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Abstract. During a survey of the Blkon Mosby mud vol-  background. Megafaunal density was lower in the back-
cano (HMMV), located on the Bear Island fan in the south- ground (mean 25.3ind.nf) compared to areas of plain
west Barents Sea at 1250 m water depth, different habitats light-coloured sediments inside the caldera. So the effect of
inside the volcano caldera and outside it were photographethe mud-volcano environment on benthic communities is ex-
using a towed camera platform, an Ocean Floor Observatiopressed in increasing of biomass, changing of taxa composi-
System (OFOS). Three transects were performed across th@n and proportions of most taxonomic groups.

caldera and one outside, in the background area, each tran-
sect was~2km in length. We compared the density, taxa
richness and diversity of nonsymbiotrophic megafauna in ar-

eas inside the volcano caldera with different bacterial mat .
and pogonophoran tubeworm cover. Significant variations inl Introduction

megafaunal composition, density and distribution were found

between considered areas. Total megafaunal density wa¥ud volcanoes are formations created by geo-excreted flu-

highest in areas of dense pogonophoran populations (meaiHS- To date, more than 1700 mud volcanoes have been iden-

52.9ind. n2) followed by areas of plain light-coloured sed- tified, of which some 800 are located offshore (Dimitrov,

iment that were devoid of bacterial mats and tube worms2002)- It has been estimated that more than 10000 mud
(mean 37.7ind. m?). The lowest densities were recorded volcanoes exist on continental shelves and abyssal plains

in areas of dense bacterial mats (meah.4ind. nT2). Five (lvanov et al., 1996; Milkov, 2000; Pimenov et al., 2000;

taxa contributed to most of the observed variation: the ophi-F'€ysher et al.,, 2001; Dimitrov, 2002; Kopf, 2002; Milkov

uroid Ophiocten gracilislysianassid amphipods, the pycno- €t @l 2003). The processes leading to their formation in-
gonid Nymphon macronixthe caprellidMetacaprella hor- clude mud diapirism, tectonic compression, dehydration of
rida and the fishLycodes squamiventeln agreement with clay minerals at depth or a rapid deposition of mass flows
previous studies, three zones within the HMMV caldera were(KoN! and Roberts, 1994; Kopf, 2002; Huguen et al., 2004).

distinguished, based on different habitats and megafaund!!ud volcanoes are often associated with petroleum deposits,
composition: “bacterial mats”, “pogonophoran fields” and tectonic subduction zones and orogenic belts. They may form

“plain light-coloured sediments”. The zones were arrangeddomes up to several kilometres in diameter and a height of
almost concentrically around the central part of the caldera>€Veral tens of meters above the adjacent seafloor (Vogt etal.,
that was devoid of visible megafauna. The total numberl999). Manifestations of mud volcanism are characterised by
of taxa showed little variation inside (24 spp.) and outsideCtive seepages of fluids, gas plumes, enhanced heat flow, de-
the caldera (26 spp.). The density, diversity and composiPOSItS of gas hydrates and unique chemoautotrophic commu-
tion of megafauna varied substantially between plain light-Nities (bamm and Budeus, 2003; Sauter et al., 2006). They

coloured sediment areas inside the caldera and the HMM\AT® considered a significant source contributing to the ma-
rine methane budget (Jerosch et al., 2007) and, as such, of
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@ 2 drogen sulphide gas and GHyas hydrate, it was inferred
[ that the structure was an active gas seep on the seafloor
70° (Vogt et al., 1997).

Subsequent investigations using deep-towed side-scan
sonar, sediment coring, CTD and heat flow measurements —
8.8 kHz profiling and seafloor photography during the expe-
dition of the R/V Professor Logachein 1996 — confirmed
that the HMMV oozed mud and seeped gas (Lein et al., 1998,
Fig. 1. Location of the Hikon Mosby mud volcano in the south-west  1999; Eldholm et al., 1999). This expedition brought the first
Barents Sea. evidence of the presence of high benthic microbial activity

and symbiotrophic fauna (two species of pogonophorans) as-
sociated with the mud volcano caldera (Pimenov et al., 1999;
greenhouse emissions to the hydrosphere and atmosphe@nimov’ 2000).
(Milkov et al., 2003). _ The HMMV site was revisited in 1998 during the 40th

The Hakon Mosby mud volcano (HMMV) was discovered cryise of the R/VAkademik Mstislav Keldyswith a joint
in 1989 during a regional side-scan sonar mapping Surve¥eam of scientists from Norway, Germany, the USA and Rus-
(Crane and Solheim, 1995; Vogt et al., 1997; Milkov et al., sja. Two Mir submersibles were used for six dives (Bog-
1999). To date, the HMMV is the only active mud volcano ganoy et al., 1999). Detailed information about the geolog-
known from high northern latitude beyond the polar circle. jca| features of mud volcano, gas hydrate distribution, bio-
Centred at ca. 720.254 N, 1443.50E, itis situated onthe  gepchemical processes in the sediment, water and biota were
Norwegian continental slope in the SW Barents Sea (Fig. 1)yptained (Lein et al., 2000; Pimenov et al., 2000). The gen-
at ca. 1250 m water depth with a maximum elevation of 10 Mgrg) features of benthic communities were reported, based
and covers an area of ca. 2kifKrupskaya et al., 2001). on camera observations and samples taken by submersibles

A massive 6 km thick sediment pile that started to accumu-Gebruk et al., 2003). It was shown that the megabenthic
late 30—-40 million years ago after the continental break'Upcommunity is dominated by two species of symbiotrophic
into what is now Greenland and Eurasia (Vogt et al., 1997?sibog|inid tube worms (pogonophorangclerolinum con-
Hjelstuen et al., 1999), lies underneath the volcano. The forigrtym later transferred to the gendscheolinum(Smirnov,
mation of the volcano might have coincided with asubmarinezoos), whose biomasses reached 435§ fGebruk et al.,
landslide during the late Pleistocene, 330000-200 000 YP003) andOligobrachia haakonmosbiengiSmirnov, 2000),
ago (Vogt et al., 1999). Today, fluids rise from a sedi- |gter re-identified a®. webbi(Meunier et al., 2010) reached
ment depth of 2—3 km through a conduit below the HMMV 350gnT?2 (Gebruk et al., 2003). Associations of benthic
(Vogt et al., 1999). The age of the carbonate structures infayna with each pogonophoran species were described. The
side the modern caldera has been estimated as 11400 yr BRyckground community outside the caldera was dominated
(Lein and Ivanov, 20009)- o by the ophiuroidphiocten gracilisandOphiopleura bore-

During the R/VHakon Mosbcruise in 1995, the mud vol-  ajis, pycnogonidsColossendeis proboscideduccinid gas-
cano was mapped by 3.5 kHz profiling, sediment coring andyopods and asteroids were also present. The trophic relation-

heat-flow measurements (Vogt et al., 1997). A gravity Coreships between species were discussed based éh@elata
from the flank of the structure contained gas and gas hy{Gepruk et al., 2003).

drate. High heat flow values (337 mWi were recorded.
Together with observations of microbial methane ¢EGHhy-

68°

Biogeosciences, 10, 3353374 2013 www.biogeosciences.net/10/3359/2013/



E. Rybakova et al.: Density and distribution of megafauna at the Hikon Mosby mud volcano 3361

During the expedition ARK XIX/3b of the German re- the camera’s footprint. The still camera was mounted to the
search icebreaker R/Rolarstern,with the French remotely frame in a vertical position to the seafloor. It was triggered
operated vehicle (ROVYictor 600Q in 2003, the micro- automatically every 30 s. Additional manually triggered im-
topography of HMMV was determined, video observations ages were taken when features of particular interest occurred
of the seafloor were made and the sediment and water columim the field of view of the video camera, which was aligned
was sampled (Klages et al., 2004). High-resolution bathy-with the still camera to help the winch operator adapting to
metric data, still photographs and video mosaics were intebottom topography. The still camera was loaded with a 30 m
grated in a geographic information system (GIS). This al-Kodak Ektachrome 100 ASA film, allowing800 exposures
lowed a detailed analysis of spatial patterns and quantifi{for more details see Soltwedel et al., 2009). The OFOS
cation of biogeochemical habitats by geostatistical methodsvas towed at approximately 0.5 knots and a target altitude
(Jerosch et al., 2007; Portnova et al., 2010). High concenef 1.5m. From earlier OFOS deployments, this altitude has
trations of hydrogen sulphide and methane in the sedimenproven to be the optimal distance to the seafloor to achieve
at HMMV and other offshore mud volcanoes offer a spe- the best illumination and resolution of the images. The area
cific habitat for microbiological and macrofaunal associa- of seafloor on the images ranged from 1 to Bawing to
tions (Sibuet and Olu, 1998; Pimenov et al., 1999; Boetiusthe ship’s movement, in most cases it was 324 8tart and
et al., 2000, 2002; Hinrichs and Boetius, 2002; Soltwedel etend positions of OFOS transects (from GPS fixes) and water
al., 2005; De Beer et al., 2006; Sauter et al., 2006). depths along transects (from echo soundings) were obtained
In previous studies three main habitat types have beerfrom the ship’s data acquisition and management system.
identified in the HMMV: bacterial mats, pogonophoran fields
and plain light-coloured sediments (Gebruk et al., 2003;2.2 Image analysis and identification of megafauna
Jerosch et al., 2007). Preliminary data were given on macro-
and megafauna associated with these habitats (Gebruk et aln total 1604 film images were examined using a stereo mi-
2003) and on meiofauna (Soltwedel et al., 2005; Portnova etroscope. Of these, 1045 images were used for statistical
al., 2010). Based on a photographic survey of the HMMV analyses. Among the analysed images, 894 were taken along
with a towed camera system, we compare composition, denthe three transects across the caldera and 151 images along
sity and diversity of megafauna in habitats inside the volcanathe transect outside the volcano. Images of unsatisfactory
caldera with different density of seafloor coverage by bacte-quality (with sediment clouds, too strong or low illumina-
rial mats and pogonophoran tube worms, and in habitats withion, large or small distance from the bottom) were excluded
different combinations of bacterial mats and pogonophoransfrom the analysis. All images within the volcano were taken
to identify an effect of a habitat type on the structure of in the soft-sediment environment. Part of images along the
benthic communities. Also we compare composition, diver-transect outside the volcano were taken on hard substrata
sity and density of megafauna inside and outside the volcangboulders, carbonate rocks and crust). Those images also
caldera, to determine an effect of the mud-volcano environ-were excluded from the analysis because the aim of our study
ment on benthic communities and to identify possible spe-was to compare fauna from similar sediment environments.
cialists of the HMMV. All visible nonsymbiotrophic megafauna were counted and
identified to the lowest possible taxonomic level. Taxonomic
identifications were made with the assistance of experts

