifo rm  fo r co m p a riso n . W hite a rrow s in d ica te  th e  p o sitio n  o f th e  su lph id ic  layer as  o b se rv ed  u p o n  sam p lin g  [28], 
do i:10.1371 /jo u rn a l, p o n e .0022240 .g002
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Table 3. Overview of sediment characteristics for the different Larsen B_Seep replicates and averaged for the seep station.

Larsen Sedim ent V olum e weighted very  fin e  fine  m edium
B_Seep layer chi a (pg/g) phaeo (pg/g) CPE (pg/g) mean (pm) clay%  silt%  sand% sand% sand%

709/5 all layers 0.378 0.166 0.544 11.03 31.15 68.19 0.50 0.12 0.04

upper cm 0.934 0.570 1.504 13.90 26.67 71.63 1.09 0.40 0.22

709/8 all layers 0.180 0.063 0.243 9.62 36.44 63.16 0.40 0.00 0.00

upper cm 0.452 0.179 0.631 11.03 32.40 66.83 0.76 0.01 0.00

706/5 all layers - - - 11.03 34.01 65.04 0.79 0.10 0.06

upper cm - - - 17.02 25.43 71.45 2.38 0.45 0.29

706/6 all layers 0.149 0.098 0.247 9.75 35.71 63.80 0.38 0.08 0.03

upper cm 0.400 0.360 0.760 12.79 30.08 68.53 0.99 0.27 0.13

Average all layers 0.24±0.12 0.11 ±0.05 0.35 ±0.17 10.36±0.78 34.33 65.05 0.52 0.08 0.03

upper cm 0.60±0.29 0.37±0.20 0.97±0.47 13.69± 2.52 28.65 69.61 1.31 0.28 0.16

Note that data on pigment concentrations are missing for replicate 706/5. 
doi:10.1371 /journal.pone.0022240.t003

o f the B_Seep replicates (Fig 2) except for the deepest five cm ’s 
(10-15 cm) o f replicates 7 0 6 /5  and  7 0 6 /6  w here an  undescribed 
genus o f the family E thm olaim idae and  the genus Theristus were 
m ost abundant, respectively. Few o ther genera surpassed the 1% 
limit as they consisted o f only one or a  few specimens.

T o  test for food preference o f the dom inant Halomonhystera 
species, a  stable carbon  isotope analysis was perform ed which 
yielded the 8 C values listed in T able  6. Values are averaged over 
the different replicates for the samples and  are corrected  for a 
blank with average delta value o f — 25.385%o and  average 
am plitude o f 54.53. Average C delta  for the form alin-stored 
samples (709/5 , 2 -3  cm) was —21.97±0.86% o. T h e  13C isotope 
signal was slightly m ore depleted for the frozen samples 
(—23.27±0.31% o). Average S13C for the B _N orth replicate (0 - 
1 cm) was —22.52±0.36%o an d  slightly lower for the B_Seep 
replicate (—24.85 ±1.89%o), bu t note that the standard  deviation 
for the latter replicate is m uch  higher.

Discussion

L arsen B_Seep is a  rem arkable a rea  for two reasons. Firstly, it 
has a  long history o f ice-shelf coverage prio r to the rapid  
disintegration o f Larsen B in 2002. A nd secondly, cold-seep 
activity has been  assum ed in  the past [9], bu t has strongly declined 
over tim e [21]. Both phenom ena are very likely to influence the 
small m otile benthic organisms. T h e  m eiofauna and  nem atode 
com m unity structure are therefore com pared w ith o ther areas 
world-wide an d  the A ntarctic shelf in particular. Subsequently, we 
will focus in this discussion on the im pact o f reduced cold-seep 
activity and  p e rm anen t ice-cover loss.

