Biogeosciences, 10, 5383398 2013
www.biogeosciences.net/10/5381/2013/
doi:10.5194/bg-10-5381-2013

© Author(s) 2013. CC Attribution 3.0 License.

$s920y uadQ

Influence of chemosynthetic ecosystems on nematode community
structure and biomass in the deep eastern Mediterranean Sea

N. Lampadariou?, V. Kalogeropoulou!, K. Sevastod, K. Keklikoglou 2, and J. Sarrazin®

IHellenic Centre for Marine Research, P.O. Box 2214, 71003 Heraklion, Crete, Greece
2Department of Biology, University of Crete, P.O. Box 2208, 71409 Heraklion, Crete, Greece
3|fremer Brest, REM/EEP, Institut Carnot Ifremer-EDROME, BP 70, 29280 Pldedamance

Correspondence td\. Lampadariou (nlamp@hcmr.gr)

Received: 29 November 2012 — Published in Biogeosciences Discuss.: 14 December 2012
Revised: 28 June 2013 — Accepted: 3 July 2013 — Published: 9 August 2013

Abstract. Mud volcanoes are a special type of cold seepsranean Sea. These observations indicate a strong influence of
where life is based on chemoautotrophic processes. They amaud volcanoes and cold-seep ecosystems on the meiofaunal
considered to be extreme environments and are characterizeshmmunities and nematode assemblages.

by unigue megafaunal and macrofaunal communities. How-
ever, very few studies on mud volcanoes taking into account

the smaller meiobenthic communities have been carried out.

Two mud volcanoes were explored during the MEDECO 1 Introduction

(MEditerranean Deep-sea ECOsystems) cruise (2007) with

the remotely operated vehicle (ROVjctor-6000 Amster- Cold seeps are characterized by the flow of reduced chemical
dam, located south of Turkey between 1700 and 2000 nfompounds from the subsurface to the seafloor, but, in con-
depth (Anaximander mud f|e|d)’ and Napo"y south of Crete’trast to hot vents, they are not directly associated with hlgh
located along the Mediterranean Ridge at about 2000 m deptthermal anomaliesSibuet and Olu1998 Tunnicliffe et al,
(Olimpi mud field). The major aim of this study was to de- 2003. They have been known for over 30 yp4ull et al,
scribe distributional patterns of meiofaunal communities and1984 Suess et al1983 and occur in a wide variety of geo-
nematode assemblages from different seep microhabitatéogical settings along both active and passive margsisuet
Meiofaunal taxa and nematode assemblages at both mud vond Oly 1998 Levin, 2009. They are commonly found in
canoes differed significantly from other Mediterranean sitesthe Pacific, Atlantic and Indian oceans and are known to host
in terms of standing stocks, dominance and species diverighly diverse and abundant chemosynthetically-based com-
sity. Density and biomass values were significantly highermunities Carney 1994. More recently, seep communities

at the seep sites, particularly at Amsterdam. Patterns of nehave been also reported in the Mediterranean Seaselli
matode diversity, the dominant meiofaunal taxon, varied, dis-2nd Bassp1996 Holland et al, 2003 2006 Loncke and
playing both very high or very low species richness and dom-Mascle 2004 Camerlenghi and Pini2009 Savini et al,
inance, depending on the microhabitat studied. The periph2009.

ery of theLamellibrachiaand bivalve shell microhabitats of ~ Submarine mud volcanoes are a special type of cold seep
Napoli exhibited the highest species richness, while the rewhere over-pressuried sediment leaks from deeper layers in
duced sediments of Amsterdam yielded a species-poor nemabe form of mud and fluid through the sea floddilkov,

tode community dominated by two successful species, on@00Q Dimitrov, 2002. These are often accompanied by
belonging to the genuaponemaand the other to the genus large quantities of gas emissions, such as methane, com-
Sabatieria Analysis ofg-diversity showed that microhabitat monly originating from deep, subsurface sedimentary layers
heterogeneity of mud volcanoes contributed substantially tdocated several kilometers deegitkov, 200Q Kopf, 2002).

the total nematode species richness in the eastern Meditethese gas emissions are taken up by archaea and bacte-
ria through chemoautotrophic processes to produce sulfides,

Published by Copernicus Publications on behalf of the European Geosciences Union.



5382 N. Lampadariou et al.: Nematodes from Mediterranean mud volcanoes

which may be further utilized by symbiotic bacteria to sus- crobial as well as the meio-, macro- and megafaunal commu-
tain high biomass production in invertebrateg{a-Méedioni nities from several reduced deep-water environments includ-
and Felbeck199Q Fisher 1990 Olu-Le Roy et al. 2004. ing mud volcanoes, brine seeps and pockmark areas along the
The study of submarine mud volcanoes, similarly to otherMediterranean Sea. PreviousRitt et al. (2012 described
dysoxic, hypoxic and sulphidic environments of the deep seathe structure of macrofaunal communitiesZ50 um) in re-
has attracted a lot of attention over the last decades since thdgtion to the environmental conditions of the two mud volca-
may provide useful insights into early metazoan life (e.g.noes. Regarding the meiofauna (32—1000 um), the main ob-
Bernhard et a).200Q Van Dover 2000 Danovaro et aJ.  jective of the cruise was to quantify the communities from
2010. This is because these environments are believed tdlifferent microhabitats in terms of species diversity, abun-
resemble the late Archaean or Proterozoic Eons, when oxydance and biomass, with a special focus on nematodes, the
gen levels were low and the origin and initial diversification most abundant group. The various microhabitats were cho-
of Eucarya occurredinoll and Holland 1995. sen on the basis of differences in appearance as evidenced
Most biological studies of cold seeps and submarineboth from observations with the ROMctor-6000as well as
mud volcanoes have focused on large, symbiont-bearindrom previous observations during the MEDINAUT cruise
megafauna, such as siboglinid tubeworms, mytilid mus-in 1998. The microhabitats studied included soft sediments
sels and vesicomyid clam$§ipuet and Olu1998 Kojima, with high density of bivalve shells, areas with carbonate
2002 Sibuet and Olu-LeRqy2002 Tunnicliffe et al, 2003 crusts, areas with high densities of the siboglinid polychaete
Levin and Mendoza2007), or on microbiological processes Lamellibrachia anaximandras well as highly reduced sedi-
(Valentine and Reeburg®00Q Hinrichs and Boetius2002 ments with visible bubble emissions.
Valenting 2002. Several studies have also examined the More specifically, the following questions were addressed:
smaller infaunal communities (predominantly macrofauna), . )
suggesting that their densities may be higher or similar com- 1- Aré meiofaunal standing stocks as well as local (al-
pared to non-seep communitieBayis and Spies198Q pha) diversity enhanc_ed in mud volcanoes compared to
Levin et al, 200Q 2003 Levin and Mendoza2007 Menot nearby deep-sea sediments?

et al, 2010. Recently, such studies have also included the 5 g gifferent mud volcanoes harbour distinct and spe-
eastern MediterraneaRit et al, 2011 2019. On the other cialized meiofauna/nematode communities and are they

hand, meiofauna studies of seep areas, particularly mud vol-  qittarent from adjacent deep-sea sediments?
canoes, are generally scarce, and until the very recent studies

of Zeppilli et al.(2011a 2012 such studies were completely
absent from the Mediterranean. Previous studies, mainly ,

from the Arctic, the Gulf of Mexico, Barbados and the Japan? Materials and methods
Trench, have reported that, similar to macrofauna, there is n
unequivocal response of the metazoan meiofauna to the di

ferent seep conditionsShirayama and Ohfa990Q Oluetal,  gegiment samples were collected during Leg 1.3 of the
1997 Buck and Barry 1998 Levin, 2009. The increased \EDECO cruise aboard the French RROUrqUOi Pas?