2 Material and methods (see Acknowledgements). We used the category “morphos-
pecies” for megafauna identified only to high taxonomic
2.1 Photographic survey level. Recurring biological objects that could not be assigned

to any taxa were indicated as “morphotypes”. It is possible

A photographic survey was carried out during the expeditionthat some morphotypes (and morphospecies) include several
ARK-XVIII/1b of the research icebreaker R/Rolarsternin species. Overall, 31 categories (29 species/morphospecies
August 2002 to the HMMV. Different habitats inside the vol- and 2 morphotypes of megafauna) were identified and quan-
cano caldera and outside were photographed using a towetified and used in multivariate statistical analyses and esti-
camera system (Ocean Floor Observation System, OFOS)nations of megafaunal density (Table 2). Density was not
Four OFOS transects were carried out in total: three acrosgetermined for the two pogonophora@igobrachia webbi
the caldera (I-1ll) and one outside the caldera (V) to the andArcheolinum contorturrFor these and for bacterial mats
south of volcano (Fig. 2). The length of each transect waswe estimated the degree of seafloor area coverage using the
ca. 2km (Table 1). laser scale. Identification and ground-truthing was aided by

The OFOS was equipped with a still camera (Benthos Inc.)previously collected material and samples taken outside the
and a black and white video camera (Deep-Sea Power andaldera using an Agassiz trawl and inside the caldera using
Light), two high-intensity discharge (HID) lights of 250 W a box corer, ROV, trap lander and baited traps. For details
each, strobes (600 W8) and three laser pointers. A triangle on gears and deployments see Table 1 in Supplement and Pi-
laser scale with 50 cm between lasers was used to determinaenov et al. (1999), Bergmann et al. (2009) and Hildebrandt

www.biogeosciences.net/10/3359/2013/ Biogeosciences, 10, 3392013
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Table 1. Details of OFOS transects. Transects |, Il and Il — inside the caldera, transect IVa and b — reference site.
Gear Transect/ Date, Position, Survey Water Total No. of Total area
deploy- Aug. 2002 north-east)( time depth (m) no. of images covered
ment (min) images analysed by images
Start End Start  End ®
OFOS | 21 72.01 1444 7160 14.44 105 1261 1268 401 256 1003
OFOS 1 21 72.00 1441 72.00 14.45 130 1284 1254 391 233 1042
OFOS 1l 22/23 72.00 1442 7160 14.46 94 1278 1254 562 405 1480
OFOS IVa 21 7156 1439 7156 14.39 31 1329 1308 36 24 93
Vb 21 7157 1440 7156 14.39 160 1325 1313 196 127 389

et al. (2011). For a complete list of species found inside andifferent areas were performed using the Mann-Whitnhey

outside the HMMV caldera see Table 2 in Supplement. U Test and Bonferroni corrections gf=0.051~1, where
n is number of comparisons (comparison of bacterial mat
2.3 Data analysis sites:n = 10, p = 0.005; comparison of pogonophoran sites:

n =6, p=0.00833; comparison of area of plain light-

The number of organisms on each image was convertedoloured sediments and pogonophoran sites: 10, p =
to individuals per i (density). Non-metric, multidimen- 0,005) (Minitab 16). Comparisons of diversities were done
sional scaling (MDS) plots were generated for each tran-or the equal number of randomly selected images from each
sect inside the caldera based on the Bray—Curtis similarityarea because diversity indices are based on the taxa rich-
coefficient using the PRIMER v6 programme and squareness, which is affected by the number of images analysed.
root transformed species density matrices. Square root tran%im”aﬂy, images from outside the caldera were Compared
formation of densities was used to buffer the inﬂuencewith images from the |ight-c0|0ured sediments using the
of most abundant taxa. Mann—WhitneyU Test.

Analysis of similarity (ANOSIM) was used to assess the  Spearman’s rank correlations were used to compare taxa
significance of differences among images from areas withrichness, total megafaunal densities, diversity indices with

different percent cover of bacterial mats, pogonophorans ogoverage of bacterial mats or pogonophorans.
images with different combinations of percent cover of bac-

terial mats and pogonophorans. Contribution of species to
similarity of different groups of images was calculated using3 Results
the SIMPER subroutine of PRIMER v6 (Clarke and Gorley,

2006). ANOSIM and SIMPER were used for comparing im- Tyenty-four species/morphospecies were recorded from

ages taken on the plain light-coloured sediment inside th@hree OFOS transects taken across the HMMV caldera (tran-

caldera and images outside the caldera. sects |, Il and IIl). Thirteen taxa were identified to species
Combined data from three OFOS transects over thepr genus, others were assigned to higher taxa (Table 2). The

caldera were used for the calculation of the total megafauto|lowing higher taxa were present: Cnidaria (2 species),

nal density ¢ standard deviation) and the mean taxa densi-Nemertea (1), Polychaeta (1), tube worms Siboglinidae

ties (x standard deviation) in areas with different coverage 2) Gastropoda (1), Bivalvia (1), Pycnogonida (2), Crus-

by bacterial mats or pogonophorans. The relative contributacea (4), Ophiuroidea (2), Crinoidea (1), Asteroidea (3),

tions of the most abundant taxa to the total density in differ- jo|othuroidea (1), Echinoidea (1), and at least two species of

ent areas were calculated. Additionally the mean taxa densifish: Lycodes squamiventandAmblyraja hyperboreaSam-

ties were estimated for areas with different combinations Ofp|es taken for ground_truthing revealed 16 additional Species

bacterial mats and pogonophorans. (Table 2 in Supplement). Echinoderms accounted for the ma-
The following diversity indices were applied to combined jority of taxa (8 species/morphospecies).

data of the three OFQOS transects to describe megafaunal as-

semblages: Pielou’s evennest)( Shannon-Wiener diver- 3.1 Megafauna in areas with different seafloor coverage

sity (H') (log 2) and Simpson’s diversity (1) in areas with by bacterial mats and pogonophorans

different coverage by bacterial mats or pogonophorans. Simi-

lar calculations were performed for transect IV taken outside3.1.1 Bacterial mat sites

the caldera. Taxa richness in different areas was compared

based on an equal number of randomly selected images. We used the following five categories for the seafloor area
We compared total megafaunal densities, mean taxa dercoverage by bacterial mats: 0 %, 0-10 %, 10-50 %, 50-80 %

sities and diversity on images with different coverage byand 80-100%. ANOSIM revealed significant differences in

bacterial mats or pogonophorans overall using a Kruskal-megafaunal composition and density of images with no bac-

Wallis test (Minitab 16 software). Pairwise comparisons of terial mats at all (0%) from images with bacterial mats

Biogeosciences, 10, 3353374 2013 www.biogeosciences.net/10/3359/2013/
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Table 2. Megafauna and other categories recorded on OFOS transects.

High taxon/ Species/morphospecies/ HMMV  Background
object morphotype/category
Porifera cf.Stylocordyla borealis +
Grey form (?Demospongia) +
Cnidaria
Anthozoa Purple form (cf. Edwardsiida) +
Small pinkish (cf. Hormathiidae)  +
Undetermined +
Nemertea cfNipponnemertes pulchra +
nemertini-like worm + +
Annelida
Polychaeta Oligobrachia webbi +
Archeolinum contortum +
cf. Polynoidae +
cf. Sabellidae (tubes) + +
Mollusca
Gastropoda cf. Buccinidae + +
Bivalvia Whitish burrowing form + +
Arthropoda
Pycnogonida cfNymphon macronix + +
cf. Collossendeis proboscidea + +
Crustacea
Amphipoda cfMetacaprella horrida + +
cf. Lysianassidae + +
?lsopoda Small whitish form + +
Decapoda Bentho-pelagic redish form + +
Echinodermata
Ophiuroidea Ophiocten gracilis + +
Ophiopleura borealis + +
Crinoidea Bathycrinuscf. carpenteri + +
Asteroidea cfPontaster + +
Whitish form (cf. Bathybiastey + +
Flat pentagonal form, shortrays  +
Short arms lymenastetype) +
White short arms +
Holothuroidea cfElpidia glacialis +
Echinoidea Undetermined + +
Pisces
Rays Amblyraja hyperborea +
Zoarcidae Lycodes squamiventer + +
Unknown, morphotypel  Small brown bushes (?hydroids) +
Unknown, morphotype 2 Small white sedentary forms +
(?anemones, sponges)
Bacterial mat Area cover (%):
0 + +
<10 +
10-50 +
50-80 +
> 80 +
Siboglinidae Area cover (%):
Archeolinum contortum 0 + +
<10 +
10-50 +
> 50 +

www.biogeosciences.net/10/3359/2013/
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Fig. 3. Most abundant species on the OFOS imag&sLycodes squamiventéPisces)(b) Ophiocten gracilifOphiuroidea)(c) Bivalvia
gen. sp (whitish form)(d) Lysianassidae (Amphipod&lk) Nymphon macronigPycnogonida).

present and did not reveal significant differences in megafaueas with bacterial mat coveragel0% (p > 0.005). Total
nal composition and density between images with differentmegafaunal densities were significantly and negatively cor-
coverage of bacterial mats (GlobRl= 0.538, p = 0.001). related with coverage by bacterial mats (Table 5).