T he b e n th o s  a t  Larsen B_Seep: Business as  usual?
In  general, m eiofaunal standing stock an d  distribution in the 

sedim ent is to a  large extent determ ined by the am oun t o f 
utilisable organic m atter in the sediments [40-42], w hich in tu rn  is 
controlled by sedim entation rate, degradation  in the w ater 
colum n, and  o ther benthic processes. Fligher C PE  concentrations 
in the sediment, especially chlorophyll a  (as a  m easure o f  freshness 
o f the organic m atter), are indicative o f a  h igher prim ary 
production  in the euphotic zone, in com bination  w ith a  shallower 
w ater depth. Because pigm ent concentrations and  hence food 
availability tend  to decrease with increasing w ater dep th  and  
distance to the coast [26,42-44], m eiofaunal densities often decline 
w hen m oving from  the shallows towards the deeper abyss 
[31,40,42-45]. A t Larsen B_Seep, total phytopigm ent concentra­
tions were the highest for the whole L arsen region studied so far 
(Fig 3), w hich was also observed by [23] during  the same A N T- 
X X II I /8  cam paign (data provided by Isla & Sañé Schepisi). 
E nhanced  C PE  concentrations at B_Seep relative to adjacent, 
even shallow, stations can  partly  be  explained by  its location within 
a trough form ed by two glaciers. T his trough m ay act as a  trap  
accum ulating  food deposition from  the surface waters [23,44].

How ever, w hen com paring sedim ent C PE  levels for the entire 
Larsen a rea  with o ther A ntarctic shelf areas, it becam e clear that 
p igm ent concentrations were generally quite low in the Larsen A 
and  B em baym ents [23,46], C oncentrations a t B_Seep (0 .24- 
0.54 jug/g) were w ithin the same o rder o f m agnitude as in the Ross 
Sea at a  dep th  o f ~ 4 0 0 -5 5 0  m  (0 .25± 0 .24  p g /g —0.4 5 ± 0 .3 7  p g /  
g; [42]), w hich was according to these authors up to 5 times lower 
th an  in equally deep sediments in the W eddell Sea (Kapp 
N orvegia and  Hailey Bay; [40]). Also com pared  to o ther regions

Table 4. Meiofauna composition (in percentages) and densities (in individuals per 10 cm2) of the four Larsen B_Seep replicates.

Replicate N em atoda (%)
Copepoda (%) 
(Harpacticoida) Nauplii (% ) O th e r (%)

M eiofauna density  
(ind /10 cm2)

Nem atode density  
(ind/10 cm2)

709/5 92.76 2.77 3.56 0.91 2718 2522

709/8 96.08 1.55 1.49 0.88 2809 2699

706/5 98.11 0.90 0.57 0.42 4205 4125

706/6 94.88 1.89 2.29 0.94 2220 2107

doi:10.1371 /journal.pone.0022240.t004 
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T a b le  5 .  Relative abundance of dominant genera at the different Larsen B _ S e e p replicates (relative abundance >1%)

PS69/706/5 P S69/706/6 PS69/709/5 PS69/709/8

Genus % Genus % Genus % Genus %

Halomonhystera 79.57 Halomonhystera 83.73 Halomonhys tera 82.39 Halomonhystera 86.03

Ethmolaimidae gen. nov. 9.44 Theristus 5.21 Daptonema 4.70 Monhystrella 2.22

Monhystrella 1.55 Monhystrella 1.57 Daptonema 1.75

Daptonema 1.08 Stephanolaimus 1.75

doi:10.1371 /journal.pone.0022240.t005

world-wide at similar w ater depths, C PE  concentrations were 
ra th e r low ([47]: 1 .45-4.48 p g /g  a t depths betw een 533 and  
2401 m  in the Ion ian  an d  Aegean Seas; [48]: 0 .467-1 .585 p g /g  at 
a  dep th  o f 750 m  in the South Sandw ich Trench).

