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ABSTRACT: Hakon Mosby Mud Volcano (HMMYV, SW Barents Sea slope, 1280 m) is one of the
numerous cold methane-venting seeps existing along the continental margins. Analyses of video-
guided core samples revealed extreme differences in the diversity and density of the metazoan
meiobenthic communities associated with the different sub-habitats (centre, microbial mats,
Pogonophora field, outer rim) of this mud volcano. Diversity was lowest in the sulphidic, microbial
mat sediments that supported the highest standing stock, with unusually high densities (11 000 ind.
10 cm2) of 1 nematode species related to Geomonhystera disjuncta. Stable carbon isotope analyses
revealed that this nematode species was thriving on chemosynthetically derived food sources in these
sediments. Ovoviviparous reproduction has been identified as an important adaptation of parents
securing the survival and development of their brood in this toxic environment. The proliferation of
this single species in exclusive association with free-living, sulphide-oxidising bacteria (Beggiatoa)
indicates that its dominance is strongly related to trophic specialisation, evidently uncommon among
the meiofauna. This chemoautotrophic association was replaced by copepods in the bare, sulphide-
free sediments of the volcano's centre, dominated by aerobic methane oxidation as the chemosyn-
thetic process. Copepods and nauplii reached maximum densities and dominance in the volcano’s
centre (500 ind. 10 cm™2). Their strongly depleted carbon isotope signatures indicated a trophic link
with methane-derived carbon. This proliferation of only selected meiobenthic species supported by
chemosynthetically derived carbon suggests that, in addition to the sediment geochemistry, the asso-
ciated reduced meiobenthic diversity may equally be related to the trophic resource specificity in
HMMYV sub-habitats.
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INTRODUCTION

Rapid changes in biodiversity are occurring globally
and are calling for a better understanding of what con-
trols the structure and functioning of communities
inhabiting the seafloor (Solan et al. 2004), the largest
habitat on earth. Extreme environments such as cold
seeps and hydrothermal vents do not only reveal infor-
mation on the boundaries of metazoan life, but they
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may also unravel fundamental aspects of ecology.
Sediments of cold-seep ecosystems, ultimately driven
by methane seeping from great depths, often harbour a
consortium of archaea and bacteria that generates
large amounts of sulphide (Boetius et al. 2000, Orphan
et al. 2002), which is toxic for many forms of life
(Bagarinao 1992). The subsequent microbial-mediated
oxidation of sulphide supplies significant amounts of
organic carbon in the form of microbial biomass, and
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sulphide-oxidising bacteria like Beggiatoa form promi-
nent white mats in many methane-seeping environ-
ments (Pimenov et al. 2000, Levin 2005). Although
being an unusual trophic resource, the high bacterial
production at seeps may fuel higher trophic levels, but
observations on sediment-dwelling infauna and their
adaptation strategies are limited (Levin 2005). Studies
are generally more abundant of macrobenthos, and, in
microbial-mat-covered seep sediments, high-density
patches of macrofaunal species often consist of aggre-
gations of dorvilleids or hesionid polychaetes (Robin-
son et al. 2004, Levin 2005). In all studies of deep-sea
cold seeps, dominance was high and species diversity
was relatively low within the macrofauna, compared to
the surrounding sediments (Levin et al. 2000). The
limited numbers of species that proliferate in seeps
seem to flourish on chemosynthetically derived or-
ganic matter (Levin & Michener 2002).

Meiofaunal studies from deep-sea cold-seep areas
are generally scarce. Some of these studies docu-
mented an increased meiofaunal density or volume
compared to nearby control sites (Buck & Barry 1998,
Olu et al. 1997, Robinson et al. 2004). For the seep
areas in the Gulf of Mexico, Robinson et al. (2004)
recorded meiofaunal densities 10 times higher in a
microbial mat zone (1934 m, ca. 6500 ind. 10 cm™3) than
in the nearby non-seep sediments (2238 m). Olu et al.
(1997) documented 1 to 2 orders of magnitude greater
meiofaunal densities on mud volcanoes than expected
for non-seep sediments at a similar depth (5000 m). In
contrast, little or no difference in density from control
sites has been observed at other deep-sea cold seeps
(Shirayama & Ohta 1990). In 2 shallow seeps (methane
seeps of a North Sea pockmark and of the northern
Kattegat), reduced meiofaunal densities occurred
(Dando et al. 1991, Jensen et al. 1992). Overall, no
unequivocal response of the metazoan meiofaunal
abundance to seep conditions emerges from previous
studies (Levin 2005). Moreover, increased habitat het-
erogeneity of seep areas often results in higher vari-
ability of meiofaunal density within than outside seeps
(Montagna & Spies 1985). Additionally, deep-sea seep
meiofaunal studies are often restricted to family or
higher taxon level, but repeatedly reveal nematodes as
the dominant taxon, similar to regular deep-sea sedi-
ments (Levin 2005).