SIMPER indicated that five species contributed most Taxa richness gradually decreased with increasing cover-
to the separation of the mat coverage groupghiocten age by bacterial mats: from 24 taxa to 3 (Table 3). Taxa
gracilis, lysianassid amphipoddlymphon macronjxMeta- richness was significantly and negatively correlated with
caprella horrida and Lycodes squamiventdiFig. 3). The  coverage by bacterial mats (Table 5). Evenness and di-
mean densities of these species in areas of different coverersity were significantly higher in areas without bacterial
age by bacterial mats are presented in Table 4. The mosnats (/' =0.3; H' =0.4 and 11 =0.2) and with bacte-
notable differences in density were found @ gracilis rial mat coverage of up to 10%(=0.4; H' = 0.4 and 1-
andL. squamiventerOphioctendensities decreased signif- 1 =0.2) compared to areas with bacterial mat coverage ex-
icantly from 37.9+38.7 ind. nT2 in the absence if mats to ceeding 10%.’ <0.2; H' <0.2 and 1x <0.1) (M-W: J':
1.34+5.3ind. 2 when bacterial mats<{10% coverage) W =8116.0-8563.5,p <0.0006; H': W =8281-8734.5,
appeared¥-W: W = 2718400, p < 0.00001). By contrast, p < 0.0001; 1A: W =8261.5-8672.0p < 0.0001). Even-
the density ofL. squamiventeincreased from 0.2 0.3 to ness and diversity did not differ significantly in areas with
1.2+ 0.6ind. T2 when bacterial mats were present (cover- bacterial mat< 10% and in areas without bacterial mats
age > 80 %). Fish densities on bacterial mats were signifi- (M-W: J': W =29850.0,p =0.8592; H': W =29057.5,
cantly different between bacterial mats80 % and all other  p =0.3034; 1A: W =292775, p =0.4279) (Table 3).
bacterial mat categorie3f-W test,p < 0.00001) with high-  Evenness and diversity were negatively correlated with cov-
est densities recorded in areas of 80 % bacterial coverage aretage by bacterial mats, but correlations were not statistically
lowest in areas 10 % coverage. significant (Table 5).

Total megafaunal densities sharply decreased from
43.74+44.3ind.nT2 to 4.7+ 8.0ind. nT2 when the cover- 3.1.2 Pogonophoran sites
age by bacterial mats increased from 0% to 10%. The
Kruskal-Wallis test indicated significant differences in total For the seafloor area coverage by pogonophoran tube worms,
megafaunal densities in areas of different coverage by baowe used the following four categories: 0 %, 0—10 %, 10-50 %
terial mats K-W: H =417.90, p < 0.0001, DF=4). The  and 50-100%. ANOSIM indicated significant differences
pairwise Mann-WhitneyU Test revealed significant differ- in megafaunal composition and density of images with-
ences in the total density of megafauna between images froraut pogonophorans (0 %) from images with pogonophorans
areas with the following bacterial mat coverage: 0% andpresentﬁo%) and of images with pogonophoran coverage
<10% (M-W: W = 2699035, p < 0.00001). The test did < 10% from those with coverage 10-50 %. Significant dif-
not reveal significant differences between images from arferences were not observed between the categories 0—10 %

Biogeosciences, 10, 3353374 2013 www.biogeosciences.net/10/3359/2013/
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Table 3. Indices of megafaunal diversity and megafaunal density (irT&’.)rrin areas of different coverage by bacterial mats and
pogonophorans inside the HMMV caldera (OFOS transects |, Il and Il combined) and the background (OFOS transect IV).

Index Bacterial mats (BM) Pogonophorans (P) BMand P Background
0% <10% 10-50% 50-80% >80% 0% <10% 10-50 % >50% 0%

Number of images 576 173 84 49 12 531 84 101 178 367 151

Total speciesy) 24 19 10 9 3 23 17 18 19 23 26

Pielou’s evenness/() 0.3 0.4 0.2 0.2 0.2 0.2 0.4 0.6 0.5 0.2 0.4

Shannon diversityH’) 0.4 0.4 0.2 0.2 0.2 0.2 0.5 0.7 0.6 0.2 0.6

Simpson diversity () 0.2 0.2 0.1 0.1 0.1 0.1 0.3 0.4 0.3 0.1 0.3

Total

megafaunal 43443 4.7+80 1.9+32 1.44+20 1.3+£0.7 26.4:251 16.4158 14.6:28.7 529715 374223 25.3+21.0

density & SD)

Table 4. Mean density (ind. ) and standard deviations (SD) of the most abundant taxa in areas of different coverage (%) by bacterial mats
and pogonophorans. Data from OFOS transects I, Il and Ill combined and from the background transect IV.

Taxon/ Morphotype Bacterial mats (BM) Pogonophorans (P) BMand P Background
0% <10% 10-50% 50-80 % >80% 0% <10% 10-50% >50% 0%

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Ophiocten 379 387 1.3 53 01 04 01 04 0 0 247 244 119 141 6.5 19.9 414 622 357 217 223 218
gracilis
Amphipoda 3.7 7.9 1.6 3.0 05 1.7 02 1.2 0 0 0.3 1.3 25 3.5 4.9 6.8 89 112 0.5 1.6 03 0.7
Lysianassidae
Metacaprella 03 11 01 04 01 05 0 0 0 0 00 01 01 05 01 05 09 19 00 01 0.0 0.0
horrida
Nymphon 1.2 3.5 09 31 04 16 0.2 0.6 0.1 03 0.7 2.3 14 3.3 2.3 6.0 1.0 2.9 0.9 2.7 0.0 01
macronix
Lycodes 0.1 0.3 05 0.6 08 0.7 0.8 0.6 1.2 0.6 0.3 0.6 0.2 0.5 0.2 0.4 0.2 0.4 0.1 0.3 0.0 01
squamiventer
Bivalvia 01 03 01 03 00 0.1 00 0.1 0 0 01 02 02 03 03 05 01 03 01 0.2 01 02
(whitish form)
Polychaeta 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 10
tubes (cf.
Sabellidae)
Porifera cf. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 10 12
Stylocordyla borealis
Morphotype 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 01 03
(white
sedentary

form)

and 50-100%, 10-50% and 50-100 % (GloRak 0.136, tween areas with pogonophoran coverage of 10-50% and
p =0.001). >50%: 6.5+19.9 and 41.462.2 ind.nT2, respectively
SIMPER revealed that five species contributed most to(M-W: W =26805.0, p < 0.001). Significant differences
the separation of groupings of images with different cover-in Ophioctendensities were not found between areas with
age by pogonophoran€. gracilis, lysianassid amphipods, pogonophoran coverage 10% and>50%: 11.9+14.1
N. macronix, M. horridaand L. squamiventer(Fig. 3). and 41.4t62.2ind. T2, respectively /-W: W =9625.0,
The mean densities of these species in areas of differenp =0.0134).
pogonophoran coverage are presented in Table 4. Most no- Total megafaunal densities increased from
table are differences shown I6y. gracilis, lysianassid am-  16.7+ 15.8ind. nT2 to 14.6+ 28.7 ind. nT2 with increasing
phipods and\. horrida. Densities of these species increased pogonophoran coverage from10 % to 10-50% and total
with increasing coverage by pogonophorans freni0 % megafaunal densities increased to 52B1.5ind.nT?
to > 50%: O. gracilis densities from 11.214.1ind. nT?2 with increasing pogonophoran coverage from 10-50%
with < 10% pogonophoran cover to 4H1462.2ind. T2 to >50%. There were significant differences in total
with >50% pogonophoran. A similar comparison with megafaunal densities between areas with different coverage
lysianassid amphipods showed an increase fromt3% by pogonophoransk(-W: H =20.81,p < 0.0001, DF=23).
to 8.9+ 11.2ind. nT2 under the same conditions and an in- Pairwise comparisons revealed significant differences
crease inM. horrida from 0.1+ 0.5 to 0.9+ 1.9ind. nT2. in the total megafaunal densities only between images
Most pronounced were the differences in the lysianas-with 10-50% and>50% of coverage by tube worms
sid amphipods andl. horrida (M-W: W = 257315, p < (M-W: W =27782.5,p < 0.0014). Total megafaunal den-
0.00001;W = 89770, p = 0.0004, respectively. Significant sities were slightly positively correlated with coverage by
differences inOphiocten densities were found only be- pogonophorans (Table 5).