A lthough C PE  values were low in the Larsen region, average 
m eiofauna density a t Larsen B_Seep was w ithin the h igher range 
found at o ther seasonally ice-free shelf locations in the W eddell, 
Scotia and  Ross Seas [40,43,48] (see Fig 4A & B). A t B_Seep, 
densities varied substantially betw een the different replicates 
(Table 4) bu t such microscale variation  could be ascribed to 
small-scale differences in m icrotopography and  physical structure 
o f  the habitat, as well as patchiness o f food availability in the 
sediments [40,42,49], Since nem atode densities a t B_Seep were 
h igher com pared  to shallower Larsen stations and  reference 
stations in the W eddell Sea (Fig 4B), they do no t seem to conform  
to the general p a tte rn  o f decrease in  abundance with w ater depth. 
Flighest nem atode densities and  C PE  concentrations a t B_Seep 
w ithin the Larsen a rea  could indicate that h igher nem atode 
densities are a  consequence o f this elevated food input. However, 
w hen pu t in a  b ro ad er geographical context, h igher densities at 
B_Seep relative to W eddell Sea regions o f similar dep th  cannot 
simply be  explained by assum ing higher food input in the Larsen 
B_Seep area.

N ot only do organic m atter concentrations generally decrease 
with w ater depth, also w ithin the sedim ent they tend  to decline 
with dep th  from  the surface to subsurface layers (due to m icrobial 
degradation  [3,44,48]), and  this is often reflected in m eiobenthic 
densities [24,48], W ithin the Larsen B_Seep replicates, C PE 
concentrations were indeed highest in the upper cm  of the 
sedim ent colum n and  rapidly decreased to zero after ~ 3 M  cm 
depth  (Fig 2). A bundance of m ost m eiofauna taxa o f Larsen 
B_Seep followed this pattern , w ith highest densities in the topm ost 
sedim ent layer. M eiofauna and  nem atode abundance w ere also 
greatest in the surface layers o f o ther Larsen and  A ntarctic shelf 
stations, im plying a  dependence upon  fallout o f phytodetritus as 
dom inant food source. T h e  nem atode com m unity at Larsen

T a b le  6 .  Calculated delta values (in %o, 
for the C-13 stable isotopes.

±  standard deviation)

Replicate Station Average de lta *

709/5/2-3 cm formalin B_Seep -21.97±0.86

709/5/0-1 cm frozen B_Seep -24 .85  ±1.89

718/1/0-1 cm frozen B_North -22 .52  ±0.36

709/5/2-3 cm frozen B_Seep —23.27±0.31

*Delta values are based on two replicate measurements each and are blank 
corrected.
doi:10.1371 /journal.pone.0022240.t006

B_Seep however, showed a  substantially different pa tte rn , with 
density m axim a at 2 -3  cm  sedim ent dep th  (not for replicate 7 0 6 / 
6), m ost p rom inen t in bo th  cores w here a  sulphidic layer was 
noticed (Fig 2). O ccurrence o f nem atodes a t greater sediment 
dep th  is often related  to deeper penetration  o f food, e.g. next to 
burrow ing structures created  by  m acro- an d  m egafauna, where 
chlorophyll an d  phaeopigm ents can infiltrate into deeper sediment 
layers [50,51]. Burrows o f infauna m ight also im pact the oxygen 
penetration  into the sediment, hence allowing deeper occurrence 
o f nem atodes [52-54]. How ever, C PE  concentrations showed no 
sign of deeper penetration  into the sediment (Fig 2), precluding 
availability o f fresh food sources to the infauna in  deeper layers. It 
is therefore unlikely that b io turbation  and  consequent redistribu­
tion o f phytodetrital m atter were ultim ately responsible for the 
deeper nem atode standing stocks. M acrobenthic densities at 
B_Seep were low bu t m egabenthic densities w ere relatively high 
com pared to the poorest station (in term s o f density and  diversity) 
B_W est due to the occurrence of an  abu n d an t deep-sea 
holo thurian  Elpidia glacialis [23]. T he same species was present in 
dense herds in the M olloy D eep site [55] w here it was assum ed to 
be responsible for a  high p redation  pressure on the m etazoan 
m eiofauna, resulting in (weak) subsurface m axim a. Finally, 
enhanced  bo ttom  currents could also invoke a  dow nw ard 
m ovem ent o f m eiofauna because o f constant d isturbance o f the 
upper sedim ent layers [56], How ever, only nem atodes seemed to 
prefer the deeper sedim ent layers, so that sedim ent d isturbance by 
increased bo ttom  currents p robably  has no real im pact on  the 
m etazoan m eiofauna a t L arsen B_Seep.