Here, we report on a study of the metazoan meio-
fauna from the deep-sea Hakon Mosby Mud Volcano
(HMMYV). Soltwedel et al. (2005) presented the first
numbers on the meiobenthic abundances at the
HMMYV and identified nematodes as the most abun-
dant metazoan taxon in different sub-habitats. How-
ever, nematode diversity and trophoecology remain
unknown. The present study examined the metazoan
meiobenthos, with special reference to nematode

diversity and densities in 4 sub-habitats of HMMYV dif-
fering strongly in sediment geochemistry (de Beer et
al. 2006). Special attention was paid to microbial mat
sediments that often support enhanced densities of
fauna in otherwise food-limited, deep-sea sediments
(Levin 2005, Soltwedel et al. 2005). The importance of
chemosynthetic nutrition was estimated through sedi-
ment bulk and labile organic matter carbon isotopes,
as well as through the natural carbon isotope signa-
tures of the dominant species, which reflect the dietary
contribution or importance of photosynthetic- versus
chemosynthetic-derived carbon (Van Dover et al. 2003,
Levin 2005). Finally, the importance of symbiotic rela-
tionships for the dominant species of microbial mats
was examined using light and electron microscopy.

MATERIALS AND METHODS

Study area. HMMYV is a cold seep, located on the
continental slope off northern Norway at a water depth
of 1280 m (Fig. 1). It has a relief of 8 to 10 m in height
and a diameter of about 1.5 km. HMMYV has a concen-
tric structure with a mud-oozing centre that is consti-
tuted of highly gas-saturated sediments and has a very
strong thermal gradient at the sediment-water inter-
face (Ginsburg et al. 1999). Beyond this central plain,
also referred to as the thermal ‘eye’ of the volcano
(Soltwedel et al. 2005), the seafloor has a complex
topography of hills and depressions, and is covered by
extensive microbial mats (grey and white) of large
chemoautotrophic bacteria. According to Pimenov et
al. (2000), grey microbial mats are constituted of the
genera Beggiatoa, Thioploca and the morphologically
similar genera Leucothrix and Thiothrix. In contrast,
the white mats are dominated by a single filamentous
morphotype with a diameter of 10 pm and abundant
sulphur inclusions. This large morphotype is referred
to as Beggiatoa (de Beer et al. 2006). The periphery
and parts of the outer rim of HMMYV are colonised by
dense patches of Pogonophora (Figs. 1 & 2) (Vogt et al.
1997, Gebruk et al. 2003, de Beer et al. 2006). The dif-
ferent sub-habitats, each with typical environmental
conditions, are displayed in Fig. 2. However, this
description of the sub-habitats at HMMYV only provides
a generalised view, as the small-scale (cm) patchiness
is rather pronounced.

The macrobenthic chemosynthetic communities of
HMMYV are dominated by 2 species of small Pogono-
phora, Sclerolinum contortum and Oligobrachia ha-
akonmosbiensis, both harbouring symbiotic, auto-
trophic, methane-oxidising bacteria and living in
colonies covering 100s of square metres of the seafloor
(Gebruk et al. 2003, Soltwedel et al. 2005). Other
organisms which form associations with the pogono-
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phorans include diverse polychaetes, bivalves and
amphipods, as well as gastropods, ophiuroids and
tanaidaceans (Gebruk et al. 2003). Striking is the ab-
sence of typical seep bivalves, Vesicomyidae and
Mytilidae (Milkov et al. 1999, Boetius et al. 2000).
Sampling and sample processing. Sediment samples
were collected during the cruise ARKTIS XIX/3b
aboard the German RV ‘Polarstern’ from June to July
2003. In total, 4 HMMYV sub-habitats were sampled
using a video-guided multiple corer (90 mm core diam-
eter). At each sub-habitat (centre, microbial mats,
Pogonophora field, outer rim), 3 replicate tubes were
taken from 2 or 3 different deployments. As a control, 2
sites located outside HMMYV (10s of kilometres) were
sampled (Figs. 1 & 2, Table 1). For both the microbial
mats and the Pogonophora field, replicates were
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selected based on the presence, respectively, of bacte-
ria (Beggiatoa) or Pogonophora, whereas the outer rim
replicates did not contain either of these.

The overlying water from each sediment core was
collected separately. The sediment was sectioned
horizontally in 1 c¢cm layers down to a 5 cm sediment
depth. The following 5 cm slice (5 to 10 cm) was taken
as 1 bulk sample. After fixation with 4% buffered
formaldehyde, the samples were washed over a 32 pm
mesh sieve. Metazoan meiofaunal organisms were
extracted from the residue by centrifugation with
Ludox, and were stained with Rose Bengal. Organisms
were sorted and identified to major taxon level under a
stereoscopic microscope. From each sediment section,
100 nematodes were randomly picked out, mounted on
glycerine slides and identified down to genus level.
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Fig. 1. Study area and sampling sites indicated on a bathymetric map of the Hakon Mosby Mud Volcano (HMMYV; adapted from
Edy et al. 2004)
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Fig. 2. Photographs of HMMYV sub-habitats: (A) centre, (B) microbial mats and (C) Pogonophora field (Sauter et al. 2003)
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Table 1. Station parameters including multicore sample number, geograph-
ical position, water depth and corresponding sub-habitat. Samples collected