habitat heterogeneity found in cold-seep areas often resultgich, was equipped with the remotely operated vehicle
in an unpredictable hlgh variability of mglofaungl densities (ROV) Victor-6000 This leg of the cruise took place between
within the seeps, relative to the surrounding sedimiut 18 54 31 October, 2007. In total, nine different microhabi-

tagna and Spiesl985 Levin, 2005 Cordes et &.2010 545 yere sampled: four each from the Amsterdam and Napoli
Ritt et al, 2012. With regard to nematode diversity, the re- 1,4 yolcanoes and one from an area located a few miles

sults were inconsistent, with some studies showing an eXgom the centre of Amsterdam mud volcano in the wider area
ceptionally high dominance of only one specigar{ Gaever ¢ the Anaximander mud field, hereafter referred to as the
et al, 2009 while others reported a species-rich community t5r heriphery microhabitat (Pfar). The microhabitats from the
with many overlapping families or genera between seep ang\msterdam mud volcano were (i) brown sediments with high
nearby control sedimentSkirayama and Ohfd990 Pape  gensity of bivalve shells (Biv); (ii) the periphery of carbonate
et al, 201]). Nevertheless, in most of these studies, dom-cr 515" (pcc): (iii) a gas emission area, hereafter referred to as
inance was usually higher and species diversity was lowefq reduced sediment area (Red): and (iv) the summit of the
when compared to surrounding pristine aregtsifayamaand g yolcano (Top). The four microhabitats from the Napoli

Ohta 199Q Van Gaever et 812006 2010). o ‘mud volcano were (i) brown sediments with bivalve shells
The present study provides a detailed quantitative anaIyS|%BiV); (ii) the Lamellibrachiamicrohabitat (Lam); (iii) the

of the meiofauna communities from two different mud vol- periphery of the carbonate crusts (Pcc): and (iv) the periph-

canoes in the eastern Mediterranean: Amsterdam and Napolyy, of the| amellibrachiamicrohabitat (Plam). A detailed de-
They were the target of an interdisciplinary cruise, MEDECO g(intion of the two areas and their microhabitats as well as

(MEditerranean Deep-sea ECOsystems) carried out in 200_70]: the sampling methodology follows.

whereby one of the main objectives was to investigate the mi-

%.1 Study areas and microhabitats
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Fig. 1. General map of the eastern Mediterranean Sea with the location (black stars) of the two mud volcanoes, Amsterdam and Napoli.
Zoom-view maps show detailed positions of the different microhabitats: (Biv: bivalve shells; Pcc: periphery of carbonate crusts; Red: reduced
sediments; Top: summit of the mud volcano; Ldramellibrachiamicrohabitat; Plam: periphery afamellibrachig Pfar: far periphery).

2.1.1 Amsterdam mud volcano large pieces of carbonate crust covered with dead mussels be-
longing to the genuklasinstead. Infrequent live specimens
of Lamellibrachiawere visible as well. The reduced sedi-

An:jstle (;t(:l)am r'ls. in lelllpttlcgl _se?rflloor feature,trtljp tot3 I;njrw:?e ments (Red) microhabitat was an interesting active site where
an M high, focated n the area southwest ot Tur eygentle gas emissions were observed. The summit of the mud
(Fig. 1). It has a very rough morphology with depressions

: . . volcano (Top) was also sampled; however, it was completely
and abrupt scarps, particularly on its summit (2040m depth)covered with large amounts of clasts of various types (both
due to an erupted mud flow over 300 m thick. The substratu

is ch terized by th t carbonat ¢ d mall and large) and therefore sampling was only possible
IS characterized by the presence of carbonate crusts, mu y means of the box corer. Two pseudo-replicates were ob-
areas and rock clasts (i.e. rock fragments that come frorq

) . ained from this area by sub-sampling one USNEL box core
deeper layers and are expulsed on the seafloor with ﬂu'd/gaaeployment. A summary of station parameters, microhabitat

emissions). Temperature measurements in the centre of th pe and number of samples obtained from the Amsterdam
mud volcano support the presence of a high seepage active 4 volcano is provided in Table 1

ity, with the temperature reaching 36, 7 m deep within the A peri ; :
. ) peripheral site (Pfar), located approx. 2 nmi to the north-
sediments (Foucher unpublished data, MEDECO 2007). Noeast of Amsterdam, was also sampled (Fig. 1). Only one sam-

brine pools have ever been observed for Amsterdaittef ; :
. le could be obtained from one multiple corer deployment.
et al, 2005. Bivalve shells and tubeworms have been seenp P ploy

close or under carbonate crusts.

Regarding the four microhabitats sampled from Amster-2.1.2  Napoli mud volcano
dam, the carbonate crusts presented different morphologies
consisting of larger or smaller pavements located both orNapoli is a dome-shaped feature, 1000 m wide and 200 m
the surface but also within the sediments. Samples were obhigh, located south of Crete. It is located at 1950 m depth
tained from a distance of approximately 4 m from the crusts,and is commonly surrounded by irregular mud flows and cir-
hereafter referred to as the periphery of the carbonate crustsular depressions. Fresh mud flows and brine pools were ob-
(Pcc). The bivalve shell microhabitat (Biv) on the other hand,served on the summit, indicating intense degasstga(-
consisted of soft sediments covered by large numbers ofou et al, 2003. Brines are formed by salt-bearing sedi-
small bivalves from 2 families (Mytilidae and Vesicomyi- ments dissolved by warm fluids. Therefore, brine seepage to
dae). In some cases, this microhabitat was characterized bihe seafloor is a result of fluid release along faults piercing
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Table 1. Station information showing microhabitat type, position, depth, dive nhumber of the ROV and sample code. Samples collected
from the same type of microhabitats were treated as replicate samples (Biv: bivalve shells; Pcc: periphery of carbonate crusts; Red: reducec
sediments; Top: summit of the mud volcano; Ldramellibrachiamicrohabitat; Plam: periphery dfamellibrachig Pfar: far periphery).

Area Habitat type Latitude (N) Longitude (E) Depth (m) Operation Sample code
Amsterdam Biv 3820.0861 3016.1280 2024 Dive: 334-13 CT-11
35°20.0883 3016.1298 2024 Dive: 334-13 CT-05
Pcc 3520.0848 3016.2977 2025 Dive: 334-13 CT-14
35°20.0876 3016.2960 2025 Dive: 334-13 CT-15
Red 3520.0816 3016.1278 2025 Dive: 334-13 CT-04
Top 3520.0010 3016.2679 2029 Box corer: KGS-22  KGS-22A
Napoli Biv 33°43.7517 2440.9464 1943 Dive: 330-9 CT-18
33°43.7526 2440.9465 1943 Dive: 330-9 CT-19
Lam 3343.7493 2440.9407 1942 Dive: 330-9 CT-13
33°43.7507 2440.9437 1942 Dive: 330-9 CT-07
33°43.7514 2440.9434 1943 Dive: 330-9 CT-10
Pcc 3343.7735 2440.9333 1941 Dive: 331-10 CT-27
33°43.7770 2440.9494 1941 Dive: 331-10 CT-25
Plam 3343.7452 2440.9426 1943 Dive: 331-10 CT-31
33°43.7528 2440.9399 1942 Dive: 331-10 CT-29
Anax. mud field  Pfar 3%20.9970 3018.0057 2152 Multicorer: MTB-5 MTB-5