Both in term s o f total densities as well as vertical distribution in 
the sediments, the nem atode com m unity at B_Seep did no t reflect 
generally observed patterns o f decreasing density with w ater depth  
and  sedim ent depth. Also general m etazoan m eiofauna taxon 
richness was ra th e r low (8 taxa) com pared  to similar depths in 
o ther A ntarctic regions (see [42] an d  references therein; [43] found 
a m ean  o f ~ 1 1 taxa per station, 16 taxa in the richest station). In 
all replicates, nem atodes were by  far the m ost dom inant taxon, 
w hich is consistent w ith results from  o ther studies in Southern- 
O cean  shelf areas and  at bathyal depths [3 ,26,40-44,48,57]. T he 
o ther observed higher taxa w ere typical inhabitants o f soft bathyal 
and  abyssal sediments and  have been  recovered on  several 
occasions from  A ntarctic sediments [44]. Sim ilar patterns in 
m eiofauna com position have been described in cold-seep habitats 
as well [12,17],

M eiofauna in general and  the nem atode com m unity a t B_Seep 
were depauperated  com pared  to o ther A ntarctic areas (see T able  7 
for an  overview o f the average diversity values for the different 
areas). Low diversity a t B_Seep in term s o f H ’loge and  E G  was 
a ttribu ted  the absolute dom inance o f one Halomonhystera species 
(80-86% ), family M onhysteridae. T h e  same species was also found 
in the o ther L arsen stations, although w ith lower relative
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Figure 3. Pigment concentrations of the five Larsen A and B stations. C o n ce n tra tio n s  a re  g iven  b o th  fo r th e  e n tire  s e d im e n t co lu m n  a n d  th e  
u p p e r  cm  sep a ra te ly  (in j-tg/g). Bars re p re s e n t s tan d a rd  errors. 
do i:10 .1371/jo u rn a l.p o n e .0022240 .g003

abundances (9-58% ; [3]). Figure 5 shows the nM D S plot based  on 
genera com position data, including all L arsen stations as well as 
o ther shelf stations from  the W eddell Sea and  D rake Passage 
know n from  literature. T he high contribution  o f M onhysteridae to 
total nem atode densities a t B_Seep was the m ain  factor (as 
revealed by SIM PE R  analysis) explaining on one h and  the higher 
similarity with B_W est and  B _N orth (41.11% and  43.45% , 
respectively), an d  on the o ther han d  the larger differences in 
com m unity com position w ith B _South (dissimilarity o f 78,22%),
A _South (dissimilarity o f  68.91%) and  o ther W eddell Sea regions 
(dissimilarity o f 75.09%  w ith D rake Passage average an d  79.42%
W eddell Sea average) [24,26], w here the genus Halomonhystera and  
the family M onhysteridae are ra th e r sparse. Overall, nem atode 
com m unity structure was significantly different betw een different 
shelf regions, based  on the one-way A N O S IM  analyses (overall 
R  = 0.97 and  p = 0.001 for 7 groups (5 Larsen stations +  W eddell 
Sea +  DP); R  betw een 0.904 and  1 for all paitw ise comparisons; 
h igher R  values indicate h igher dissimilarity betw een sites).

In  sum m ary, the results show that there are significant 
differences betw een the nem atode com m unity o f  the Larsen 
B_Seep station and  o ther non-seep Larsen stations [3] and  other 
reference areas in the W eddell Sea [26] and  D rake Passage [24],
Since local environm ental factors can only partly  explain the 
observed differences, these results were exam ined in the light o f 
bo th  reduced cold-seep activity and  recent ice-shelf collapse.