laboratory, distinct bundles of filamentous

in a similar sub-habitat were taken as replicate samples

bacteria were carefully picked with a thin
needle from the surface of the first layer,

transferred to Milli-Q water and put into
Siarnpling Latitude Longitude Depth Multicorer pre-combusted silver boats. Similarly, 50
site (m) sample to 60 nematodes and 20 to 30 copepods
Centre 729025 N 14°43.49'E  1286.0 PS 64/312 were processed from sub-samples sieved
PS 64/313 over a 32 pm sieve. Samples were acidi-
PS 64/314 fied with 2.5% HCI and then dried
Microbial mats 72°0.18'N  14°43.81'E  1287.0  PS 64/321 overnight at 55°C. Sediment '*C,,; mea-
PS 64/323 surements were done on ground, freeze-

PS 64/324 . .

) 5 ' . . dried sediments of both layers.

Pogonophora field 72°0.05'N 14°44 14'E  1288.2 gg gi;ggg The carbon isotope signatures of labile
PS 64/367 carbon in the sediment were estimated
Outer rim 72°021'N  14°4247'E 12894  PS 64/362 through sediment-water slurry incuba-
PS 64/363a tions. For that, 1 ml of thawed, homog-
PS 64/363b enised, surface sediment from the micro-
Control site 71°41.96'N  13°26.10'E  1885.0 PS 64/390a bial mats was transferred into 30 ml glass
PS 64/390b incubation bottles, diluted with 30 ml of
Control site 71°58.97'N  14°4541'E  1296.0 PS 64/395 0.2 pm filtered Atlantic deep-sea water

From each replicate of the 5 different sub-habitats,
body length (L, pm) and maximum body width (W, pm)
of 100 nematodes were measured in order to estimate
dry weight (DW). Individual biomasses were calcu-
lated from Andrassy's (1956) formula for wet body
weight (WW) (ng WW = L x W?%/1600000). A specific
nematode gravity of 1.13 g cm™® and a DW:WW ratio of
0.25 was assumed (Wieser 1960). Dry weight was con-
verted into carbon assuming a conversion factor of 0.5.

In situ microprofiles. In situ profiles were made at
the microbial mats, data from other sites are reported
in de Beer et al. (2006). Micro-sensors for O, and H,S
were made and used as described in Revsbech (1989)
and Jeroschewski et al. (1996). The tip diameters were
ca. 20 pm, the response time <3 s. The sensors were
calibrated after mounting on a free-falling deep-sea
profiler (Wenzhofer & Glud 2002). After deployment,
the profiler was inspected by the remotely operated
vehicle. Secondly, the sub-habitat was inferred from
sediments recovered by a benthic chamber, with a
closing bottom, on the same lander (mounted ca. 75 cm
from profiler). The profiler was pre-programmed to
measure 1 or 2 vertical profiles, with a spatial resolu-
tion of 250 pm, over a depth of 17 cm. After each down-
ward step, 4 s elapsed before a reading was made.
Each reading was the average of 4 samplings over a
period of 4 s. The profiling started ca. 6 h after reach-
ing the seafloor.

Carbon isotope measurements. Samples for sedi-
ment and faunal carbon isotope analysis were col-
lected separately, and intact sediment layers (0 to 1
and 1 to 2 cm) were stored frozen. After thawing in the

and sealed with screw caps fitted with
rubber septa. Following 6 d dark incuba-
tion at room temperature, 2 ml of water
was removed with a syringe and filtered into a 10 ml
helium pre-flushed vial and then acidified with phos-
phoric acid. The §'3C of the ZCO, produced reflects the
313C of the organic carbon remineralised (i.e. labile
organic carbon) and was calculated from the differ-
ence in 8-ZCO, at the start and end of the incu-
bations: 613 Corg-labile = [(ZCOZ end) X 813'ZCOZ end] -
[(ZCO2 start) X 613'ECC)2 start]/[(ZCOZ end) - zCC)2 start]-
The isotope signature of 2CO, changed from +0.4 +
0.1 to -15.6 + 0.4%o, as a result of a ~177 % increase
in ZCO,.

The measurement of §'3C and concentration of XCO,
was done as described in Moodley et al. (2005). Values
in the text are averages of 2 or 3 replicates (+SE).

Scanning electron microscopy. Any ectosymbiotic
relation in the nematodes was checked with scanning
electron microscopy (SEM). Nematode specimens
were fixed in hot 4 % formaldehyde and subsequently
dehydrated using an ethanol series (25%, 50 %, 75 %,
2 x 100%). To prevent tissue damage and collapsing,
the specimens were put into a box until fixing onto the
stub, and were critical point-dried with CO,. After-
wards, the dried nematodes were placed individually
on a standard specimen stub, sputter-coated with gold
and finally observed under a scan (Jeol JSM-840) at
15 kV.