the evaporites. The muddy brines are often rich in thermo-2.2 Sampling and sample processing
genic and biogenic hydrocarbon gases produced below the
evaporites. On this mud volcano, benthic communities (e.g.
tubeworms, bivalves) were observed at the periphery of thdVlost samples were collected by means of video-guided push
centre, avoiding the proximity of brines where the salinity cores using the ROWictor-600Q the exceptions being the
can reach up to 83 gt salt (Charlou et al.2003. During Top and the Pfar microhabitats, which were sampled by
the MEDECO cruise (2007), many empty brines and “dried” means of a USNEL box corer and a multiple corer, respec-
brine rivers were Surveyed on the flanks, which were Con_tively. All Samples were collected with clear pIaStiC tube cor-
sidered to be fossil brines. The brine pools reported duringe’s of 5.4 cm inner diameter to a depth of 10cm. In the case
previous cruises (MEDINAUT 2000, NAUTINIL 2003) were Of the box or multiple corer sampling, sub-sampling was per-
not re-observed during MEDECO, suggesting that f|uid/ga3f0rmed @ 5.4 cm). As soon as the cores were retrieved, in or-
emissions are variable in time and space. der to avoid loss of epibenthic specimens which might have
Regarding the four microhabitats Samp|ed from Napo]i, been SUSpended into the water COlUmn, the overlying water
the Lamellibrachia area was characterized by black sed- Was filtered through a 32 um mesh size sieve and the material
iments where dense, bush-like clusters of the tubewornf€tained on the sieve was backwashed into the plastic con-
Lamellibrachia anaximandrioccurred. Samp|es were ob- tainer for the 0—1 cm slice. All sediment cores were then cut
tained from two different areas: (|) from patches of brown, into 1 cm thick horizontal slices to a depth of 5cm. Prior to
normal-looking sediment found in the immediate vicinity fixation with 4% buffered formalin, samples were placed in
(less than 1 m distance) of the tubeworms, hereafter referre@ 6 % MgC} solution for approximately 15 min to promote
to as theLamellibrachiamicrohabitat (Lam); and (ii) from tissue relaxation. Metazoan meiofaunal organisms were ex-
a distance of approximate|y 7m from the tubewormS, here_tracted from the residue by floatation with Ludox (115 spe-
after referred to as the periphery of thamellibrachia  cific gravity) and stained with Rose Bengal. Organisms were
(Plam). The bivalve shell area (Biv) consisted of large num-sorted and identified to their major taxonomic level under
bers of dead bivalve shells belonging mainly to the family @ Stereoscopic microscope. At least 100 nematodes from the
Lucinidae. Finally, the carbonate crusts of Napoli formed top sediment section and, depending on their relative abun-
large and thick pavements on the surface and also withirflance, 10 to 60 nematodes from each of the remaining sec-
the sediments and were difficult to sample. Therefore onlytions were randomly picked out, mounted on glycerine slides
their periphery, an area approximately 4 m away, hereaftetsing a formalin—ethanol—glycerol technique to prevent de-
referred to as the periphery of the carbonate crusts (Pcc)’ Wdéydration, and identified to SpeCieS level. Nematode classifi-
sampled. Table 1 provides a summary of station parametergation was based on the pictorial keysRiatt and Warwick

microhabitat type and number of samples obtained from thd1983 1988 andWarwick et al.(1998 as well as relevant
Napoli mud volcano. literature dealing with genera and species from the Mediter-

ranean Sea. The same specimens used for identifications

Biogeosciences, 10, 5384398 2013 www.biogeosciences.net/10/5381/2013/
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were also used for the determination of nematode biomass Total metazoan meiofauna
Nematode wet weight (WW) was calculated following An-
drassy’s formula: biomass (ug WWA L x W2/1 600 000;
whereL is nematode length and is nematode widthAn-
drassy 1956. Dry weight (DW) was assumed to be 25 % of %
WW (Wieser 1960. All biomass values reported here are in .,

2500

2000

1500
L

ug DW; length and width are expressed in um. § T
2.3 Data analysis a =

y _ I T
Differences in faunal parameters were assessed by one-wa " | | | I il
or two-way analyses of variance (ANOVA), followed by pair- ) =
wise comparisons based on the Tukey Honestly Significant Bv P Red Top | Plar | Bv  lam  Poc  Plam

Amsterdam Napoli

Anax.
mud field

Difference test (Tukey HSD). When necessary, data were
first log(x + 1) transformed and Bartlett's test was used to

check the assumption of homoscedasticity. Fig. 2. Total metazoan meiofauna (individuals per 1Ggmper mi-
Nematode diversity was calculated and expressed as Hilkrohabitat (Biv: bivalve shells; Pcc: periphery of carbonate crusts;

numbers of the order&p, N1, N> and Ny, (Hill, 1973, as  Red: reduced sediments; Top: summit of the mud volcano; Lam:

recommended b¥deip et al.(1988. These indices differ in  Lamellibrachiamicrohabitat; Plam: periphery dfamellibrachig

their tendency to give different weight to the less common Pfar: far periphery).

species. The impact of dominance increases and the influ-

ence of species richness decreases with increasing order of ) ) )
the diversity number. In addition, two levels of differentia- the Lam microhabitat of Napoli, but generally there was
tion diversity were measured using the Jaccard dissimilarity?© common pattern of how the rare taxa where distributed
index: (1) beta diversity, the change of diversity within and @mong the microhabitats. _
between microhabitats for each mud volcano, and (2) delta Meiofauna was dominated by nematodes, which ranged
diversity, the change of diversity between mud volcanoes. from 82.4 to 95.7% (Table 2: Biv at Amsterdam and Lam
Non-metric multidimensional scaling ("nMDS) ordination &t Napoli respectively). They were followed by harpacticoid
was based on Bray—Curtis similarity on square-root trans-COPepods which, together with their nauplii, ranged from
formed abundances. Spearman’s rank correlation coefficient-6 10 10.8% (Table 2: Lam at Napoli and Top at Ams-
was used to assess the relationships between meiofaunal afgfdam, respectively). Other taxa with significant contribu-
environmental parameters. The relationships between muiions were annelids (including Polychaeta, Oligochaeta and
tivariate nematode community structure and environmen-Annelida “Incertae sedis”), ranging from 0.8 to 2.1% (Ta-
tal variables were examined using the BIOENV procedureble 2: at Amsterdam Red and Biv, respectively), and molluscs
(Clarke and Ainsworth1993. ranging from 0.1 to 2.9 % (Table 2: Napoli Lam and Plam
All analyses and graphs were performed usingRRCpre for the smallest and Amsterdam Biv for the largest abun-
Team 2013 with the exception of Jaccard dissimilarity, the dance). All other taxa, including both permanent and tempo-

nMDS graph and BIOENV for which Primer v. 6.1.Glarke  'al meiofauna, contributed less than 1% (Table 2). The high-
and Gorley 2006 was used. est meiofauna densities (Fig. 2) were recorded at the Biv mi-

crohabitat of Amsterdam (1992 ind. per 109rand the low-
est at the Pfar microhabitat (119ind. per 1FymAverage

3 Results densities for Amsterdam and Napoli were 128%19 and
) 5864+ 329ind. per 10 crh respectively. Nematode densities
3.1 Standing stocks followed the same pattern, with the highest values occurring

at the Biv microhabitat of Amsterdam (1835 ind per 1¥m

An overview of the meiofaunal taxa composition and den-_ 1« |owest at the Pfar site (108ind per 16mver-

sities for the different microhabitats of the Amsterdam andage values were 1152528 and 535 295 ind. per 10 o

Napoli mud volcanoes is given in Table 2. Altogether, for Amsterdam and Napoli, respectively (Fig. 3). Two-way

23 metazoan meiofaunal groups were found, with the high'ANOVA with “area” and “microhabitat type” as main factors
est number being recorded at the Pcc microhabitat of Ams-

terd 16 t dthe | t at the L icrohabitat fshowed a significant “area” effect for both meiofaunal and
erdam (16 taxa) and the lowest at the Lam microhabitat o nematode densities, with Amsterdam differing from the Pfar
Napoli (8 taxa). Taxa that were not encountered at the Pfa

) ! ) . , Aite in both cases and from Napoli for meiofauna (Table S2,
site but were found in the other microhabitats included ki- Tukey HSD:P < 0.05).

norhynchs, cumaceans, gastrotrichs, halacaroids and some
temporary meiofauna such as bivalves, gastropods and am-
phipods (Table S1). The same taxa were also missing from

www.biogeosciences.net/10/5381/2013/ Biogeosciences, 10, 53%8-2013
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Table 2. Meiofauna relative abundance (%) and density (individuals per fG_LeSD) at the different microhabitata & 1 for Red and
Pfar). For a list of taxa included in “Others” see Table S1 (Biv: bivalve shells; Pcc: periphery of carbonate crusts; Red: reduced sediments;
Top: summit of the mud volcano; Larhamellibrachiamicrohabitat; Plam: periphery afamellibrachig Pfar: far periphery).