R e d u ced  co ld - se e p  activity
O u r first hypothesis is that we assum e to find no indication o f 

(reduced) seepage a t the nem atode level. At first sight, there were 
no signs o f typical seep-associated m egafauna, except for dead, 
em pty Calyptogena shells. T h e  presence of these Calyptogena shells

was one o f the m ain  reasons to revisit the exact sam pling location 
o f D om ack et al. [9], an d  (although dead) an  indication o f higher 
seep activity in the past [21]. Yet, the observation of dark grey- 
coloured sulphidic layers in some o f the replicate cores a t B_Seep 
suggested that a  certain  level o f cold seep activity was still present. 
Cold seeps, as well as o ther reducing deep-sea environm ents such 
as hydrotherm al vents, contrast w ith generally observed trends in 
m eiofauna an d  nem atode structure o f phytodetritus-based benthic 
environm ents, as did the nem atode com m unity at B_Seep.

Previous studies in a  variety o f cold-seep ecosystems world-wide 
have shown th a t nem atodes often represent the dom inant group in 
m eiobenthos [17,18,58] and  that com m unity com position in 
sediments with high sulphide levels is mostly dom inated  by one or 
a  few successful species that are able to thrive in the reduced  bu t 
organically-enriched sediments. This leads to high densities 
(sometimes accom panied by subsurface distribution m axim a) bu t 
dim inished species richness [12,17,19,56,58,59]. In  bacterial m ats 
consisting o f the sulphur-oxidising genus Beggiatoa, recovered from 
the H âkon  M osby M ud  V olcano in the Barents Sea (H M M V , 
~ 1 2 8 0  m  w ater depth), V an  G aever et al. [12,17,18] reported  an 
extrem ely dense (> 11 ,000  in d /1 0  cm"), m ono-specific nem atode 
com m unity dom inated  by  Halomonhystera disjuncta. In  general, 
M onhysteridae are deep-sea generalists that are know n to 
dom inate extrem e environm ents such as hydrotherm al vents 
[20,60-62] and  seeps [16,17] and  Halomonhystera is a  cosm opolitan 
genus that has been  recovered from  various m arine sediments 
[31], including sulphidic sediments in shallow [31] an d  deeper 
[18,62] areas. All o f the above-m entioned characteristics o f seep 
m eiobenthos a re  found in the nem atode com m unity at Larsen 
B_Seep, w ith densities w hich were greater com pared to the o ther 
Larsen stations, bu t no t as high as for the H M M V . A lthough the
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th e  re fe ren ce  s ta tio n s , p ig m e n t d a ta  a re  n o t sh o w n  b e ca u se  th e y  w e re  e x p re ssed  in p g /c m 3 an d  h e n ce  c o u ld  n o t b e  co m p a re d . B. N em ato d e  
d e n sitie s  (ind /10  c m 2) fo r th e  d iffe ren t s ta t io n s  re la tive  to  th e ir  d e p th  (0 -1 0 0 0  m). T he p o sitio n  o f  th e  Larsen B_Seep s ta t io n  is m ark ed  w ith  an  
asterisk*.
do i:10 .1371/jo u rn a l.pone .00 2 2 2 4 0 .g 0 0 4

dom inant seep nem atodes are no t endem ic for these habitats, they 
m ay show some traits that apparen tly  help them  to survive in these 
harsh  environm ents: paren tal caring in H. disjuncta [17], symbiotic 
bacteria  and  absence o f m outh  an d  gut in Astomonema [19]. In  this 
aspect, the presence o f only juveniles and  females o f the dom inant 
Halomonhystera species in the B_Seep samples was striking. 
N em atodes are know n to be able to express different reproductive 
strategies w hich can be  triggered by  their specific environm ent 
(e.g. ovovivipary: [17] and  references therein). Furtherm ore, m any 
terrestrial and  plant-parasitic nem atodes are able to reproduce 
autotokously (i.e. p roduction  o f progeny by a single paren t, 
including herm aphroditism  an d  parthenogenesis; [63]). Such 
m ethods o f asexual reproduction  are no t regularly observed in 
m arine free-living nem atodes [63]. W ithin  freshw ater free-living 
nem atodes, a  num ber o f studies [64-66] have shown that the 
contribution  o f males to the com m unity age structure is often 
m inim al (between 0-15% ). T he m ain  p a rt o f the population  often