Statistics. After testing the assumptions of normality,
analysis of variance (ANOVA with a confidence level
of 99 %, program S-Plus) and Tukey's post hoc compar-
ison tests were used to describe differences in
meiobenthic densities among sites. Nematode genus
densities were ordinated by non-metric multi-dimen-
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sional scaling (MDS, PRIMER). A stress value of <0.1 is
a measurement of the goodness-of-fit test, indicating a
good representation with no prospect of a misinterpre-
tation. To compare the diversities of the sampling sites,
a cumulative dominance curve was constructed using
the program PRIMER.

RESULTS
Biochemical profiles

Bottom waters were fully oxic at all sites (260 to
290 pm, de Beer et al. 2006), but oxygen penetration
depth in sediment differed strongly between sites.
Oxygen penetration was limited to <1 mm in micro-
bial mat sediment and 1 to 3 mm at the centre site.
Deepest penetration was measured in the control
sites (ca. 5 cm). Hydrogen sulphide (H,S) reached a
maximum concentration in the microbial mats, it
appeared at 5 depth in the sediment and increased
with depth to concentrations of up to 1 mM at 2 cm
depth (Fig. 3).

Meiobenthic densities and community composition

Metazoan meiofaunal densities were significantly
higher at the microbial mats (11292 + 2256 ind. 10 cm™>
or 11 x 10°ind. m~2) than those at the other HMMYV and
control sites (ranging from 513 + 38 ind. 10 cm™2 at the
centre to 2165 + 759 ind. 10 cm™? at the outer rim) (Fy,3
= 50.27, p < 0.001) (Fig. 4, Table 2). Nematodes, pri-
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Fig. 3. In situ microprofiles of oxygen (black) and hydrogen
sulphide (grey) at the microbial mat site

marily 1 species (see below), accounted for >98 % of
the extremely high densities at the microbial mats.

Sediments at the central HMMYV site were inhabited
by a community with a low number of taxa (5) similar
to those at the microbial mat site, but with only very
few nematodes (<5%) and a strong dominance of
copepods, predominantly a species morphologically
very similar to Tisbe wilsoni (Tisbidae), and nauplius/
larvae (sum 95 %). Average density of copepods (220 +
75 ind. 10 cm™2) in the volcano's centre was twice that
at the microbial mat site and was 4 to 8 times higher
than densities at the other HMMYV and control sites
(Table 2).
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Fig. 4. Proportional abundance of meiofaunal taxon densities (pies), meiofaunal densities (light grey bars), nematode densities
(dark grey bars) and total biomass (dry weight) of nematodes (white bars) at different sub-habitats of HMMYV and 2 control sites
outside HMMYV (mean + 1 SD)
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Table 2. Densities of all metazoan meiofaunal taxa and relative abundances of Nematoda, Harpacticoida and nauplii (0 to 10 cm).
Significance was tested using ANOVA; *significant values 99 % probability level

Taxon Control sites Outer rim Pogonophora field = Beggiatoa mats Centre
Mean SD Mean SD Mean SD Mean SD Mean SD

Density (ind. 10 cm™?)

Acari 0.2 0.3

Amphipoda 0.2 0.2 1.4 0.8

Bivalvia 0.2 0.2 0.7 0.5 3.3 2.0

Gastrotricha 0.4 0.5 0.3 0.1

Harpacticoida 26.0 5.0 32.5 4.8 54.4 9.0 132.0 62.8 219.6* 74.6

Hydrozoa 0.5 0.7

Isopoda 0.2 0.3 0.2 0.1 0.3 0.2

Kinorhyncha 0.9 0.7 1.7 1.2 0.5 0.7

Loricifera 0.3 0.3 0.9 0.8 0.4 0.4 0.1 0.1

Nauplii 17.6 4.3 39.2 17.0 59.2 234 48.9 50.6 270.8* 37.3

Nematoda 911.8 160.8 2079.1 750.1 15754 564.6 11109.3* 2267.9 22.6 24.9

Ophiuroidea 0.3 0.5

Ostracoda 1.1 1.4 2.8 4.0 1.6 1.2

Polychaeta 4.1 1.4 5.3 3.2 414 39.9 1.8 1.1

Tanaidacea 0.7 0.7 0.2 0.2 0.5 0.6

Tantulocarida 0.2 0.2 0.1 0.1 0.1 0.1

Tardigrada 3.8 3.3 0.3 0.1 0.4 0.3

Turbellaria 1.0 1.4 1.3 0.2 2.0 2.3 0.1 0.2

Total 968.4 156.1 2165.1  759.3 1741.3 577.8 11292.1* 2256.2 513.2 384

Relative abundance (%)