Area Habitat type Nematoda Copepoda Annelida Mollusca Others
Abundance (%)
Amsterdam Biv 82.4 5.4 2.1 2.9 7.3
Pcc 92.6 3.4 1.7 0.4 1.9
Red 93.4 4.5 0.8 0.7 0.6
Top 84.6 10.8 1.9 0.5 2.2
Napoli Biv 88.1 8.0 1.9 0.0 1.9
Lam 95.7 2.6 1.0 0.1 0.6
Pcc 89.9 6.1 1.3 0.2 2.6
Plam 89.3 7.6 1.4 0.1 1.6
Anax. mud field Pfar 90.7 49 1.7 0.6 21
Density (ind/10crR)
Amsterdam Biv 112741002) 57 ¢23) 33 37) 19@17) 48 @44)
Pcc 1490 £186) 54 3) 27 ¢12) 7&3) 29 @20)
Red 1357 65 12 10 9
Top 735 (£108) 91 @48) 16 @1) 4(£6) 19 &8)
Napoli Biv 313 (:116) 29 @:15) 8 (&6) 0 (£0) 6 (£0)
Lam 560 (-150) 16 (-10) 6 +2) 0 (1) 3 (2)
Pcc 780 £605) 58 55) 10 @7) 2(*2) 24 @*23)
Plam 476 212) 33 ¢19) 6 @3) 1&1) 9 (£8)
Anax. mud field Pfar 108 5 2 1 3
Nematoda pods, annelids and molluscs) and total meiofauna correlated

only with oxygen, the only exception being molluscs and to-
tal meiofauna which correlated also with methane (Table 3).

1500
.

3.2 Nematode communities

In total, more than 4000 nematodes were identified, belong-
ing to 27 families, 83 genera and 143 species. The genera
that contributed, on average, with more than 1% to the to-
tal abundance are listed in Table 4. From the total num-
ber of species identified, only three of them, one belong-
ing to the genusAponemaand two belonging to the genus
Leptolaimus were present at all microhabitats, whereas 29
_ o _ " species (20.3%) or 14 genera (16.9 %) were present at only
Fig. 3. Box-plot showing dlfferenceS|n nematode denS|t|e§ betwee.nOne microhabitat. Among the two most abundant genera,
the Amsterdam and I_\lapoll mud volcanoes and the far periphery s't%\ponemaNas represented by a single species (average rel-
(Anaximander mud field). . . S

ative abundance: 15.4%) while the gerbabatieriawas

represented by a complex of three speckabatieriasp.1,

Sabatieriasp.3 andSabatieriasp.4). However, only two of

Most meiofauna was found on the top layer of the sed-them, one belonging to the Pulchra groabatieriasp.4)
iment (0—1cm) and the same pattern was also followed byand the other to the Celtica groufdbatieriasp.1), were
nematodes, the dominant group (Fig. 4). found in relatively high numbers (on average 14.5% and
The Spearman rank correlation analysis revealed very fewb.3 %, respectively). Out of the 143 species, 18 were sin-

significant relationships. Nematodes (i.e. nematode abungletons (12.6 %) and 14 were doubletons (9.8 Agonema
dance, nematode species densities and nematode diversitgp. 1 andSabatieriasp. 4, were the most abundant species
significantly correlated with proxies of food availability (or- comprising, on average, 15.4% and 14.5 %, respectively, of
ganic carbon, lipids, carbohydrates and bio—available OM;the community. At some microhabitats, they strongly domi-
see Table 3), while the other abundant meiofauna taxa (coperated the community. For example, at the Red microhabitat,

Ind./cm?
1000
\

500
|

Amstérdam Anax. rﬁud field Naboli
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Fig. 4. Vertical distribution (individuals per 10 cf of nematodes for the different microhabitats (Biv: bivalve shells; Pcc: periphery of
carbonate crusts; Red: reduced sediments; Top: summit of the mud volcand;&meillibrachiamicrohabitat; Plam: periphery aamelli-
brachig Pfar: far periphery).

Table 3. Spearman’s correlation coefficient between environmental variables (published by Ritt et al., 2012), meiofaunal taxa, nematode
species and nematode diversity (Hill's numbers). Abbreviations: total nitrogen (TN); molar ratio (C:N); total lipids (Lipids); total car-
bohydrates (CarbH); total hydrolysable amino acids (THAA); proportion of bio-available OM (Bio-av. OM); percentages of carbonates
(Carbonate).

pH [O2] [CH4] [SO42—] [CIT] OrganicC TN C:N Lipids CarbH THAA Bio-av.OM Carbonate
Nematoda 0.05 —-0.47 0.46 —0.05 0.24 0.78 0.66 —0.46 0.90 0.60 1.00 0.99 —0.80
Copepoda 0.06 —0.56° 0.29 —0.12 0.21 —0.08 -0.54 0.64 -050 —-1.00 -0.60 —0.80 —0.40
Annelida 0.08 —0.75* 0.33 —0.25 0.15 —0.07 -0.61 0.63 -0.82 —-046 —-0.56 —0.46 —0.40
Mollusca 0.34 -0.63 0.55* —0.26 0.18 0.21 -0.26 036 -0.15 -0.87 -041 —0.67 —0.20
Total meiofauna 0.08 —0.54¢ 0.56* -0.15 0.20 0.59 0.03 0.23 0.30 —0.30 0.50 0.30 —0.80
Aponemasp.1 0.20 —0.37 0.38 —0.02 0.24 0.78 0.54 -0.64 0.70 0.30 0.60 0.30 0.40
Sabatieriasp.4 —0.05 0.02 0.32 0.10 0.10 089 0.70 -0.59 0.67 0.87 0.87 0.97 —0.26
Sabatieriasp.1 0.16 —0.63 0.19 —0.19 0.31 -0.09 -0.88 089 -0.78 -0.89 -0.78 —0.78 —0.40
Molgolaimussp.1 ~ —0.30 0.05 0.05 —-0.19 -0.38 —0.68 —0.58 080 -041 -0.62 -0.15 —0.15 —0.63
Manganonemap.2 —0.07 0.29 -0.58 —-0.05 -0.29 -0.56 -0.13 0.00 na na na na 0.77
No 0.01 —-0.03 -0.27 —-0.07 -0.05 -0.90"** —0.71 0.69 -0.87 -0.67 -0.87 —0.72 0.11
N1 0.03 —-0.02 -0.27 -0.05 -0.05 -0.79"* —-0.54 0.46 -0.60 -0.90¢ -0.80 —0.90 0.40
N2 0.06 0.03 -0.28 -0.08 -0.09 -0.75% —-0.54 0.46 -0.60 -0.90° -0.80 —0.90¢ 0.40
Ning 0.25 0.15 -0.29 -0.09 -0.03 -0.76* —0.60 0.61 -0.60 -0.90° -0.80 —0.90¢ —0.20

*P <0.05,**P < 0.01,***P <0.001, na: not available

they accounted for 92.6% of the communithponema When comparing the genus composition of the two mud

sp. 1: 56.6 %Sabatieriasp. 4: 36.0 %). SimilarlySabatieria  volcanoes, they both exhibited the same pattern of domi-
sp. 4 dominated the community at the Lam microhabi- nance, withSabatierig AponemandMetalinhomoeubeing

tat of Napoli with 42.8 %. SurprisinglyAponemawas also  the three most abundant genera together comprising 56.6 %
the most abundant genus at the Pfar microhabitat (Taand 35.1 % of the abundance for Amsterdam and Napoli, re-
ble 4, 13.8 %), whileThalassomonhysterdManganonema  spectively. However, when they were compared in terms of

and Acantholaimuswere ranked 2nd to 4th with 11.6%, species composition, they showed obvious differences. For
5.5% and 5.0 %, respectively (Table 4). example, for Amsterdam, the four most abundant species
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Table 4. Relative abundance of nematode genera contributing, on average, with more than 1% to the total abundance (Biv: bivalve shells;
Pcc: periphery of carbonate crusts; Red: reduced sediments; Top: summit of the mud volcanbairesitibrachiamicrohabitat; Plam:
periphery ofLamellibrachig Pfar: far periphery).