consists o f juveniles (44—64%) and  females (19-48% ) [64,65]. In 
the study by Beier and  T raunspurger [64] no males w ere found for 
the dom inant species Eumonhystera filiformis/vulgaris, w hich is also a 
m em ber o f the M onhysteridae. T h e  authors suggested that most 
nem atodes in the studies stream  were reproducing parthenoge- 
netically, leading to fast population  growth, thus allowing the 
nem atodes to be successful in this lotie system. T h e  success o f a 
single Halomonhystera species a t B_Seep as reflected by its 
dom inance an d  high densities m ay have followed ou t o f  a 
parthenogenetic  reproduction  strategy, although m ore study is 
requ ired  to investigate this phenom enon . Nevertheless, fast 
population  grow th m ay explain the unusual high num bers and  
high dom inance o f this single species in this special environm ent.

H igh densities o f the Halomonhystera species furtherm ore suggest 
that it m ay be able to m ake use o f chem osynthetically-derived 
food. If  the Halomonhystera-domina.ted com m unity at B_Seep 
depended upon  a  chem osynthetic food source, either by  direct
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Table 7. Diversity indices (average ±  standard deviation) of the different Larsen stations compared to the Kapp Norvegia, Hailey 
Bay (Weddell Sea) and Drake Passage average.

B_South A_South B_North B_West B_Seep Kapp Norvegia Hailey Bay Drake Passage

N0 27.80 ±1.48 28.00 ±7.07 12.40 ±2.30 20.00 ±4.53 25.75 ±4.35 62.75 ±5.62 52.33 ±11.50 43.5 ±2.12

J' 0.75 ±0.02 0.72 ±0.05 0.54 ±0.05 0.49 ±0.05 0.24 ±0.03 0.81 ±0.03 0.85 ±0.03 0.76 ±0.003

EG(51) 16.44 ±2.32 18.29±2.99 8.26 ±1.69 12.13±3.06 4.48 ±0.59 23.59 ±2.97 25.69 ±4.23 17.58 ±0.74

H'ioge 2.48±0.07 2.40±0.35 1.34±0.15 1.48±0.26 0.76±0.08 3.34±0.17 3.34±0.27 2.86±0.05

Ni 11.99 ±0.83 11.33 ±3.86 3.85 ±0.58 4.50 ±1.18 2.15 ±0.17 28.65 ±4.81 29.29±8.31 17.41 ±0.86

Njnf 3.14±0.37 3.54±1.20 1.76±0.15 1.75 ±0.21 1.17±0.04 7.07±2.27 8.05±1.40 4.21 ±0.31

doi:10.1371 /journal.pone.0022240.t007

grazing on free-living chem oautotrophic bacteria  o r indirectly via 
symbiotic interactions, stable isotope signals o f  Halomonhystera 
specimens from  B_Seep an d  B _N orth (as a  control) should reveal 
the origin o f their m ain  source of food. Based on the ‘you are w hat 
you ea t’-principle [67], nem atode com m unities th a t depend  on a 
chem osynthetic food source should exhibit m uch greater 13C- 
depletions com pared  to benthos that is entirely dependent upon 
heterotrophic consum ption of phytoplankton-derived organic 
carbon  [37,68], A num ber o f isotope studies in cold seep 
ecosystems already revealed a  link betw een nem atodes an d  a 
chem osynthetic carbon  source. For instance, V an  G aever et al. 
[18] showed that Halomonhystera disjuncta in the bacterial m ats at 
H M M V  was feeding on the free-living chem oautotrophic bacteria  
present.