Harpacticoida 2.8 0.8 1.6 0.3 3.4 1.1 1.2 0.6 42.3 12.0

Nauplii 1.9 0.8 1.9 0.9 3.5 0.1 0.5 0.5 53.0 8.2

Nematoda 95.3 1.5 96.5 1.0 93.1 1.0 98.3 1.2 4.7 5.4

The outer rim, Pogonophora field and control sites
harboured more meiofaunal taxa, including ostracods,
tardigrades, turbellaria, bivalves, kinorhynchs, lori-
ciferans, amphipods, tanaids, gastrotrichs, isopods,
hydroids, tantulocarids and ophiuroids. Total meioben-
thic densities increased from the control sites outside
the mud volcano (968 = 156 ind. 10 cm™) to the
Pogonophora field (1741 + 578 ind. 10 cm™2) and the
outer rim (2165 + 759 ind. 10 cm™?). Polychaetes, mostly
juveniles, were present in all sub-habitats, except for
the centre of the mud volcano, and were strongly con-
centrated in 1 sample taken at the Pogonophora field
with a maximum of 80 ind. 10 cm™2. In contrast, the
sediment samples from the microbial mat contained a
mere 3 polychaetes 10 cm™2,

Nematode biomass

Although mean individual nematode biomass (DW)
showed no significant differences (F; 3 = 3.49, p = 0.05)
among the HMMYV and control sites, the total biomass
differed significantly (F, 3 = 6.81, p = 0.007), with the
lowest values at the volcano’'s centre (1.64 + 0.42 ng
DW 10 cm™?) and the highest at the microbial mats
(611.01 + 331.79 pg DW 10 cm™?), due to the extremely
high nematode densities in the these mats (Fig. 4).

Nematodes associated with the microbial mats gener-
ally had the lowest individual biomass (0.06 + 0.03 pg
DW), while the highest average individual biomass
was found at the outer rim (0.16 + 0.05 pg DW). The
mean individual body lengths and widths of the nema-
todes were not significantly different among the differ-
ent sites (length: F; 3 = 2.64, p = 0.1; width: F, 3 = 1.18,
p =0.4).

Nematode and copepod vertical distributions

Relative proportions of nematodes in the first cen-
timetre showed the highest variability in the microbial
mat site. A very steep gradient (with 70 and 93% in 0
to 1 cm) was found in 2 replicates. Vertical nematode
distributions at the control sites and in the Pogono-
phora field had a similar pattern, with >50% of the
nematodes in the uppermost sediment layer and >70 %
in the top 0 to 2 cm layer (Fig. 5). The nematode com-
munity inhabiting the outer rim revealed an equal dis-
tribution down to 4 cm sediment depth (20% in each
layer) in all replicates.

Vertical copepod distributions were similar at the
control sites, outer rim, microbial mats and in the
Pogonophora field, with the highest relative abun-
dances in the most surficial layers. The first sediment
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layer in these sub-habitats contained, on average,
>60% of the total copepod number, and >80% was
found in the 0 to 2 cm layer (Fig. 6). These average
densities were only slightly lower in the Pogonophora
field, due to 1 replicate in which 50 % of the copepods
was present beneath 4 cm sediment depth. However,
the most striking copepod community inhabited the
centre site, with the highest total copepod densities,
and 54 % of this number was present in the overlying
water. Nevertheless, the copepods colonised the cen-
tre sediments down to 4 cm depth in relatively high
proportions; the 4 to 5 cm layer contained only a few
individuals.

Nematode diversity

The microbial mat sediments, and to a much lower
extent, the central HMMYV sediments, were colonised
by 1 very dominant nematode species that was com-
pletely absent at the control sites, outer rim and in the
Pogonophora field (Fig. 7). This Geomonhystera sp.
(Monhysteridae) made up 98% (11069 + 2269 ind.
10 cm™2) of the total metazoan meiofaunal community
and >99 % of the nematode abundances in the micro-
bial mats (Fig. 8A). In the top 1 cm sediment layer at the
microbial mat site, Geomonhystera sp. was the only
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Fig. 5. Proportional abundance of nematodes

cm! sediment layer (10 cm™2) at the different

sites in and outside HMMYV (ow: overlying
water) (mean = 1 SD)

occurring nematode species. From 1 cm downwards
into the sediment, 23 other genera were also found,
with Sabatieria, Tricoma and Laimella as most abun-
dant, but in very low numbers (max. 52 ind. 10 cm™2)
compared to Geomonhystera. The other HMMYV sub-
habitats were inhabited by a more diverse nematode
community (Figs. 7 & 8A) (61 to 72 genera sample™).
Nevertheless, there were some differences concerning
proportions of the dominant genera: Acantholaimus
(Chromadoridae), Monhystera (Monhysteridae), Hala-
laimus (Oxystominidae) and Tricoma (Desmoscole-
cidae) dominated the control sites, whereas Molgo-
laimus (Desmodoridae) and Metalinhomoeus (Linho-
moeidae) were most abundant at the outer rim, and
Monhystera, Microlaimus, Acantholaimus and Ha-
lalaimus dominated the nematode assemblage in the
Pogonophora field. An MDS plot based on the nema-
tode genus densities (stress value = 0.01) revealed a
cluster of the control, outer rim and Pogonophora sam-
ples, while the microbial mat and centre samples were
clearly separated, reflecting the extremely different ne-
matode communities of these 2 sub-habitats (Fig. 8B).
After exclusion of the microbial mat and centre sam-
ples, the analysis (with a stress value of 0.08) placed the
replicate samples of the 3 other sites in 3 distinct clus-
ters, suggesting important differences among the ne-
matode assemblages of these 3 sites.
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Stable isotopes