Amsterdam Napoli Anax.
mud field
Genus Biv. Pcc Red Top Biv Lam Pcc Plam Pfar
Sabatieria 270 223 36.0 174 20 483 170 164 1.6
Aponema 236 114 566 36 99 106 14.1 3.9 13.8
Metalinhomoeus 48 119 3.6 8.4 52 8.9 25 1.8 0.0
Daptonema 1.0 18 00 51 32 139 1.0 35 1.9
Thalassomonhystera 2.0 1.7 0.0 42| 25 0.0 3.0 4.6 11.6
Leptolaimus 4.7 1.1 2.0 79 33 15 2.0 2.1 4.2
Setosabatieria 00 00 00 0.0 0.0 0.0 129 149 0.0
Molgolaimus 05 43 00 43 46 08 59 4.2 0.0
Syringolaimus 1.2 0.0 0.0 21 94 0.5 15 1.9 3.2
Desmodora 14 48 0.0 0.0 32 1.0 59 3.3 0.0
Anticoma 25 77 00 6.3 04 00 06 0.6 0.5
Microlaimus 2.6 25 0.0 27 23 0.4 3.1 1.8 1.4
Acantholaimus 0.6 0.5 0.0 1.9 4.9 0.2 0.5 2.2 5.0
Marylynnia 00 00 00 0.0 108 0.0 3.0 1.1 0.0
Paramonhystera 0.7 1.1 0.0 22| 14 7.1 0.2 1.0 1.3
Laimella 00 35 00 03 6.7 0.0 0.0 21 0.0
Sphaerolaimus 7.1 1.1 0.0 0.0 0.1 0.0 0.1 1.1 2.1
Halalaimus 15 11 0.0 03 1.3 0.0 0.9 1.6 4.2
Viscosia 21 28 05 22| 13 0.0 09 0.5 0.5
Manganonema 0.0 0.0 0.0 20 21 0.0 0.0 0.8 55
Pareudesmoscolex 05 26 0.0 15/ 05 00 48 0.4 0.0
Tricoma 1.8 14 00 1.0/ 0.3 0.0 1.3 14 1.6
Pierrickia 1.3 43 00 21 06 0.0 0.0 0.4 0.0
were Aponemasp.l (22.9 %), Sabatieria sp.4 (13.0%), Stress=0.11 Plar
Sabatieriasp.1 (12.7 %) and/etalinhomoeusp.1 (5.4 %). tam *

On the other hand, Napoli was dominated3sbatieriasp.4 W
(19.7 %),Aponemasp.1 (8.3 %) Setosabatieriap.1 (5.8 %) .
andDaptonemasp.3 (5.3 %). These differences in composi- - Plam " Pam
tion were confirmed by the nMDS analysis based on species| " .

composition (Fig. 5), which showed a clear separation be-

Biv
[}

tween the Amsterdam and Napoli mud volcanoes (ANOSIM: Peo B

R =0.29; P = 0.035). The BIOENV procedure showed that L Fe rodon

organic carbon was the variable that best explained the struc « Amseran s a0

ture and composition of nematode assemblages 0.809). R Poo

3.3 Diversity pattermns Fig. 5. Non-metric multidimensional scaling (hnMDS) based on

Bray—Curtis similarity of square root transformed nematode species
The highest number of specie®¥ = 66) was recorded in data (Biv: bivalve shells; Pcc: periphery of carbonate crusts; Red:
a sample collected from the Plam microhabitat of Napoli andreduced sediments; Top: summit of the mud volcano; Liaamel-
the lowest in a sample collected from the Red microhabitat”br?Chia microhabitat; Plam: periphery aimellibrachiag Pfar: far
of Amsterdam {o = 12). In general, species richneségj  PerPhery).
was highest at the Plam and Biv microhabitats of Napoli and
lowest at the Red and Lam microhabitats of Napoli (Table 5).
The Pfar site displayed equally high species richness wittues (Table 5). Beta diversity (Table 6) indicated that there
the two most diverse microhabitats of Napoli (Biv and Plam was a high within-microhabitat dissimilarity, i.e. between
microhabitat). This pattern was retained for all Hil’'s num- replicates of the same microhabitat (Table 6, Within micro-
bers though the Pfar microhabitat always showed higher valhabitats: all but one value 0.50). Between microhabitats,
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Fig. 6. Morphometric data of individual nematodes. Large panel (left) shows length—width relationship at the three sampling sites. Smaller
panels (right) show frequency distributions of length, width, and length : width ratio.

highest dissimilarity was observed between Red and all otheper 10 cnd for Amsterdam, Napoli and the Pfar site, respec-
microhabitats for Amsterdam (Table 6, 0.80-0.86), and be-ively.

tween Lam and all other microhabitats for Napoli (Table 6,

0.67-0.72). High dissimilarity was also observed between

all microhabitats and the Pfar site. On the other hand, wheny Discussion

comparing similar microhabitats between the two mud volca-

noes, dissimilarity ranged within moderate values (Table 6:4.1 Mud volcanoes in the eastern Mediterranean
§-diversity, 0.35-0.52).

The two mud volcanoes, although very different in shape and
size, share a very similar external morphology with a cen-
tral mound and a moat surrounding it. This structure is com-
monly found in many other mud volcanoes along the Euro-
The analysis of morphometric data showed that, on averageyean active and passive margins (d.ygkousis et al. 2009
nematodes from cold-seep areas were much larger comparexhd references therein) and is probably among the most
to those from the Pfar microhabitat (Table 7). For example,common features in the Mediterranean Ridge Mud Diapiric
the average nematode dry weight for Amsterdam, Napoli andBelt (Dimitrov, 2002. This structural formation is proba-
the Pfar microhabitat was 0.17, 1.83 and 0.03 ug, respecbly caused by a collapse of the sea floor after the erup-
tively. This large difference was due to two factors: a shift in tion of mud from a depth of 1 to 2km below the mud vol-
the size spectra of seep nematodes towards longer and wideano, indicating that subsidence and tectonics play an im-
animals (Fig. 6: length and width panels), and the occur-portant role in the formation of these depressioAgtér
rence of a relatively high number of large nematodes (lengthet al, 2005. Apart from their external morphology, the two

> 4000 um) at Napoli (Fig. 6); the largest nematode at themud volcanoes also appear to share similar microhabitats,
Pfar site had a length of only 2782 um. This shift in the ne- mainly areas with the siboglinid polychadtamellibrachia
matode size spectra, in conjunction with the density differ-anaximandrj the lucinid Lucinoma kazanand the mytilid
ences found between Amsterdam, Napoli and the Pfar siteldas modiolaeformigOlu-Le Roy et al. 2004 Ritt et al,
resulted in very large biomass differences. Thus, the averag2012. However, despite their visual similarities, these mi-
total biomass at each site was 202.29, 1228.73 and 3.13 pgrohabitats have inherent differences in terms of sediment

3.4 Morphometrics and biomass

www.biogeosciences.net/10/5381/2013/ Biogeosciences, 10, 53%8-2013
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Table 5. Diversity indices (Hill numbers) of nematode communities from different microhabitats (Biv: bivalve shells; Pcc: periphery of
carbonate crusts; Red: reduced sediments; Top: summit of the mud volcand; &meilibrachiamicrohabitat; Plam: periphery afamelli-
brachig Pfar: far periphery).