For Larsen B_Seep and  B_N orth, all 13C isotope values lay 
betw een —25 and  —22%o, for bo th  replicates, for the different 
sedim ent layers and  for the different preservation m ethods 
(Table 6). These values are com parable to those for phytoplank- 
ton-derived organic m atter (ranging —25 to — 16%o approxim ate­
ly; [19,69]; calculated m ean  o f —21.1%o (SE 2.4) by  C urrin  et al. 
[67] based on  results o f different studies) and  suggest that 
nem atodes feed on phytodetritus settling from  the w ater colum n. 
A pparently, differences in preservation m ethod  (formalin vs. 
frozen samples) did not have any significant effect on  isotopic 
values as already shown by earlier studies [69-72].

C om ing back on  our first hypothesis, i.e. there are no 
indications o f (reduced) cold-seep activity in the Larsen B area, 
the results leave scope for debate. O n  one hand , stable carbon

2D Stress: 0.11
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♦  Hailey Bay 
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Figure 5. nMDS plot. The p lo t is b a se d  on  Bray-Curtis sim ilarities o f  th e  Larsen rep lica tes  ([3]; th is  study ) an d  th e  re fe ren ce  d a ta  o f th e  W eddell Sea 
[26] a n d  Drake P assag e  [24], D ata h ave  b e e n  s tan d a rd ise d  an d  s q u a re -ro o t tra n sfo rm ed  p rio r to  analysis. T he s tre ss  v a lu e  in th e  u p p e r  rig h t co rn e r 
in d ica tes  th e  g o o d n ess-o f-fit o f  th e  MDS p lo t. 
do i:10 .1371/jo u rn a l.p o n e .0022240 .g005
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isotope values indeed po in t ou t th a t the nem atodes did no t depend 
on  chem osynthesis for their carbon  source a t the tim e o f sampling. 
O n  the o ther hand, nem atode com m unity traits, such as high 
densities, p rom inen t dom inance o f one species and  deeper 
standing stocks, resem ble the situation a t o ther cold seep 
ecosystems world-wide. Therefore, effects o f reduced cold seepage 
on  the m eiofauna level canno t be ru led  out.

T he b e n th o s  a f te r  ice-shelf  co llapse
T h e  second hypothesis stated th a t the nem atode com m unity at 

B_Seep w ould be im poverished as a  result o f the long coverage 
with a  thick ice shelf. T he recent loss o f  ice cover in the a rea  has 
had  a profound  effect on the food regim e with a  shift from 
oligotrophic, pre-collapse conditions to the developm ent o f 
sum m er phytoplankton blooms in the surface waters above the 
previously ice-covered sediments [23]. In  general, the Southern 
O cean  is characterised  by very short, b u t intense sum m er 
phytoplankton bloom s w hich depend on the m elting of the pack 
ice in spring and, thus, can exhibit considerable regional variation 
[26,40,69]. B loom ing period  is shortest an d  least p redictable in  the 
high latitude environm ents such as the W eddell Sea, including the 
Larsen areas. Benthic com m unities in A ntarctic  waters are alm ost 
entirely dependent upon this sum m er food supply, either by direct 
vertical transport o f  phytodetritus from  the surface o r indirecüy by 
lateral transport th rough  near-bo ttom  currents th a t b ring  food 
particles from  other seabed regions to the site [73]. It seems that 
especially nem atodes are very sensitive to changes in food 
availability [42,44], Therefore, the loss o f ice cover and  subsequent 
enhancem ent o f direct vertical flux o f food particles to the seabed 
m ay have had  a  positive effect on m eiofauna an d  nem atode 
abundance in the Larsen area. D uring  previous conditions o f long 
ice-shelf coverage (> 10 ,000  years), the only source o f photosyn- 
thetically derived food was probably  related  to advective transport 
by bottom  currents from  o ther areas in the open W eddell Sea
[3.73]. Pre-collapse oligotrophic conditions in the inner Larsen 
em baym ent were reflected in the nem atode com m unity o f the 
inner station B_W est, w here R aes e t al. [3] found low nem atode 
densities, low genus richness, an d  one highly dom inan t genus 
(.Halomonhystera), all typical features o f recen t colonisation. Since 
B_W est becam e ice-free after 2002 and  colonisation o f newly 
opened benthic  patches m ight take several decades (mainly 
because nem atodes exhibit passive dispersal by bo ttom  currents
[3.74]), the nem atode com m unity was still in an  early stage o f 
recovery or the (re)colonisation process an d  therefore depauper­
ated. T h e  same observation was m ade for the o ther inner stations, 
B _N orth  and  A_South, although density and  diversity differences 
did occur (probably due to local environm ental conditions [3]). 
T h e  above-m entioned ice-collapse related  features (timing of ice 
cover loss, food availability an d  colonisation rate) o f the different 
Larsen stations were the reason for the seemingly contradictory 
observations th a t densities w ithin the Larsen area  increased with 
w ater dep th  (see earlier; Fig 4B), as opposed to general 
expectations. B ut how  do these observations relate to the Larsen 
B_Seep station?