Both sediment total organic and labile organic car-
bon isotopes (-28.1 + 0.6 and —-36.8 + 4.3 %o, respec-
tively) collected from the mud volcano clearly indicate
the prevalence of chemoautotrophy in the microbial
mat sediments, directly evidenced by the microbial
mats (Beggiatoa) with a carbon isotope signature of
—42.7 + 0.2%o0. Nematodes collected from the microbial
mats, identified as Geomonhystera sp., had §'°C signa-
tures of —41.6 + 0.4 %.. Nematodes (several species) and
copepods obtained from the control sites had carbon

isotope signatures of —20.0 + 0.2 and —-19.1 %o, respec-
tively. At this site, a 8'3C value of —-22.1 + 0.6%o was
found for sediment total organic carbon. Copepods
from the central HMMYV site had a carbon isotope
signature of -51.2 + 1.7 %o.

Light, scanning and transmission microscopy
Several adult individuals of the monhysterid nema-

tode associated with the microbial mats were exam-
ined for the presence of symbionts. Detailed investiga-
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tions of these specimens with light and scanning elec-
tron microscopy revealed absolutely no evidence of
ectosymbionts (Fig. 9). Initial results of TEM on
formalin-fixed specimens showed no evidence for
endosymbionts. A high percentage of the females of
Geomonhystera sp. found at HMMYV carried several
eggs and juveniles inside the uterus (up to 7 juveniles),
indicating an ovoviviparous reproduction mode
(Fig. 9).

DISCUSSION
Nematode thriving in sulphidic HMMYV sediments

Free-living deep-sea nematode assemblages are
generally characterised by high species diversity but
low standing stock due to food limitation (Vanreusel
et al. 1997). Whilst the Pogonophora field and outer rim
sediments at HMMV contained a ‘regular’ deep-sea
nematode community almost similar to the control sites
in terms of standing stock (~0.1 g C m™2) and composi-
tion, the microbial mat sediments harboured 1 specific
taxon in very high numbers. A single nematode spe-
cies thrived with unexpectedly high densities (11 x 10°
ind. m~?) and biomass (~0.3 g C m~2in 0 to 5 cm). There
are no previous reports of such strong dominance and
high densities of a single marine nematode species.
This species was absent outside the microbial mats
(except for very low numbers in the centre), indicating
a strong preference for sulphidic sediments and its
associated trophic resource.

Compared to shallow seeps, deep-sea seep sedi-
ments receive limited and largely refractory organic
matter from surface waters and are supported primar-
ily by local organic carbon production. At the microbial
mat site, both sediment total organic and labile organic
carbon isotope signatures were depleted (-28.1 + 0.6

Fig. 9. Geomonhystera sp. of HMMYV: (A) light microscope photo-
graph of female with arrows indicating the juveniles (scale bar:
100 pm) and (B) detail of uterus with juveniles (scale bar: 10 pm)
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and —-36.8 + 4.3%o, respectively), indicating that much
of the metabolic activity is indeed driven by chemosyn-
thetically fixed carbon. In contrast, sediment total
organic carbon at the control sites had carbon isotope
signatures (-22.1 + 0.6%o) typical of phytoplankton-
derived carbon (Levin & Michener 2002, Van Dover et
al. 2003). The nematodes at the microbial mats had
strongly negative carbon isotope values (-41.6 + 0.4 in
contrast to -20.0 + 0.2%. for nematodes from the con-
trol sites), clearly indicating the utilisation of chemo-
synthetically derived organic matter. Bacterial mats at
HMMYV, dominated by Beggiatoa, had much lighter
carbon isotope signatures (-42.7 + 0.2%o0) than other
values reported for ‘Beggiatoa-like' mats (usually —26
to —30%.). However, a similarly depleted §*C value
(-40.35%0) was measured for filamentous sulphur bac-
teria at Pacific methane seeps (Levin & Michener
2002).

The successful nematode species of the microbial
mats at HMMV was morphologically very similar to
Geomonhystera disjuncta, a cosmopolitan, bacterivo-
rous nematode known for its high resistance to envi-
ronmental stress, especially to heavy metals (Vranken
et al. 1989). Additionally, molecular analyses (Van
Gaever et al. unpubl. data) confirmed that this nema-
tode belongs to the G. disjuncta complex, which con-
sists of several cryptic species. G. disjuncta seemed to
have a high interspecific morphological variability and
significant genetic differences within the different lin-
eages of this species (Derycke et al. unpubl. data). As
this species is locally abundant, has a short life cycle
and reproduces well under laboratory conditions, it
was often chosen as test organism for ecotoxicological
studies (Vranken et al. 1989). It is the first time that G.
disjuncta is reported in high abundances in deep-sea
sediments.