Area Habitat type No N1 No Ning
Amsterdam Biv 434£18) 20.1&14.7) 13.0410.9) 6.3¢&4.5)
Pcc 45 {-4) 18.1 (-6.2) 9.8 ¢2.2) 4.4 ¢0.5)
Red 12 2.8 2.2 1.8
Top 46 @7) 23.7 &9.8) 14.6 ¢8.1) 5.6 ¢2.8)
Napoli Biv 56 (1) 28.8 (-1.8) 18.4 2.3) 7.10.9)
Lam 15 &2) 4.5 @2.0) 3.3@1.8) 25¢1.6)
Pcc 48 (-24) 23.5 (-14.8) 13.747.9) 54¢1.3)
Plam 53 419) 29.7 ¢15.2) 17.847.6) 6.10.4)
Anax. mud field Pfar 56 36.7 23.8 7.3

Table 6. Beta and delta diversity based on Jaccard dissimilarity. Dissimilarity increases from 0 to 1 (Biv: bivalve shells; Pcc: periphery
of carbonate crusts; Red: reduced sediments; Top: summit of the mud volcanojikamatlibrachiamicrohabitat; Plam: periphery of
Lamellibrachig Pfar: far periphery).

Microhabitat Bivn Lam Plam Pcc Red Top All habitats

B-diversity
Within habitats
Amsterdam 0.63 0.51 0.52
Napoli 044 054 056 0.69
Between habitats
Amsterdam
Pcc 0.39
Red 0.82 0.86
Top 0.45 0.43 0.80
Pfar 0.49 0.61 0.80 0.50 0.46
Napoli
Lam 0.71
Plam 0.41 0.67
Pcc 0.46 0.72 0.45
Pfar 049 0.69 057 0.55 0.54
s-diversity
Between volcanoes 0.47 0.52 0.35

chemistry and macrofaunal compositidRit{ et al, 2012. 4.2 Meiobenthos from seep and non-seep areas
Amsterdam is characterized by the presence of gas hydrates

(Lykousis et al.2009), while brines are abundant on Napoli pata from Pfar, the most remote from the seep influence mi-
(Charlou et gl. 2003. In addltlon_, Amsterqam appears t0 crohabitat, are in line with previous research in the area, indi-
be more active, based on the higher sediment temperaturg,ing that meiofaunal densities and biomass at bathyal and
(3. P. Foucher, personal communication, 2012) and methangyyssal sediments of the eastern Mediterranean are among
concentrationCharlou et al.2003. These differences are re- e jowest worldwide Tselepides and Lampadario004
flected in the distribution of macrofaunal communities, with Lampadariou et 312009 Gambi et al, 2010. This pattern
Napoli having an overall higher taxonomic diversity and the pa5 heen mainly related to the highly oligotrophic conditions
reduced sediments of Amsterdam being mainly colonizedyf the eastern Mediterranean and a depletion of food with
by sym_blont-beanng ve_smomyld bivalves and heterotrophlcincreasing water depthD@novaro et a).200Q Tselepides
dorvilleid polychaetesRitt et al, 2012). et al, 2004 Lampadariou and TselepideX)08. In contrast,

the seep conditions appear to favour meiofaunal communi-

ties since both mud volcanoes showed significantly higher

standing stocks when compared with the far peripheral site.
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Table 7.Nematode morphometrics and biomass values.

Area Measurement Arithmetic mean SD Geometric mean Max Min
Amsterdam Length (um) 831.31 586.20 668.35 4484.57 100.40
Width (um) 24.26 11.91 21.90 104.14 4.88
Biomass (ug DW) 0.15 0.34 0.05 5.08<0.01
Napoli Length (um) 1461.38 1345.96 1083.88 12051.54 102.99
Width (um) 41.30 34.47 32.58 260.61 7.68
Biomass (ug DW) 1.62 5.99 0.18 127.89<0.01
Anaximander  Length (um) 478.82 290.94 428.32 2781.52 158.98
mud field Width (um) 15.39 6.58 14.23 53.97 6.32
Biomass (ug DW) 0.03 0.09 0.01 1.27<0.01

It should be noted, however, that due to sampling time restric- The vertical distribution of nematodes showed a typical
tions, only one sample could be obtained from the far periph-pattern with gradually decreasing densities at deeper layers
ery. Thus, taking also into account the high environmental(Shirayama 1984 Danovaro et aJ.1995. However, while
variability of deep-sea sediments and the generally patchyelow 5cm depth, no more individuals were found at the
distribution of meiofaunaQoull and Bel] 1979 Findlay, far peripheral site sample; nematodes were found to thrive
1981), any conclusions regarding the far periphery should beeven below that sediment depth at the two mud volcanoes
considered with caution. (V. Kalogeropoulou, personal observation, 2010). This may
The high variability observed between replicate samples abe an indication of favourable conditions at the two seep ar-
the Biv microhabitat of Amsterdam and the Pcc microhabitateas, although the explanation for this observation is not clear
of Napoli, a feature inherent to meiofauna in geneFahdg- due to the lack of vertical environmental profiles linked with
lay, 1981), is indicative of the high spatial variability of fluid our samples.
intensity and the microdistribution of chemicals (methane, The comparison of meiofauna abundance between the
oxygen, sulphate and chloride) at the two mud volcanoedwo mud volcanoes showed that densities were significantly
(Ritt et al, 2012. Despite the much higher methane concen-higher at Amsterdam. A similar pattern was also found for
tration Charlou et al.2003, and the opposite trends found macrofauna byOlu-Le Roy et al.(2004, who compared
in the methane and oxygen gradients at the two mud volcachemosynthetic communities from six mud volcanoes in the
noes Ritt et al, 2012, our results show that food availability eastern Mediterranean, including Amsterdam and Napoli. In
and quality are the main driving factors for the observed spatheir study,Olu-Le Roy et al.(2004 also reported that Am-
tial distribution of nematodes. This is clearly shown by the sterdam had higher values compared to Napoli, a pattern
significant positive correlations between the various hemawhich they attributed to the higher methane fluxes in the for-
tode parameters (i.e. nematode abundance, nematode specieer and the greater instability due to the existence of brine
densities and nematode diversity) and the concentration oéreas in the latter. Higher macrofaunal densities were also
organic carbon and food quality proxies (e.qg. lipids, carbo-observed at Amsterdam WRitt et al. (2012, reaching over
hydrates and bio-available OMRjtt et al, 2012). The multi- 2.3 times that of Napoli. In contrast to the above trends for
variate analysis also indicated food as the main driving fac-densities, the trend for nematode biomass was opposite. This
tor, because the sole variable that best matched the observeithe, Napoli displayed increased values which, in fact, were
nematode assemblage pattern was organic carbon. The abowae and two orders of magnitude larger compared to the
results, together with the much higher meiofaunal abundanc®far site and Amsterdam, respectively. The main reason be-
found at the two mud volcanoes suggest that, if the effecthind these differences was an apparent shift in nematode size
of fluid emissions are not lethal, then nematodes can benspectra towards longer and wider animals at Napoli. A simi-
efit from the increased bacterial production at seeps by indar shiftin nematode size spectra has also been found in stud-
creasing their numbers and by developing a specialised fauni@s from other chemosynthetic environments (&/gnreusel
(Vanreusel et a]2010g. The strong negative correlation be- et al, 1997 Soltwedel et a].2005 Vanreusel et a].20103,
tween other meiofaunal taxa (i.e. copepods, annelids, molan adaptation that may be advantageous in thiobiotic condi-
luscs and total meiofauna) and oxygen concentration at théions, as suggested gnser{1987).
sediment—water interface, although not providing a directin- The nematode community composition and richness var-
dication of oxygen availability within the interstitial space, ied strongly between microhabitats, displaying some notable
confirms previous studies which suggest that besides foodieatures. The community at the Red sediments of Amsterdam
oxygen is also an important factor structuring the spatial dis-was dominated by two equally abundant specigsohema
tribution of meiofauna (e.gNeira et al, 2001, Sergeeva and sp.1 andSabatieriasp.4), which together comprised more
Gulin, 2007, Sellanes et a12010. than 90 % of the faunal abundance. Similarly, the community

www.biogeosciences.net/10/5381/2013/ Biogeosciences, 10, 53%8-2013



5392 N. Lampadariou et al.: Nematodes from Mediterranean mud volcanoes

at the Lam microhabitat of Napoli was dominated by only has been often observed to be abundant in reduced condi-
one speciesSabatieriasp.4), which comprised almost 50 %. tions, supporting the hypothesis that it is an opportunistic
As a consequence of the increased dominance of a few taxgenus capable of exploiting extreme environments such as
these two microhabitats displayed very low species richnesanud volcanoes, hydrothermal vents and cold se&fas-(