www.biogeosciences.net/10/3359/2013/ Biogeosciences, 10, 3392013



3366 E. Rybakova et al.: Density and distribution of megafauna at the Blkon Mosby mud volcano

Table 5. Spearman’s rank correlations between taxa richness, tota Dsess001 | BM/P
megafaunal densities and diversity indices with coverage of bacte # O
rial mats or pogonophorans.p < 0.05. N 0% />50%
2o o oaon
Bacterial Pogonophorans Sem ¥ X oo
0 0 S
| mats (%) (%) v 4 xe &.‘&)’ v
Pielou’'s evenness/() —0.783 0.8 w ot
Shannon diversityK’) —0.866 0.8 ":‘." B
Simpson diversity (Ix) —0.866 0.632 *a °
Total megafaunal density —1* 0.2 * p
Total speciesy) —1* -0.2 o ©
oom

N . . . Fig. 4. Similarity between images with combinations of different
There were no significant differences in the taxa richness g v g

of different areas when equal numbers of images were cong?(;/te;?gé:é BaCtenal mats (BM) and pogonophorans (P) (MDS
sidered. Taxa richness was slightly negatively correlated with
coverage by pogonophorans (Table 5). Taxa richness was 17—
18 (Table 3). Evenness and diversity were not significantly _ o )
higher in areas with coverage by pogonophorans: a0 % 3.14 Areas_wnh combinations of different coverage by
(J'=0.4: H =0.5 and 1» =0.3) and>50% (/' =0.5; bacterial mats and pogonophorans
H' =0.6 and 1» =0.3) (M-W:J:W =7841.5,p =0.0184;
H': W =7808.5p =0.0243; 1»: W =7911.5,p =0.0099)  Three variations of seafloor coverage were considered both
(Table 3). Evenness and diversity were positively correlatedfor bacterial mats and tube worms: 0%, 0-50%, 50—
with coverage by pogonophorans, but correlations were nof00%. ANOSIM revealed significant differences (Global
statistically significant (Table 5). R =0.551, p =0.001) in megafaunal composition and den-
sity of images with all combinations of areas with bacte-
3.1.3 Area without bacterial mats and pogonophorans rial mats and pogonophorans except two combinations: (1)
(plain light-coloured sediments) bacterial mats 0-50 %, pogonophorans 0-50 % and bacterial
mats 0-50 %, pogonophorans 50-100 %; (2) bacterial mats
ANOSIM revealed significant differences in the species0-50%, pogonophorans 0% and bacterial mats 50-100 %,
composition of images taken from light-coloured sedi- pogonophorans 0 %.
ments and pogonophoran settlements (GloRat 0.315, Figure 4 indicates two groups of images: (1) with-
p =0.001). SIMPER indicated two species contributing out bacterial mats and (2) with bacterial mats but
most to the separation of images from these ar@agra-  without pogonophorans. Images with bacterial mats and
cilis and lysianassid amphipods. The mé&yphioctendensi-  pogonophorans fell out of revealed groupings.
ties were significantly lower on the plain light-coloured sed- SIMPER revealed that five species contributed most to the
iment (35.7+21.7 ind. nT?) than in areas with a coverage separation of groupings of images with different combina-
by pogonophorans exceeding 50 %d(W: W =108228.5, tion of areas with bacterial mats and pogonophoréngyra-
p < 0.00001), but higher than in areas with a coveragecilis, lysianassid amphipodbl. macronix M. horridaandL.
of 0-50% (M-W: W =92895.0-100705.5p < 0.00001).  squamiventer(Fig. 3).
The mean lysianassid densities were significantly lower on Relatively high densities of megafauna (16—98 ind2in
light-coloured sediments than in areas with pogonophoransvere observed in areas without bacterial mats. Highest den-
(M-W: p <0.00001) (Table 4). sities were recorded in areas devoid of bacterial mats but with
Mean megafaunal densities were significantly lower dense settlements of tube worms (50-100 %). Areas devoid
on light-coloured sediments (37722.3ind.nT2) com- of bacterial mats and pogonophorans were characterised by
pared with areas exceeding 50% pogonophoran coveragkigh ophiuroid densities (33.1ind.Th) but relatively low
(M-W: W =107801.5p =0.0008), but significantly higher ~densities of other taxa (0.8ind.T#). Areas devoid of bac-
than in areas of 0-50% pogonophoran coverayfeW: terial mats but with dense coverage by tube worsm&Q %)
W =100773.0-93744.(s < 0.00001). haboured the highest ophiuroid densities (77.7 ind®nand
Taxa richness was slightly higher on light- other taxa (21.2ind.m?) (Fig. 5).
coloured sediments than in areas with pogonophorans Relative contributions of the most abundant taxa to the
(20 compared to 17-18). Evenness and diversity oftotal density in areas with different coverage by bacterial
light-coloured sediments were significantly lower mats and tube worms are shown on Fig. 6. Fish accounted
(J/=0.2; H' =0.2 and 1x»=0.1) than those inhabited for 86% of the total density (04 0.6ind.nT?) in areas
by pogonophorans{-W: p < 0.00001) (Table 3). with extensive bacterial mats>(50%). By contrast, the
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Combination of bacterial mats (BM) and pogonophorans (P)

volcano's center periphery

Fig. 5. Mean densities (ind.mz) of selected taxa in areas with combinations of different coverage by bacterial mats (BM) and
pogonophorans (P). Relative location within the volcano caldera is shown.

relative contribution of fish was 12% (0420.4ind.nT?2) by extensive bacterial mats on grey or yellowish sediment.

in areas of extensive pogonophoran settlemest§(%) Megafaunal densities ranged from 0.1 to 52.7 ind?rbe-

and 6% (0.1 0.3ind. nT?) in areas without bacterial mats tween individual images (mean 3t36.4ind. nT2). The fish

and tube worms. The relative contribution of ophiuroids in- Lycodes squamiventeeached a density of 0.6ind.Thin

creased from 0.8% (0£0.4ind.nT2) in areas with ex- this zone.

tensive bacterial mats to 39% (46:62.3ind.nT2) in Zone Il.The zone of settlements of siboglinid tube worms

areas of extensive pogonophoran fields and up to 87 %§pogonophoranshrcheolinum contortunand Oligobrachia

(34.44+21.6ind.nT?) in areas without bacterial mats and webbiis located further away from the centre of the caldera.

tube worms (on light-coloured sediments). The highestMost of the megafauna is absent from this zone, whereas

relative contribution of lysianassids (26 %) and caprellidsthe density of pycnogonid$|. macronix caprellids M. hor-

(0.9-2 %) was found in the pogonophoran area. rida, lysianassid amphipods and bivalve molluscs clearly in-
creased on siboglinid fields. Total megafaunal densities in

3.2 Comparison of megafauna from three zones inside this zone ranged from 0.1 to 271.2 ind-fnbetween indi-

the volcano caldera vidual images (mean 34:856.0ind. nT2). Ophiuroid den-

sities ranged from 0 to 248 ind. T between individual im-

Inside the HMMV caldera the following three main habitats ages (mean 249 48.1ind. nT2).

can be distinguished: bacterial mats, pogonophoran settle- Zone Ill. The zone of plain light-coloured sediments de-

ments and light-coloured sediments (Fig. 7). The habitats ar@oid of bacterial mats and pogonophorans forms the periph-

arranged in zones around the volcano centre in a more or lessry of the caldera. This zone was dominated by the ophi-

concentric pattern, however, boundaries between zones anmgroid O. gracilis. Most of the megafauna taxa, first of all the

not always clear because bacterial mats and pogonophoragchinoderms, were abundant in this zone. Total megafaunal

colonies may co-occur in different proportions (Fig. 8). Vari- densities ranged from 0.1 to 116.3 ind-frbetween individ-

ations in the mean density of selected taxa and area coveragel images (mean 37#22.3ind. nT2). Ophiuroid densities

by bacterial mats and pogonophorans in different zones argaried from 0 to 115.6ind. i between individual images

shown on Fig. 8. (mean 35.2 21.7ind. nT2).

Zone |.A zone of bacterial mats is most clearly distin-
guished around the caldera centre. The zone is characterised

www.biogeosciences.net/10/3359/2013/ Biogeosciences, 10, 3392013



3368 E. Rybakova et al.: Density and distribution of megafauna at the Blkon Mosby mud volcano

100%-
EHOthers

80%4 Bivalvia (whitish form)

ﬁLycades squamiventer
60%-

Nymphan macronix

40% A Metacaprella horrida

I]m] Lysianassid amphipods
20% 4
. Ophiocten gracilis

Relative contribution to total density (%)

0% 4
0% <50% >50% 0% <50% >50% 0%
BM P BM and P

Spatial coverage of bacterial mats (BM) and pogonophorans (P)

Fig. 6. Relative contribution of the most abundant taxa to total density in areas with different bacterial mat (BM) and pogonophoran (P)
cover. Data of three OFOS transects (I, Il and I11) combined.

Fig. 7. Images from different habitatg§a) bacterial mat (coverage 80 %) with fishLycodes squamiventetb) patches of bacterial mat

(< 10%) on grey sediment, fidtycodes squamiventg(c) tube wormsArcheolinum contortuni> 50 %); (d) plain light-coloured sediments
with numerous ophiuroid€phiocten gracilis

Some of the megafauna (mainly relatively large mobile by the zone of pogonophoran settlements. The lowest densi-
crustaceans and rays) were present throughout the caldetis were recorded from the bacterial mat zone (Fig. 9).
with no clear association to any particular habitat type.