Adaptation of Geomonhystera sp. to toxic
environmental conditions

Specimens of Geomonhystera sp. examined by light
microscopy showed no association with ectosymbionts.
Further detailed research for endosymbiotic bacteria is
needed since only formalin-fixed specimens were
available which may result in some leaching out of
internal structures. Chemosynthetic ectosymbionts are
easily recognised by their relatively large size and
dense aggregations (Ott et al. 2004), and endosymbi-
otic relationships are often accompanied by reduction
of the digestive tract (Dubilier et al. 2001). The diges-
tive tract is fully developed in this monhysterid species
and so far there is no evidence for endosymbionts.
Therefore a possible trophic link with free-living sul-
phide-oxidising bacteria is suggested; this is also sup-

ported by the low stable carbon isotope values. Earlier
observations on nematodes, gastropods and poly-
chaetes have already suggested possible trophic links
with free-living sulphide-oxidising bacteria (Levin &
Michener 2002, Van Dover et al. 2003). Bulk nematode
isotope signatures presented by Van Dover et al. (2003)
for another deep-sea seep (Blake Ridge, 2155 m)
reveal very light §°C (-46 to —50%.), but relatively
heavy 8°N (9 to 11 %o). These values suggest utilisation
of chemosynthetically derived organic matter, but at a
high trophic level, not expected if nutrition was linked
to symbiotic associations.

Geomonhystera sp. from HMMYV showed no extreme
morphological modifications, except for its ovovivipa-
rous reproductive mode. G. disjuncta has already been
described to have an ovoviviparous reproduction strat-
egy in toxic environmental conditions. Ovoviviparity is
only known for a few marine nematode species.
Walker & Tsui (1968) reported that ovoviviparity was
induced in the soil nematode Rhabditis sp. by tempo-
rary (60 to 120 min) exposure to sulphur dioxide. Per-
manent sulphidic and also anoxic sediments at HMMV
create harsh conditions, which suggests that internal
development of juveniles is an adaptation for securing
the survival and growth of the vulnerable brood. Since
brooding behaviour requires a substantial parental
energy investment, it must provide strong benefits.
Parental care and the release of free-living juveniles
have substantial advantages. The immediate motility
of the new recruits allows migration in and out of the
anoxic sediment. It ensures the temporary availability
of oxygen to both embryos and juveniles which is nec-
essary for proper growth (Fernandez et al. 2000).
These unique metazoans are evidently not restricted
by high sulphide concentrations, and directly exploit
the abundant new carbon resources ultimately driven
by anaerobic methane oxidation. The sulphidic envi-
ronment further protects against predation which may
additionally account for the extremely high nematode
densities.

Meiobenthic community variability in HMMV
sub-habitats

An important change in community structure in this
cold seep area was noticed not only in the microbial
mat site but also in the centre sediments. Sulphide lev-
els in the centre sediments were below detection, and
oxygen penetrated only 1 to 3 mm (de Beer et al. 2006).
These bare sediments harboured very few nematodes
(<10 ind. 10 cm?), which supports the exclusive
trophic relationship of Geomonhystera sp. found at
HMMYV with trophic resources driven by sulphide. In
contrast, copepods and nauplii reached maximum den-
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sities and dominance in the volcano'’s centre and pene-
trated down to 5 cm in the anoxic sediments (Fig. 5).
Their strongly depleted §°C values (-51.2 + 1.7 %o)
suggest a strong trophic link with methane-derived
carbon, evidently unexploited by nematodes.

The sediments of the 3 other HMMYV sub-habitats
(Pogonophora field, outer rim and control sites) were
colonised by more diverse meiobenthic assemblages.
Clearly, these sub-habitats support a less specialised
meiobenthos, dominated by some typical deep-sea
nematode genera (Fig. 6). The higher number of nema-
tode genera found in the Pogonophora field, outer rim
and control sites is probably due to the less toxic condi-
tions and higher oxygen levels in the sediments. Inten-
sive ventilation activities of the Pogonophora through
their 70 cm long chitin tubes create an oxygenated
habitat down to 10 cm sediment depth by pumping
methane and sulphide upwards and oxygen down into
the sediment. Sediments in the Pogonophora field
had maximum hydrogen sulphide concentrations of
<150 pm (de Beer et al. 2006). According to de Beer et
al. (2006), the control sediments contained no methane
or free sulphide, and oxygen penetration depth was ca.
5 cm. Biogeochemical data of the outer rim sediments
are not yet available, but the meiobenthic community
had a structure similar to that of the Pogonophora field.
Although the number of nematode genera was compa-
rable, the nematode densities in the control sites were
only half of the densities in the Pogonophora field and
outer rim, from which the higher densities indicate
increased food availability on the mud volcano.

Comparison with other seep and non-seep sites

Compared to meiofaunal densities reported in other
studies from the deep Northeast Atlantic, the densities
counted in the control sites (968 + 156 ind. 10 cm™2)
adjacent to HMMYV were the same order of magnitude.
The meiobenthos associated with the control sites in
the present study was composed of the same taxa
found in the other deep-sea areas (Vincx et al. 1994).