The dominance of the genuSabatieriais not surprising reusel et a].1997 Van Gaever et al2004. The dominance
since it is a typical genus of suboxic or anoxic shallow-waterof Aponemaat the Red microhabitat of Amsterdam clearly
muddy sediments, observed to also thrive in reduced deepsuggests that it is also a tolerant and opportunistic genus and
sea habitats such as the Storegga Siboglinidae habitat in thtbat its similarities withiMolgolaimusgo beyond their exter-
north Atlantic an Gaever et a1.20098, the Darwin mud  nal morphology.

volcano seep site in the central Atlantiegpe et a).2011) or The high abundance dflanganonemaat the Pfar site is
in the REGAB cold seep of the Gulf of Guinea in the south also surprising. This genus, although present in many oceans
Atlantic (Van Gaever et g/20093. of the world (e.g.Vanhove et al.1999 Netto et al, 2005

Surprising, however, are the high numbersAgfonema  Danovaro et 82008, is considered a rare deep-sea genus as
sp.1, which was dominant not only at the Red microhabi-it never exceeds 2 to 3 %-@nseca et 312008 Zeppilli et al,
tats of Amsterdam but also at the Pfar site, although with2011H. So far, it has been reported at hydrothermal vents,
a much lower percentage (56.6 % vs. 13.8 %). Another strik-mud volcanoes, submarine canyons, polymetallic nodule de-
ing feature of the Pfar site was the fact that the genusposits, cold-water corals and seamounts (Bappilli et al,
Manganonemgaa genus that is found only rarely and in very 2011k and references therein), suggesting that this genus is
low numbers Zeppilli et al, 20118, was ranked third. The able to colonize many different environments. This is fur-
above results are unexpected since in the Mediterranearher supported by the present study siManganonemavas
ThalassomonhysteraAcantholaimusand Halalaimus are  found in several of the microhabitats sampled at both mud
usually the dominant genera at bathyal and abyssal depthglcanoes. The high relative abundanceMdnganonema
(Vanreusel et al.2010h and references therein), although found at the Pfar microhabitat (5.5%) suggests that this
occasionally other genera such@gingolaimusSphaeoro-  genus might not be as rare as previously thought and that
laimusand Theristuscan also gain in importancé&getaert  there might be specific, yet unexplored habitats where it
and Heip 1995 Lampadariou and Tselepide®800§ Van-  thrives in high numbers. The fact thktanganonemasp.2
reusel et al.20108. The dominance oAponemaand the  was the only species among those with an average contribu-
high numbers oManganonemat the Pfar site suggest that, tion > 1% that correlated, although negatively, with methane,
despite being 2nmi away from the mud volcano, this areamay further suggest that the abundance of particular species
might still be under its influence, or at least has been in then areas enriched with methane is an ecological compro-
past, thus providing favourable conditions for opportunistic mise between their food requirements, their adaptations to
and tolerant species. Additional samples at this site would behe toxic environment and possibly the absence, due to toxi-
requested to test this hypothesis. city, of competitors and predators.

High numbers ofAponemahave been previously reported  Various authors have suggested that the penetration of
from the Siboglinidae fields of the &kon Mosby Mud meiofauna into deep-sea sediments is governed directly and
Volcano, although with a much lower relative abundanceprimarily by the oxygenation of the sediment colunghi-
(12-17 %) Portnova2009 Van Gaever et a12009h). Apart rayama 1984 Alve and Bernhard1995, while others at-
from these studiesAponemais usually reported with low tributed more importance to food availabilit¥iiel, 1983
numbers, or, at best, as subdominant to other genera (e.gtambshead et gl1995 Vanreusel et al.1995. Under seep
Lambshead et 312003 Zeppilli et al, 20113. Another in-  conditions, the macrofaunal activity (e.g. root penetrations,
teresting case is that dolgolaimus a genus that was sub- burrowing) may provide islands of oxygen even deeper into
dominant at the Pcc and Top microhabitats of Amsterdamthe sediment£ 5cm) and thus are expected to influence the
(4.3 % for both microhabitats) as well as at the Biv, Pcc andvertical distribution of microbial and smaller infaunal com-
Plam microhabitats of Napoli (4.6 %, 5.9% and 4.2 %, re- munities {evin, 2005. Indeed, a deeper vertical penetration
spectively).Molgolaimusdiffers from Aponemain having  of meiofauna has been reported in a number of seep sites such
reflexed instead of outstretched ovaries, a feature that leds the Sagami Bay in central JapaBhifayama and Ohta
Lorenzen(1994, in the most recent classification of free- 1990, the western Mediterraneagdppilli et al, 2012 and
living nematodes, to place it in the family Desmodoridae, the eastern Antarctic Peninsuldlguquier et al.2011). In
while previously they were both members of the same fam-the present study, nematodes penetrated deepecih) not
ily (i.e. Molgolaimidae:Jensenl1978. Apart from this small ~ only at the Lam and Plam microhabitats, where root pene-
phylogenetic difference, the two genera are so similar in alltration of the tubeworms might have provided corridors of
other characteristics that it may be assumed that they als@, transport into the sediment, but also at the other seep mi-
share similar physiological and ecological features such agrohabitats (V. Kalogeropoulou, personal observation, 2010).
tolerance to chemical stress, metabolism and ability to moveHowever, because they also showed typical deep-sea vertical
or migrate Peters1983 Soetaert et al2002. Molgolaimus  profiles at the top 5cm of the sediment, more evidence is
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needed to clarify the vertical distribution patterns and theirfect on both meiofaunal abundance and the number of higher

driving factors. taxa, whereas seep conditions were beneficial for nematode
diversity. Similarly, in a comprehensive review on global ne-
4.3 Influence of seep heterogeneity on diversity matode patterns/anreusel et al(20108 reported that cer-

tain seep habitats, such as the well-oxygenated sediments

The total number of meiofaunal taxa encountered in theunderneath siboglinid tubeworm patches, were inhabited by
present study (23 taxa) is relatively high when compared toa genus-rich nematode assemblage composed of genera sim-
other Mediterranean or worldwide studies (€&5gmbi et al, ilar to those of the slope sediments. The inverse correlation
2010 and references therein); however, if one considers theof nematode diversity with food indicates that the higher the
different microhabitats separately, then the numbers (9 taadditional chemical energy source the fewer the species that
15 taxa) are within the ranges previously reported. For ex-may respond significantly to the increased food availability,
ample, in surveys focusing specifically on cold-seep areasas suggested byanreusel et al(20103.
Van Gaever et al(2009 reported 13 taxa at the Siboglin- Beta diversity is a measure of the change in diversity
idae field of the Nyegga area in the North Sea wizikp-  among samplesWhittaker, 1972, and may provide a di-
pilli et al. (20113 reported 15 taxa at terrace-like carbonate rect link between biodiversity at local scate-diversity) and
structures in the central Mediterranean. Similadgppilli the broader regional species popldiversity). Thus, it is an
et al. (2012 found 3 to 8 taxa in a western Mediterranean important component of community ecology for understand-
pockmark area. In the present study, nematodes were by fang diversity patternsEllingsen and Gray2002 Anderson
the dominant taxon at all microhabitats investigated. This iset al, 2011). Beta diversity studies have mainly focused on
usually the case in most chemoautotrophic environments, althe larger mega- and macrofaunal organisRex and Et-
though other taxa such as gnathostomulids or copepods hawer, 2010, but recently they have been applied successfully
been also reported to prevaitdwell and Bright1981 Pow- in meiofaunal studies as well (e.gde Troch et al.200%,
ell et al, 1983 Van Gaever et al2008 Zekely et al, 2006. Van Gaever et gl201Q Sevastou et gl2011 Leduc et al.
Nevertheless, these exceptions are usually found in shallov2012. In the present study-diversity analysis showed that
areas, while the bulk of evidence, including the present studythe highest species turnover rate occurred between different
indicates that in the deep-sea, cold-seep areas, particulariyjicrohabitats of the same mud volcadoamarg(1976 first
mud volcanoes, are always dominated by nematodes (e.gntroduced the problem of scale in deep-sea ecology with
Levin, 2005 and references therein). This is not surprising subsequent studies, clearly indicating that diversity measures
since nematodes are typically the dominant taxon in deepare indeed scale-dependent for a wide range of organisms
sea sedimentdé @mbshead and Bouch@003 Giereg 2009. and habitats. In a study on the influence of cold-seep habitat