The highest density of non-symbiotrophic megafauna was
recorded in the zone of light-coloured sediments, followed
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Fig. 8. Variations in mean densities of selected taxa and area coverage of bacterial mats or siboglinids on images along OFOS transects I, Il
and I1l. Density in ind. nT2 on the left axis. Area coverage: Bacterial mats: 0 — 0%,<1 10 %, 2 — 10-50 %, 3 — 50-80 %, 4>80 %;
Archeolinum contortum — 0%, 1 —< 10%, 2 — 10-50 %, 3 > 50 %. Zones are shown in colour: red — bacterial mats, yellow — siboglinid
settlements, violet — plain light-coloured sediment.

3.3 Comparison of the volcano caldera and the
background area

The OFOS IV transect outside the caldera revealec 34
twenty-four species/morphospecies and two morphotypes o
megafauna. Eleven taxa were identified either to species @
genus level, others were assigned to higher taxa: Porifer:
(2), Cnidaria (1), Nemertea (2), Polychaeta (2), Gastropod:
(1), Bivalvia (1), Pycnogonida (2), Crustacea (4), Ophi-
uroidea (2), Crinoidea (1), Asteroidea (4), Echinoidea (1)
and at least one fish species. Additionally two morphotypes
(undetermined sedentary animals) were recorded. Echin
oderms (8 species/morphospecies) and sedentary anima
(5 species/morphospecies/morphotypes) accounted for th
majority of taxa (Table 2). Ten additional species were
found in trawl samples (Table 2 in Supplement). However,
this number cannot be considered representative since th |
trawl net was damaged by several large rocks during trawl- Bacterial mats  Pogonophorans  Light-coloured sediments
ing. Mean megafaunal densities outside the caldera werc Zones
25.3+ 21.0ind. 2 ranging from 1.9 to 84.0ind. n¥. Fig. 9. Mean densities (ind. mP) of selected taxa in different zones
Six taxa accounted for more than 95 % of the total density:of the Haikon Mosby mud volcano. Data of three OFOS transects (I,
O. gracilis, sabellid polychaetes, the spon§tylocordyla Il and IIl) combined.
borealis lysianassid amphipods, unidentified sedentary an-
imals (morphotype 2) and bivalve®phiocten graciliswas
the most abundant species (65.7 %). species contributed most to this separation of imaQegra-
ANOSIM revealed significant differences in megafaunal cilis, sabellid polychaetes ar&l borealis
composition and density on images taken inside the caldera The composition of the dominant taxa in the background
on light-coloured sediments devoid of bacterial mats andarea differed from that inside the caldera. Only two t&3a,
pogonophorans and images outside the caldera (G®kal gracilis and lysianassid amphipods, were abundant in both
0.378, 0= 0.001). SIMPER showed that the following three areas (Table 7). In the background area, other abundant taxa

. Ophiocten gracilis

H]]]] Lysianassid amphipods
N\ Metacaprella horrida
Nymphon macronix

E Lycodes squamiventer
[E3Bivalvia (whitish form)

Mean density (ind.m-2)
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included the sabellidsy. borealisand unidentified sedentary (1), Cephalorhyncha (1), Crustacea (1), Echinodermata (6),
organisms absent or found in low numbers inside the calderaRisces (3) (Table 2 in Supplement).
The mean density oD. gracilis was significantly lower Taxa richness did not differ noticeably inside and outside
in the background area (224321.8ind.nT2) compared the caldera: 40 vs. 36, although the number of species outside
to the zone of light-coloured sediments inside the calderahe caldera could be higher if three transects (as inside the
(35.74+21.7ind. nT?) (M-W: W =29635.0,p =0.00001).  caldera) had been taken or the sampling effort had been more
Similarly, the mean density of lysianassid amphipods wasintense. A photographic survey at the HAUSGARTEN ob-
significantly lower in the background (0430.7ind.n7?2) servatory west of SvalbardL300 m depth) revealed lower
compared to the zone of light-coloured sediments in-taxa richness (12 taxa/morphotypes) (Soltwedel et al., 2009).
side the caldera (0£1.6ind.nT?) (M-W: W =91731.5, Thus, Vinogradova et al. (1996) reported 200 benthic taxa
p =0.0236) (Table 4). based on 22 trawls at the Russian nuclear submégam-
Mean total megafaunal density was significantly somoletsvreck site at 1700 m depth in the Bear Island area,
lower in the background (25:821.0ind.nT2) com- approximately 120 miles north of the HMMV on the con-
pared to the area of light-coloured sediments inside theinental slope. The benthic community at this site (based
caldera (37.Z&22.3ind.m?) (M-W: W =104087.0, on the biomass) was termed thBdthybiaster-Ophiocten-

p < 0.00001). Amphipoda-Oweniidae” assemblage. Similar to the HMMV,
In total, 24 taxa were found inside the volcano caldera andbenthos at th&omsomoletsite was dominated by echin-
26 outside on the OFOS images. In both areas 19 taxa werederms (primarily asteroids and ophiuroids), amphipods and
present (Table 2). However, sedentary biota, such as spongegolychaetes. In our study, in trawl catches outside the caldera

chidarians and some unidentifiable morphotypes were onlyphiuroids and asteroids were also dominant.
recorded in the background area. Based on the equal number Two species of siboglinid tube worms (perviate
of randomly selected images, taxa richness was higher outpogonophorans), Archeolinum contortumand Oligob-
side the caldera (26) than in the area of light-coloured seditachia webbi,dominated inside the caldera. Both genera
ments inside the caldera (21). are common at depths of the Norwegian—Greenland Basin
Evenness and diversity were significantly higher in (NGB) and are usually associated with reducing biotopes.
the background than on the light-coloured sedimentsThey were found at methane seeps at 1230 m depth on the
(J/=04 vs. J/=0.2; H =0.6 vs. H =0.2 and 1- \Vestnesa Ridge (Gebruk et al., 2003) and on the Norwegian
A=0.3 vs. 1A =0.1) M-W: W =29113.0,p =0.00001; slope at the Nyegga site at 720 m depth (Krylova et al.,
W =29899.0,p = 0.00001;W =29660.5,p =0.00001, re- 2011). Archeolinum contortumwas also abundant at the
spectively) (Table 3). recently discovered deep-sea hydrothermal vent site ‘Loki’'s
Castle’ at a depth of 2350 m at the junction of the Mohn and
Knipovich ridges (Pedersen et al., 2010). The spe€es
4 Discussion webbiwas reported from the shallower hot vent site on the
Mohn Ridge north of Jan Mayen (500-750 m water depth;
The Hakon Mosby mud volcano has received considerableSchander et al., 2010). Both siboglinid species apparently
attention over the last decade as one of the target areas afre highly specialized to reducing habitats and can inhabit
ambitious EU-funded programmes such as HERMES andheir different types: methane seeps and hydrothermal vents,
HERMIONE and various nationally funded projects. How- sunken wood and other decomposing organic material
ever, studies on macro- and megafaunal communities inhab(Gebruk et al., 2003).
iting the HMMV are still very limited and our knowledge of According to our data, the density and proportions of
the volcano background community remains poor. taxonomic groups noticeably varied between habitats in-
We were able to identify 40 taxa in total (including side and outside the caldera. The megafaunal species ob-
species, “morphospecies” and “morphotypes”) based on imserved along OFOS transects could be grouped according
ages and samples taken inside the volcano caldera. Gebruk their occurrence in different habitats. Many species abun-
et al. (2003) reported 46 macrofaunal benthic taxa from thisdant outside the caldera and at the inactive periphery of
area, Decker, Olu (2012) and Decker et al. (2012) reportedhe volcano were either completely absent or very rare in
28 macrofaunal benthic taxa. A large portion of taxa listedthe pogonophoran and bacterial mat zones. Among such
by these authors included small and infaunal forms, suchspecies were echinoderms (echinoids, starfish, crinoids and
as polychaetes and amphipods that are not easily detectdwblothurians), polychaetes, sponges and nemertea. An excep-
on seafloor photographs and were missing in our recordstion was the ophiuroid). gracilis, which was quite abun-
Based on combined data of Gebruk et al. (2003), Decker, Oluant in the dense settlements of pogonophoran50(%)
(2012), Decker et al. (2012) and our present study, the speciesithout bacterial mats. The mean density 6f gra-
inventory of the HMMV comprises at least 80 taxa. In the cilis in this habitat was higher than in the background:
present study, we added at least 20 species/morphospeci€8.6+ 67.8ind. 2 and 22.3+ 21.8ind. nT?, respectively.
to the inventory: Cnidaria (4), Annelida (4), Sipunculida A photographic survey at the HAUSGARTEN observatory
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west of Svalbard+{1,300 m depth), conducted also on the and reach high population densities. Models based on tem-
ARK XIX/3 cruise, revealed slightly lower densities @f. perature profiles indicate lower fluid flow rates (0.4 m¥yyr
gracilis (16.84 3.7 ind. nT2) and an aggregated occurrence in the pogonophoran fields compared to those of the cen-
(Soltwedel et al., 2009Dphiocten gracilioccurs in awide  tre or bacterial mat zone (Kaul et al., 2006). The increased
range of habitats; this species appears to be very adagiabitat complexity provided by pogonophorans together with
tive and opportunistic. In hydrothermal vent habitats on thea more stable environment may result in higher megafau-
Mid-Atlantic Ridge ophiuroids Qphiocten aciesreached nal densities. Furthermore, Niemann et al. (2006) con-
densities as high as 80ind. dfh (Gebruk et al., 2000) in  cluded that microbe—invertebrate symbioses have an advan-
the Logatchev area. tage over free-living microbial populations as they can en-
Thus, the effect of the mud-volcano environment on ben-gineer their environment to increase access to both elec-
thic communities is expressed in increasing of biomasstron donors and acceptors by special migratory behaviour,
changing of taxa composition (absence of some groupsnining and pumping.
known outside the volcano and emergence of some groups The bacterial mat zone was characterized by the low-
unknown outside the volcano) and changing of proportionsest megafaunal density and species richness. The opposite
of most taxonomic groups. The most special groups fortrend was shown for the density of meiofauna at the HMMV
HMMV environment excluding symbiotrophic megafauna it was the highest in the bacterial mat zone compared to
were pisced.ycodes squamiventelysianassid amphipods, pogonophoran fields and the background (Portnova et al.,
pycnogonidNymphon macronixcaprellidMetacaprella hor- ~ 2010). In our study, megafaunal density decreased sharply
rida and ophiuroidOphiocten gracilis. even at low bacterial coverage: (L0 %). The only species
In the HMMV area both pogonophorans are restrictedwith higher densities on bacterial mats was the fighodes
to the volcano and the nearest surrounding (Gebruk esquamiventerThis species had significantly higher growth
al., 2003). Populations of the more abundantcontortum  rates at the HMMV compared with conspecifics from HAUS-
cover thousands of square meters of the seabed. The ge@GARTEN caught at comparable depth (Hildebrandt et al.,
referenced video mosaics and detailed spatial analyses b3011) indicating favourable local growth conditions at the
Jerosch et al. (2007) illustrate particularly dense populationsnud volcano. Furthermore, stable isotope analyses showed
of these tube worms in the so-called ‘hummocky periph-that thes'3C and$°N in L. squamiventemuscle tissues
ery’ of the caldera and estimated the total area covered byrom the HMMV were significantly lower than those from
tube worms at 275958t by dense bacterial mats (den- HAUSGARTEN indicating that the fish from HMMV relied
sity >50%) at 31435rh and the central caldera part at on food linked to the methane-based food web (Gebruk et al.
115165 n3. Our data indicate that the highest densitieAof 2003; Bergmann et al. 2009, and unpubl. data). Zoarcidae is a
contortumare in areas with bacterial mat coverages of lessfish family often encountered at hydrothermal vents and cold
than 50 % of the sea floor. Our results based on the analyseeps, with some specialised species that are likely to have
sis of 894 images from HMMYV disagree with conclusion of adapted to the toxic environment (Deskeuss et al., 2006).
Niemann et al. (2006) that sulphide-oxidizing mats and tube- The density of megafauna in our study was relatively high.
worm colonies are mutually exclusive. A great number of For example, on the mud volcanoes in the eastern Mediter-
images showed both biota. ranean the density of non-symbiotrophic megafauna were
Some megafaunal species at HMMV were clearly associtwo or three orders of magnitude lower (Olu-Le Roy et al.,
ated with pogonophorans. Among them were the caprellid2004). However, the depth of these volcanoes is greater, ap-
amphipodMetacaprella horrida the pycnogonidNymphon  proximately from 1700 to 2000 m.
macronix and lysianassid amphipods. The density of bur- The three habitats (zones) distinguished at the HMMV are
rowing bivalve molluscs also increased on the pogonophoramrranged in a more or less concentric pattern: the central
fields. Total megafaunal densities of pogonophoran fieldszone, around it pogonophoran fields and the light-sediment
would increase dramatically if the tube worms themselveszone in the periphery. The latter two zones harbour a compli-
were added to our calculations. However, on the seafloor imeated mosaic of bacterial mats. Such a concentric structure of
ages it is almost impossible to determine even approximate habitat and community pattern is more typical of hydrother-
numbers of tubes, especially when they are curled &.in mal vents, centred around hot fluid emissions (Galkin, 2002).
contortum Also many tubes in dense populations are emptyFor example, Hessler and Kaharl (1995) distinguished “the
(A. Gebruk, personal communication, 1998). vent opening, the near-field and the periphery“. This obvious
Overall, total megafaunal densities clearly increased onsimplification points at pronounced gradients of environmen-
the pogonophoran fields-(50 % coverage) compared to the tal parameters that are very characteristic of hydrothermal
background habitat (25:821.0ind.nT2) and dropped to vents and other habitats with focused emission of heat and
minimum values on the bacterial mats $0%). The lim-  reduced compounds, one of such habitats being mud volca-
ited number of megafauna species able to live in a “mod-noes. At typical cold methane seep sites the pattern of fauna
erate” reducing environment are apparently capable of takdistribution is usually more heterogeneous and is first of all
ing advantage of low competition in partitioning of resources controlled by fluid flow (Sahling et al., 2002; Levin, 2005).