Instinctively, if we look a t its central position w ithin the Larsen 
B em baym ent (Fig 1) an d  its tim ing o f ice cover loss (2002) w ithout 
taking into account the p resum ed cold seep activity, one w ould 
expect to find th a t the nem atode com m unity  a t B_Seep is m ost 
similar to the o ther im poverished inner stations B_W est and  
B_N orth. Indeed, com m unity structure was m ost com parable to 
those two stations in term s of the dom inan t Halomonhystera species 
and  low diversity (Table 7). H ence, similar patterns o f low diversity

and  Halomonhystera dom inance a t B_Seep m ay be indicative o f  the 
relatively recent loss o f ice cover there and  the presence o f an  early 
stage of colonisation. H ow ever, nem atode densities were m uch 
h igher than  in B_W est an d  B _N orth  and  w ere m ost similar to 
those recorded a t B_South. T h e  argum ents used to explain 
increased densities a t B _South (i.e. location n ear ice-shelf edge and  
open W eddell Sea [3]) canno t be  used in the case o f  B_Seep 
because o f its larger distance to the open W eddell Sea. Also 
subsurface m axim a in nem atode abundance canno t be  explained 
by ice-shelf disintegration.

It seems th a t the long coverage with the Larsen B ice shelf 
indeed resulted in a  poor nem atode com m unity a t B_Seep in 
term s o f diversity and  dom inance. Y et questions rem ain  regarding 
high observed densities and  extraordinary  vertical profiles.

C onclus ion
T h roughou t this study we cam e across some seemingly 

contradicting  results regarding the nem atode com m unity o f 
Larsen B_Seep. Both recen t ice-shelf disintegration and  past 
cold-seep activity b ring  plausible explanations for the observed 
patterns in nem atode diversity, density and  com position. T he 
results show th a t the current, im poverished nem atode com m unity 
m ay have resulted from  bo th  the long-term  ice coverage in  the 
area, as well as the proliferation of one opportunistic species to 
cold seep conditions in the past (although we cannot be certain 
abou t this latter aspect). T he high density - low diversity nem atode 
com m unity is m ost likely the result o f large-scale ice shelf collapse 
and  subsequent increased food inpu t from  the surface waters. 
Stable carbon  isotope values indicated th a t the dom inant 
Halomonhystera species a t B_Seep is indeed depending on 
phytodetritus as a  food source. This species seems to be very well 
adap ted  to rap id  colonisation, m aking use o f  parthenogenetic  
reproduction, and  therefore dom inates the entire com m unity. At 
the same tim e, there  are indications th a t cold-seep activity m ay 
have shaped the com m unity a t B_Seep and  ice-shelf rem oval has 
helped the ecosystem to shift tow ards a phytodetritus-based 
com m unity.

Today, m any uncertainties rem ain  regarding the structure and  
ecology o f benthic  com m unities a t the Larsen B_Seep site. This 
study aim ed a t revealing some o f the patterns an d  processes 
associated with this unique a rea  by providing a first assessment o f 
the m eiobenthos. Ice shelf disintegration has m ade the study of 
these poor-know n com m unities feasible and  future effort in the 
area, a t all trophic levels, will be needed if  we are to fully 
understand  the functioning o f this rem arkable ecosystem.
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