The comparison of diversity measures of the different mi- heterogeneity at different spatial scales along the Norwegian
crohabitats revealed that, similar to the abundance patternsnargin,Van Gaever et a(2010 showed that the macro-scale
there is no consistent response of nematode diversity to thée.g. 10s to 100s of meters) contributed the most to nema-
varying seep conditions. Napoli generally displayed highertode genus diversity. This result is very similar to the results
diversity values compared to Amsterdam. However, one offrom the present study as the within microhabitat, between
its microhabitats (Lam) had a very low number of species,microhabitats and between mud volcanoes complementarity
similar to the most species-poor microhabitat, namely the reanalyses roughly correspond to the micro-, macro- and mega-
duced sediments of Amsterdam. On the other hand, the nunscales from the Norwegian margin. Of course one cannot ex-
ber of species encountered at the Amsterdam far peripherallude that this may be a result of the different sampling ef-
site was equally as high as the two most diverse microhabiforts since it is well known that larger areas will reveal more
tats of Napoli. It should be mentioned here that the data analspeciesRosenzweigl995, a pattern which is also generally
ysed are rather unbalanced due to the uneven sampling effottue for nematodesMokievsky and Azovsky2002 Lamb-
within microhabitats and between the two regions (i.e. lowshead2004 e.g. ). Nevertheless, in both of these studies, be-
number of replicates for some microhabitats; only one samsides the higher genus or species turnover at the macro-scale,
ple for the Pfar site). These constraints are often unavoidabl& was also evident that the contribution of the smaller and
in mensurative experimentsliderwood 1996 and are very  larger scales was also significant. Thus it can be concluded
common in deep-sea surveys, particularly when advanced buhat all scales contribute to high nematode genus or species
expensive submersible technologies, such as ROVs, are irdiversity and, a¥anreusel et a2010H state, habitat hetero-
volved. Nevertheless, the comparison of the Pfar site in thegeneity is a major factor structuring nematode communities
present study with sediments collected from different sitesat seep environments.
of the Mediterranean revealed no real differences in nema-
tode species richness whatsoevBaliovaro et a).2008. 4.4 Is there evidence for a specialized fauna?
In a comparison of nematode communities from different
shallow mud volcanoes in the central Mediterranegep-  The results from the present study support previous ob-
pilli et al. (20113 found that gas seepage had a negative ef-servations that species composition at cold seeps and mud
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volcanoes varies at different spatial scales, since not alwaytative species identified from the reduced samples appear to
the same species (or genera) were dominant or subdominartte new, suggesting that this microhabitat may offer unusual
The relatively high number of species that were restrictedliving conditions. Nevertheless, one should always keep in
to a single microhabitat (unique species: 20.3 %) suggestmind that the deep sea remains highly under-sampled, mean-
a high potential for endemism. It should be noted, how-ing that the probability of encountering new species with ev-
ever, that in the present study, as with most other deep-seary new sample is very high. Furthermore, also taking into
ecological surveys, nematode species identifications weraccount the high number of singletons encountered in the
done as putative or “working” species (eSpbatieriasp.1,  present study, it may be likely that an increased sampling ef-
Sabatieriasp.2, etc.), a practice that restrain comparativefort of deep-sea sediments may prove thppnemasp.1 is as
analyses with assemblages from different locations, excepequally widespread as other deep-sea species. All the above
in the case when identifications are performed by the sam@&xamples clearly suggest that it is very difficult to draw con-
research group. For this reason, identifications at the genuslusions on endemism of cold-seep fauna based exclusively
level is perhaps more appropriate. However, genus-levebn morphology and without the use of molecular techniques.
identification is also problematic since most genera have the

potential to colonize a variety of deep-sea substrata and ap-

pear to be distributed worldwidé/énreusel et al.20108. 5 Conclusions

Nevertheless, although species identification is more labour-

intensive, expensive and requires considerable expertise, ithe comparison of meiofaunal communities in two differ-
remains the probable preferable way since meiofaunal diverent mud volcanoes in the eastern Mediterranean showed high
sity is expected to vary strongly with taxonomic resolution. densities at Amsterdam, probably reflecting a higher seepage
In a comprehensive review on the worldwide distribution of activity at the Anaximander mud field (Amsterdam mud vol-
deep-sea nematode specibiljutin et al. (2010 reported  cano) compared to the Olimpi area (Napoli mud volcano). On
that, from a total of 638 valid species, only 46 (7.2 %) could the other hand, biomass values were an order of magnitude
be considered as cosmopolitan. This also suggests that thehggher at Napoli, the main reason being an apparent shift in
is a great potential for endemism in the deep-sea, includnematode size spectra towards longer and wider animals at
ing cold seeps and mud volcanoes. To date, the few studiellapoli.

reporting nematode distribution patterns from cold-seep ar- In contrast to the standing stocks, the effects on nema-
eas at the species level are rather confusing. At thkoH  tode biodiversity were variable. At some seep microhabitats,
Mosby Mud VolcanoVan Gaever et al(2009 found one  species richness was significantly high while at others only
single nematode speciesldlomonhystera disjuncjahriv- few species were encountered. Although the highest species
ing with extremely high numbers in the bacterial mats. Sinceturnover was observed at the level of microhabitats, all sam-
H. disjunctahas been often reported from shallow waters, pling scales were found to significantly contribute to species
it was initially suggested that it was capable of successfullyrichness, enhancing the biodiversity of nematode communi-
colonizing different habitats. However, molecular analysisties in the eastern Mediterranean and for seeps in general.
indicated thatH. disjunctamay actually belong to a com- Both the univariate and multivariate analysis showed that the
plex of cryptic species impossible to distinguish morpho- spatial distribution of nematodes is mainly controlled by food
logically (Derycke et al. 2007 Fonseca et gl2008. An- availability and quality.

other such example is the case ®&batieria mortenseni This study further supports previous observations that
a species which is well known from shallow areas but alsospecies composition of nematode communities varies sig-
from the REGAB cold seep in the Gulf of Guinea, where nificantly between seeps. The dominanceApbnemasp.1

it was dominant {fan Gaever et gl.20093. The dominant  and Sabatieriasp.4 at different microhabitats and the high
species of the present stud8abatieriasp.4) strongly re- relative abundance dflanganonemat one peripheral sta-
semblesSabatieria mortenselfA. De Groote, personal com- tion suggests that nematode communities are patchily dis-
munication, 2012), suggesting that remote seeps located d@tibuted and that each microhabitat may be characterized by
completely different geographic areas are possibly intercona completely different assemblage, depending on specific en-
nected. However, based on the above exampldaddmon-  vironmental characteristics and the availability of recruits of
hystera disjunctaand without any clear molecular evidence, nearby species that are able to thrive in such conditions.

it is more likely thatSabatieriasp.4 will be another cryptic The high morphological similarity betwee8abatieria
species of th&abatieria mortenseriomplex. On the other sp.4 andSabatieria mortensenia cosmopolitan species
hand,Aponemasp.1, which strongly dominated the reduced which has been reported from many different substrata, in-
sediments of Amsterdam, does not look similar to any of thecluding mud volcanoes, and the dissimilarity Aponema
valid Aponemaspecies. Moreover, it was never reported in sp.1 with any of the knowmAponemaspecies, together
high densities from the deep-sea; thus, it could be possiblevith the high densities oManganonemat one of the sta-
that this particular species may be restricted to the reducetions, clearly suggest that both cosmopolitanism and en-
sediments of Amsterdam. In addition, many of the other pu-demism are possible in cold-seep environments. However,
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