www.biogeosciences.net/10/3359/2013/ Biogeosciences, 10, 3392013



3372 E. Rybakova et al.: Density and distribution of megafauna at the Blkon Mosby mud volcano

The central zone of the volcano appears to be devoid 06000” and “Quest 4000 for their support in obtaining samples for
megafauna most likely because of the instability of the en-ground-truthing. This work was partially supported by HERMES
vironment. Indeed, Feseker et al. (2008) reported an ex= Hotspot Ecosystem Research on the Margins of European Seas

ceptionally high level of mud volcanic activity with tem- (contract number GOCE-CT-2005-511234), funded by the Euro-
perature gradients of more than ADmL within the up- pean Commission’s Framework Six Programme and HERMIONE —

per half meter of the sediments close to the geometric cent!0tSPOt Ecosystem Research and Man's Impact on European Seas

tre of the caldera, frequent mud eruptions of small Volume(contract number 226354) funded by the European Commission’s
’ Framework Seven Programme. Financial support also was provided

and "m'te‘?' local eXtent_' . . by the Grant 12-05-31066 of RFBR (Russian Federation), Grant
The variety of reducing habitats known at present in the 5 0533049 of RFBR (Russian Federation) and Grant 8664 of
Norwegian-Greenland Basin (NGB) includes two “cold” Minobrnauki (Russian Federation). Our special thanks to experts
methane seep sites — Nyegga at 710—-730 m depth on the Nofor their help in taxonomic identifications: K. Tabachnik and
wegian slope in the Storrega slide area (lvanov et al., 2007Q. Tendal (Porifera), N. Sanamyan (Actiniaria and Ascidiacea),
2010) and the methane seep area at 1230 m depth on the Vest- Rodriguez (Actiniaria), N. Budaeva and S. Gromisz (Poly-
nesa Ridge (Gebruk et al., 2003), which includes the relachaeta), M. Kedra (Sipuncula), E. Krylova (Bivalvia), A. \&ar
tively hot and active mud volcano (HMMV), a shallow-water (Mollusca), A. Raiskiy and R. Bramber (Pycnogonida), G. Vino-
hydrothermal vent north of Iceland, Kolbenisey: gom  9radov and J.-M. Weslawski (Amphipoda), A. Brandt (Isopoda),
depth) (Fricke et al., 1989), two upper bathyal hydrothermal‘]' Guerrero (Tanaidacea), A. Mironov (Echinoidea), D. Piepenburg

. . (Ophiuroidea, Asteroidea), A. Rogacheva (Holothuroidea) and
vents, Grimsey (400m) north of Iceland (Hannington et al., P. R. Mbller (Fish). The authors thank Paul Dando for the correction

2001) (no biological mvestlgafuons y?t) and.the area r‘Orthof the style of English and useful comments on the manuscript.
of Jan Mayen on the Mohn Ridge with the fields Trollveg- \ye are indebted to anonymous reviewers for improvements to an
gen (500-560 m), Galionella Garder §15m), Soria Mo-  earlier draft of the manuscript. This is publication no. 31571 of the
ria | and Il (700-750 m) (Schander et al., 2010), and one re-Alfred Wegener Institute for Polar and Marine Research.

cently discovered hydrothermal vent site, Loki’s Castle, at

2350 m depth, at the junction of the Mohn and Knipovich Edited by: R. Sefio Santos

Ridges (Pedersen et al., 2010). According to published data,

most of the macro- and megafauna of methane seeps and

hydrothermal vents in the NGB, including the HMMYV, is References

n;)t SEeCLallsed (';ofthese ha_brl]tats, It Cpmprlfses prlmarllly regllc'Bergmann, M., Dannheim, J., Bauerfeind, E., and Klages, M.:
ular background fauna (with exception of two species o Trophic relationships along a bathymetric gradient at the deep-

pogonophoran tube worms, opportunists of reducing envi- ¢4 observatory HAUSGARTEN, Deep-Sea Res. Pt. I, 56, 408—
ronments). This feature is unusual: in other areas, reduc- 424, 2009.

ing habitats are dominated by highly specialized megafauBoetius, A., Ravenshlag, K., Schubert, C. J., Rickert, D., Widdel,
nal species restricted in their distribution to a specific reduc- F., Gieseke, A., Amann, R., Jorgensen, B. B., Witte, U., and
ing habitat or rarely to several of them. In the NGB the only  Pfannkuche, O.: A marine microbial consortium apparently me-
species clearly obligate to methane seeps is the bivabre diating anaerobic oxidation of methane, Nature, 407, 623—626,
ropodon nyeggaensi&rylova et al., 2011), representative of _ 2000 _ o
the family Vesicomyidae, one of the iconic taxa of reducing Bo€tius. A., Jorgensen, B. B., Amann, R., Henriet, J. P., Hinrichs,
environments (Levin, 2005; Desbrergs et al., 2006). The < Y- Lochte, K., MacGregor, B. J., and Voodrouw, G.: Micro-
L . bial systems in sedimentary environments of continental margin,
lack of vent/seep specialists in the NGB may result from a

£ “th d benthic f h in: Ocean Margin Systems, edited by: Wefer, G. , Billett, D. ,
young age of fauna: the recent deep-sea benthic fauna nort Hebbeln, D. , Joergensen, B. B., Sitielr, M., and van Weering,

of the Faroe-Iceland Ridge shows signs of origin after the 1 ¢ g springer Verlag, Berlin-Heidelberg, Germany, 479495,

end of the last glacial period (Golikov, 1985; Svararsson et 2q02.

al., 1993). Bogdanov, Y. A., Sagalevich, A. M., Vogt, P. R., Mienert, Y., Sund-
vor, E., Crane, K., Lein, A. Y., Egorov, A. V., Peresypkin, V.
I., Cherkashev, G. A., Gebruk, A. V., Ginsburg, G. D., and

Supplementary material related to this article is Voitov, D. V.: The Hakon Mosby Mud Volkano in the Norwegian
available online at: http://www.biogeosciences.net/10/ Sea: results of comprehensive investigations with submersibles,
3359/2013/bg-10-3359-2013-supplement.pdf Okeanologia, 39, 412-419, 1999 (in Russian).