Our study at HMMYV showed highly significant dif-
ferences in meiobenthic densities between the micro-
bial mat site and the adjacent control sites, and even
between the different sub-habitats (centre, microbial
mats, Pogonophora field, outer rim) located on the mud
volcano. A similar observation of extremely high meio-
faunal abundance was made for a mud volcano in the
northern Barbados prism (western Atlantic), where
densities over 11300 ind. 10 cm™? were found (Olu et
al. 1997). Species or genus diversity was not examined,
but the high density of mainly large nematodes was
explained by a local organic enrichment (particularly
due to bacterial activity) of the adjacent sediments,

although the presence of symbiotic bacteria could not
be discarded (Olu et al. 1997). As in the case of
HMMYV, large variation in densities (116 to 11364 ind.
10 cm™2) across seep sub-habitats was also recorded by
Olu et al. (1997). In contrast, Soltwedel et al. (2005)
found no significant differences in overall meiofaunal
abundances among sub-habitats in samples taken at
HMMYV in 2002, with densities ranging roughly
between 1600 and 3000 ind. 10 cm™2.

Nematodes associated with seep environments

There are only a few investigations of metazoan
meiofauna at cold seeps and these seep studies rarely
go beyond bulk measurements of abundance. Variabil-
ity in meiobenthic densities is always caused by nema-
tode abundances, as they are generally the most abun-
dant meiobenthic taxon in cold seeps. An exception is
the meiobenthos of the shallow brine seep in the Gulf
of Mexico, dominated by gnathostomulids (Powell et
al. 1983). Only 4 cold seep studies, of which only one is
from deeper water (Jensen 1986, Shirayama & Ohta
1990, Dando et al. 1991, Jensen et al. 1992) provide
species-level information on nematodes. Dominant
nematode species varied among the different seeps:
Desmolaimoides thiobioticus at the brine seep in the
Gulf of Mexico (Jensen 1986), Astomonema south-
wardorum in the active methane seep of a North Sea
pockmark (Dando et al. 1991), Sabatieria punctata,
Theristus anoxybioticus and Leptonemella aphanothe-
cae in the methane seeps of the northern Kattegat
(Jensen et al. 1992), 2 Daptonema spp. and a Chro-
madorita sp. in the bathyal cold seep off Japan (Shi-
rayama & Ohta 1990). Moreover, no consistently domi-
nant nematode family was found in the various
reduced seeps across the oceans. Generally, there
seems to be a high degree of endemism for nematodes,
as each individual reducing ecosystem has its own
more or less specialised nematode species. Some of
these species have developed specific adaptations to
their toxic environment: A. southwardorum is a mouth-
less and gutless nematode which harbours endosymbi-
otic bacteria (Giere et al. 1995), while the cuticle of L.
aphanothecae is covered by sulphide-oxidising bacte-
ria (Jensen et al. 1992), typical for the subfamily of Stil-
bonematinae (Ott et al. 2004). These tight symbiotic
relations with chemosynthetic bacteria function as
detoxification mechanisms for the high, toxic sulphide
levels characteristic for these environments. Onchol-
aimus campylocercoides, which dominated the meio-
fauna at the shallow-water hydrothermal vents off
Milos, is able to survive the sulphidic conditions by
storing sulphur in intracellular inclusions (Thiermann
et al. 2000).
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Geomonhystera sp. from HMMYV microbial mats suc-
ceeded in establishing a dense population at least 20
times larger than other abundant seep nematodes such
as Oncholaimus campylocercoides, Theristus anoxybi-
oticus, or Astomonema southwardorum (Dando et al.
1991, Thiermann et al. 2000). However, no sulphide
inclusions were found in the successful monhysterid
nematode of HMMV. This might indicate that the pro-
liferation of Geomonhystera sp. in these toxic sedi-
ments is the result of active adaptation and trophic
specialisation.

Conclusions

The meiobenthic communities associated with sub-
habitats of HMMYV appeared to be highly variable, with
the strongest contrasts associated with sediment geo-
chemistry. The anoxic and sulphidic sediments at the
microbial mats were colonised by a nematode commu-
nity significantly different from those of the other sub-
habitats. An ovoviviparous nematode species, belong-
ing to the Geomonhystera disjuncta complex (recently
identified as a cosmopolitan group of morphologically
similar but cryptic species), was found thriving in the
toxic environment underneath the microbial mats. This
nematode species secured its population with parental
investment in brood survival and development. Fur-
thermore, the rather high number of copepods in the
centre was due to 1 species morphologically very simi-
lar to Tisbe wilsoni, a copepod species typically found
in littoral habitats. Overall, enhanced densities and
dominance of selected species at HMMYV are a product
of both direct (abiotic) and indirect (bacterial resource
specificity) consequence of sediment geochemistry, re-
sulting in highly significant differences between the
meiobenthic communities of the various sub-habitats in
a single deep-sea cold-seep area.
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