Clarke, K. R. and Gorley, R. N.: PRIMER v6: user manual/tutorial,
PRIMER-E Ltd, Plymouth, 2006.
Crane, K. and Solheim, A.: Sea floor atlas of the north-
ern Norwegian-Greenland Sea, 137, Norsk Polarinstitutt Med-
AcknowledgementsiVe are grateful to the Captain, the officers delelser, Oslo, Norway, 172 pp., 1995.
and the crew of RVPolarstern for their support during the Damm, E. and Budeus, G.: Fate of vent-derived methane in seawater
ARK-XVIII/1b, ARK-XX/1, ARK-XXII/1b expeditions. We also above the Bkon Mosby Mud Volcano (Norwegian Sea), Mar.
thank and the teams of the remotely operated vehicles “Victor Chem., 82, 1-11, 2003.

Biogeosciences, 10, 3353374 2013 www.biogeosciences.net/10/3359/2013/


http://www.biogeosciences.net/10/3359/2013/bg-10-3359-2013-supplement.pdf
http://www.biogeosciences.net/10/3359/2013/bg-10-3359-2013-supplement.pdf

E. Rybakova et al.: Density and distribution of megafauna at the Hikon Mosby mud volcano 3373

De Beer, D., Sauter, E., Niemann, H., Witte, U., Stéf, M., and tions, Humphris, S. E., Zierenberg, R. A., Mullineaux, L. S., and
Boetius, A.: In situ fluxes and zonation of microbial activity in Thomson, E., American Geophysical Union, Washington, 72—-84,
surface sediments of thedkdon Mosby Mud Volcano, Limnol. 1995.

Oceanogr., 51, 1315-1331, 2006. Hildebrandt, N., Bergmann, M., and Knust, R.: Longevity and

Decker, C. and Olu, K.: Habitat heterogeneity influences cold-seep growth efficiency of two deep-dwelling Arctic zoarcids and com-
macrofaunal communities within and among seeps along the parison with eight other zoarcid species from different climatic
Norwegian margin. Part Il: contribution of chemosynthesis and regions, Polar Biol., 34, 1523-1533, 2011.
nutritional patterns, Mar. Ecol., 33, 231-245, 2012. Hinrichs, K. U. and Boetius, A.: The anaerobic oxidation of the

Decker, C., Morineaux, M., Caprais, J. C., Olu, K., Van Gaever, methane: new insights in microbial ecology and biogeochem-
S., Lichtschlag, A., Gauthier, O., and Andersen, A. C.: Habi- istry, in: Ocean Margin Systems, edited by: Wefer, G., Billet, D.,
tat heterogeneity influences cold-seep macrofaunal communities Hebbeln, D., Jorgensen, B. B., Sétdr, M., and Weering, T. C.
within and among seeps along the Norwegian margin — Part E. V., Springer Verlag, Berlin-Heidelberg, Germany, 457-477,
I: macrofaunal community structure, Mar. Ecol., 33, 205-230, 2002.

2012. Hjelstuen, B. O., Eldholm, O., Faleide, J. I., and Vogt, P. R.: Re-

Desbrugres, D., Segonzac, M., and Bright, M.: Handbook of Deep-  gional setting of Fikon Mosby Mud Volcano, SW Barents Sea
sea Hydrothermal Vent Fauna, Second completely revised edi- margin, Geo-Mar. Lett., 19, 22—-28, 1999.
tion, Denisia, 18, 544 pp., 2006. Huguen, C., Mascle, J., Chaumillon, E., Kopf, A. J., Woodside, J.,

Dimitrov, L. I.: Mud volcanoes — the most important pathway  and Zitter, T.: Structural setting and tectonic control of mud vol-
for degassing deeply buried sediments, Earth-Sci. Rev., 59, 49— canoes from the Central Mediterranean Ridge (Eastern Mediter-
76,2002. ranean), Mar. Geol., 209, 245-263, 2004.

Eldholm, O., Sundvor, E., Vogt, P. R., Hielstuen, B. O., Crane, K., lvanov, M. K., Limonov, A.F., and Van Weering, T.: Comparative
Nilsen, A. K., and Gladczenko, T. P.: SW Barents Sea continen- characteristics of the Black Sea and Mediterranean Ridge mud
tal margin heat flow and &on Mosby Mud Volcano, Geo-Mar. volcanoes, Mar. Geol., 132, 253-271, 1996.

Lett., 19, 29-37, 1999. Ivanov, M., Blinova, V., Kozlova, E., Westbrook, G. K., Mazzini,

Feseker, T., Foucher, J.-P., and Harmegnies, F.: Fluid flow or mud A., Minshull, T. A., and Noug, H.: First sampling of gas hydrate
eruptions? Sediment temperature distributions &kdth Mosby from the Varing Plateau, Eos, Transactions, American Geophys-
mud volcano, SW Barents Sea slope, Mar. Geol., 247, 194-207, ical Union, 88, 209-216, 2007.

2008. Ivanov, M., Mazzini, A., Blinova, V., Kozlova, E., Laberg, J.-S.,

Fleysher, P., Orsi, T. H., Richardson, M. D., and Anderson A. L.: Matveeva, T., Taviani, M., and Kaskov, N. Seep mounds on the
Distribution of free gas in marine sediments: a global overview, Southern Vgring Plateau (offshore Norway), Mar. Petrol. Geol.,
Geo-Mar. Lett., 21, 103-122, 2001. 27, 235-1261, 2010.

Fricke, H., Giere, O., Stetter, K., Alfredsson, G. A., Kristjansson, J. Jerosch, K., Scliter, M., Foucher, J.-P., Allais, A.-G., Klages, M.,
K., Stoffers, P., and Svavarsson, J.: Hydrothermal vent communi- and Edy, C.: Spatial distribution of mud flows, chemoautotrophic
ties at the shallow subpolar mid-Atlantic ridge, Mar. Biol., 102,  communities and biogeochemical habitats akeh Mosby Mud
425-429, 1989. \olcano., Mar. Geol., 243, 1-17, 2007.

Galkin, S. V.: Hydrothermal vent communities of the World Ocean. Kaul, N., Foucher, J. P., and Heesemann, M.: Estimating mud ex-
Structure, typology, biogeography, GEOS, Moscow, Russia, 200 pulsion rates from temperature measurements &koH Mosby
pp., 2002. Mud Volcano, SW Barents Sea, Mar. Geol., 229, 1-14, 2006.

Gebruk, A. V., Chevaldonne, P., Shank, T., Lutz, R. A., and Vri- Klages, M., Thiede, J., and Foucher, J.-P.: The expedition ARK-
jenhoek, R. C.: Deep-sea hydrothermal vent communities of the TISXIX/3 of the research vessel “Polarstern” in 2003, Reports
Logatchev area (P45 N, Mid-Atlantic Ridge): diverse biotopes on Polar and Marine Research, Alfred Wegener Institute for Po-
and high biomass, J. Mar. Biol. Assoc. UK., 80, 383-394, 2000. lar and Marine Research, Bremerhaven, Germany, 488, 346 pp.,

Gebruk, A. V., Krylova, E. M., Lein, A. Y., Vinogradov, G. M., An- 2004.
derson, E., Pimenov, N. V., Cherkashev, G. A., and Crane, C.:Kohl, B. and Roberts, H.H.: Fossil foraminifera from four active

Methane seep community of thedkbn Mosby Mud Volcano mud volcanoes in the Gulf of Mexico, Geo-Mar. Lett., 14, 126—
(the Norwegian Sea): composition and trophic aspects, Sarsia, 134, 1994.
88, 394-403, 2003. Kopf, A. J.: Significance of mud volcanism, Rev. Geophys., 40,

Golikov, A. N.: Stages and frontiers of the Cenozoic. Analysis of  1005,d0i:10.1029/2000RG000092002.
geological time and evolution of marine gastropod fauna, Pro-Krupskaya, V. V., Andreeva, I. A., Sergeeva, E. I., Cherkashev, G.
ceedings of the Zoological Institute, USSR Academy of Sci- A., and Ivanov M. K.: The Ekon Mosby Mud Volcano (Nor-
ences, 130, 31-52, 1985 (in Russian). wegian Sea): features of a structure and deposit composition, in:
Hannington, M., Herzig, P., Stoffers, P., Scholten, J., Botz, R., Experience of systemic oceanological exploration in Arctic re-
Garbe-Schnberg, D., Jonasson, I. R., Roest, W., and Shipboard gions, edited by: Lisitsin, A. P. and Vinogradov, M. E., Nauchnyi
Scientific Party: First observations of high-temperature subma- Mir, Moscow, Russia, 492-502, 2001 (in Russian).
rine vents and massive anhydrite deposits off the north coast oKrylova, E. M., Gebruk, A. V., Portnova, D. A., Todt, C., and Hafli-
Iceland, Mar. Geol., 177, 199-220, 2001. dason, H.: New species of the gerssrropodon(Bivalvia: Vesi-
Hessler, R. R. and Kaharl, V. A.: The deep-sea hydrothermal comyidae: Pliocardiinae) from cold methane seeps at Nyegga
vent community: an overview, in: seafloor hydrothermal sys- (Norwegian Sea, Voring Plateau, Storrega slide), J. Mar. Biol.
tems: physical, chemical, biological, and geochemical interac- Assoc. UK., 91, 1135-1144, 2011.

www.biogeosciences.net/10/3359/2013/ Biogeosciences, 10, 3392013


http://dx.doi.org/10.1029/2000RG000093

3374 E. Rybakova et al.: Density and distribution of megafauna at the Blkon Mosby mud volcano

Lein, A. Y. and Ivanov, M. V.: Biogeochemical cycle of methane in gian Sea), Mar. Ecol.-Evol. Persp., 31, 24-41, 2011.
the ocean, Nauka, Moscow, Russia, 576 pp., 2009. Sahling, H., Rickert, D., Lee, R.V,, Linke, P., and Suess, E.:
Lein, A. Y, Vogt, P. R., Crane, K., Egorov, A., Pimenov, N. V., Macrophaunal community structure and sulphide flux at has hy-
Sawvichev, A. S., Ginsburg, G. D., Ivanoy, G. I., Cherkashev, G. drate deposits from the Cascadia convergent margin, NE Pacific,
A., and Ivanov M. V.: Geochemical pecularities of gas-bearing Mar. Ecol.-Prog. Ser., 231, 121-138, 2002.
(CHy) deposits of the submarmud volcano in the Norwegian Sea,Sauter, E. J., Muyakshin, S. ., Charlou, J.-L.,i8ét, M., Boetius,

Geohymiya, 3, 230—249, 1998 (in Russian). A., Jerosch, K., Damm, E., Foucher, J.-P., and Klages, M.:
Lein, A. Y, Vogt, P. R., Crane, K., Egorov, A., and Ivanov, M.: Methane discharge from a submarine mud volcano into the up-

Chemical and isotopic evidence for the nature of the fluid i, CH per water column by gas hydrate-coated methane bubbles, Earth

— containing sediments of theiion Mosby Mud Volcano, Geo- Planet. Sc. Lett., 243, 354-365, 2006.

Mar. Lett., 19, 76—83, 1999. Schander, C., Rapp, H. T., Bakken, T., Berge, J., Cochrane, S.,

Lein, A. Y., Pimenov, N. V., Savvichev, A. S., Pavlova, G. A., Vogt, Kongsrud, J. A, Oug, E., Byrkjedal, ., Cedhagen, T., Fosshagen,
P. R., Bogdanov, Y. A., Sagalevich, A. M., and lvanov, M. V. A., Gebruk, A., Larsen, K., Obst, M., Pleijel, F.,dBt, S., Todt,
Methane as a source of organic matter and the hydrocarbon acid C., Waeén, A., Hadler-Jacobsen, S., Keuning, R., Mikkelsen, N.
of carbonates at a cold seep in the Norwegian Sea, Geohymiya, T., Petersen, K. H., Torseth, |., and Pedersen, R. B.: The fauna
3, 268-281, 2000 (in Russian). of hydrothermal vents on the Mohn Ridge (North Atlantic), Mar.

Levin, L. A.: Ecology of cold-seep sediments: interactions of fauna  Biol. Res., 6, 155-171, 2010.
with flow, chemistry and microbes, Oceanogr. Mar. Biol., 43, 1- Sibuet, M. and Olu, K.: Biogeography, biodiversity and fluid depen-
46, 2005. dence of deep-sea cold-seep communities at active and passive

Meunier, C., Andersen, A. C., Bruneaux, M., Le Guen, D., margins, Deep-Sea Res. Pt. Il, 45, 517-567, 1998.

Terrier, P., Leize-Wagner, E., and Zal, F.: Structural char- Smirnov, R. V.: Two new species of pogonophoran from the Arc-
acterization of hemoglobins from Monilifera and Frenulata tic mud volcano off northwestern Norway, Sarsia, 85, 141-150,
tubeworms (Siboglinids): First discovery of giant hexagonal- 2000.

bilayer hemoglobin in the former “Pogonophora” group, Comp. Smirnov, R. V.: Morphological characters and classification of the

Biochem. Phys. A., 155, 41-48, 2010. subclass Monilifera (Pogonophora), the problem of evolution of
Milkov, A. V.: Worldwide distribution of submarine mud volcanoes bridle in pogonophora, Biol. Mory&lad+, 34, 404-413, 2008
and associated gas hydrates, Mar. Geol., 167, 29-42, 2000. (in Russian).

Milkov, A. V., Vogt, P. R., and Cherkashev, G. A.: Sea-floor terrains Soltwedel, T., Portnova, D., Kolar, I., Mokievsky, V., and Schewe,
of Hakon Mosby Mud Volcano as surveyed by deep-tow video I.: The small-sized benthic biota of thedkon Mosby Mud Vol-
and still photography, Geo-Mar. Lett., 19, 143-149, 1999. cano (SW Barents Sea slope), J. Marine Syst., 55, 271-290,

Milkov, A. V., Sassen, R., Apanasovich, T. V., and Dadashev F. G.: 2005.

Global gas flux from mud volcanoes: a significant source of fossil Soltwedel, T., Jaeckisch, N., Ritter, N., Hasemann, C., Bergmann,
methane in the atmosphere and the ocean, Geophys. Res. Lett., M., and Klages, M.: Bathymetric patterns of megafaunal assem-
30, 1037 d0i:10.1029/2002GL016352003. blages from the arctic deep-sea observatory HAUSGARTEN,

Niemann, H., bsekann, T., De Beer, D., Elvert, M., Nadalig, T., Deep-Sea Res. Pt. |, 56, 1856-1872, 2009.

Knittel, K., Amann, R., Sauter, E. J., Séiteér, M., Klages, M., Svararsson, J., Stmberg, J.-O., and Brattegard, T.: The deep-sea
Foucher, J. P., and Boetius, A.: Novel microbial communities of  asselote (Isopoda, Crustacea) fauna of the northern seas: species
the Hakon Mosby mud volcano and their role as a methane sink, composition, distributional patterns and origin, J. Biogeogr., 20,
Nature, 443, 854—-858, 2006. 537-555, 1993.

Olu-Le Roy, K., Sibuet, M., Fiala-Kdioni, A., Gofas, S., Salas, C., Vinogradova, N. G., Turpaeva, E. P., Moskaley, L. I., Galkin, S.
Mariotti, A., Foucher, J. P., and Woodside, J.: Cold seep commu- V., and Bagirov, N. E.: Species composition of the bottom fauna
nities in the deep eastern Mediterranean Sea: composition, sym- in the area of study, leading and common forms and modifica-
biosis and spatial distribution on mud volcanoes, Deep-Sea Res. tions of communities, in: Oceanographic research and underwa-
Pt. 1, 51, 1915-1936, 2004. ter technical operations at the site of the nuclear submarine Kom-

Pedersen, R. B., Rapp, H. T., Thorseth, I. H., Lilley, M. D., Bar-  somolets wreck, edited by: Vinogradov, M. E., Sagalevitch, A.
riga, F. J. A. S., Baumberger, T., Flesland, K., Fonseca, Rh-Fr M., and Khetagurov, S. V., Nauka, Moscow, Russia, 202—-206,
Green, G. L., and Jorgensen, S. L.: Discovery of a black smoker 1996 (in Russian).
vent field and vent fauna at the Arctic Mid-Ocean Ridge, Nature Vogt, P. R., Cherkashev, G. A., Ginsburg, G. D., Ivanov, G., Milkov,
Communications, 1, 1-6, 2010. A. V., Crane, K., Lein, A. Y., Sundvor, E., Pimenov, N., and

Pimenov, N. V., Sawvichev, A. S., Rusanov, |., Lein, A. Y., Gebruk, = Egorov, A.: Hikon Mosby Mud Volcano provides unusual ex-
A. V., and Moskaley, L. I.: Microbial processes of carbon cycles ample of venting, EOS, Transactions, American Geophysical
at the base of the food chain ofikon Mosby Mud Volcano ben- Union, 78, 556-557, 1997.
thic community, Geo-Mar. Lett., 19, 89-96, 1999. Vogt, P. R., Gardner, J., and Crane, K.: The Norwegian-Barents-

Pimenov, N. V., Savvichev, A. S., Rusanov, |., Lein, A. Y., and Svalbard (NBS) continental margin: introducing a natural lab-
Ivanov, M. V.: Microbiological processes of carbon and sulfur  oratory of mass wasting, hydrates and ascent of sediment pore
cycles at cold methane seeps in the North Atlantic, Microbi-  water and methane, Geo-Mar. Lett., 19, 2-21, 1999.
ologiya, 69, 831-843, 2000 (in Russian).

Portnova, D., Mokievsky, V., and Soltwedel, T.: Nematode species
distribution patterns at theakon Mosby Mud Volcano (Norwe-

Biogeosciences, 10, 3353374 2013 www.biogeosciences.net/10/3359/2013/


http://dx.doi.org/10.1029/2002GL016358

