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Abstract. The long-held perception of the deep sea consist-pending on the data set used (based on type of habitat, ben-
ing of monotonous slopes and uniform oceanic basins hashic component, taxonomic level). This, along with the ob-
over the decades given way to the idea of a complex sysserved high within-habitat variability suggests that other fac-
tem with wide habitat heterogeneity. Under the prism of ators, which tend to vary at local scale (hydrodynamics, sub-
highly diverse environment, a large dataset was used to destrate structure, geochemistry, food quality, etc.), may also
scribe and compare spatial patterns of the dominant smallrelate to the observed benthic patterns. Overall, the results
size components of deep-sea benthos, metazoan meiofaupaesented here suggest that differences in small-size benthos
and microbes, from Mediterranean basins and slopes. A gridbetween the basin and slope habitats are neither strong nor
of 73 stations sampled at five geographical areas along theonsistent; it appears that within-habitat variability is high,
central-eastern Mediterranean Basin (central Mediterraneardifferences among depth ranges are important and further in-
northern Aegean Sea, Cretan Sea, Libyan Sea, eastern Levestigation of possible environmental drivers of benthic pat-
antine) spanning over 4km in depth revealed a high diverterns is needed.

sity, irrespective of the benthic group or level of taxonomic
analysis. A common decreasing bathymetric trend was de-

tected for meiobenthic abundance, major taxa diversity and

nematode genera richness, but no differences were found b&-  Introduction

tween the two habitats (basin vs slope). In contrast, micro-

bial richness is significantly higher at the basin ecosystenfcovering more than 60 % of the earth's surface and nearly
and tends to increase with depth. Multivariate analyges (90 % of the oceans, the deep sea is the largest ecosystem
ands-diversity and ordination analysis) complemented thesePn €arth (Ramirez-Llodra et al., 2010). Yet the deep-sea
results and underlined the high within-habitat variability of floor remains largely unexplored in spite of the enormous
benthic communities. Meiofaunal communities in particu- technological advances and the intense research efforts of
lar were found to change gradually and vary more towardsthe past few decades. The recent breakthroughs in deep-
the abyss. On the other hand, microbial communities wereés€@ research have nevertheless revealed a complex system
highly variable, even among samples of the same area, habWith diverse geological, physical and biochemical charac-
tat and bathymetry. A significant proportion of the variation teristics that supports a wide variability of different habitats

of benthic communities and their descriptors was explainec@nd benthic communities.

by depth and proxies of food availability (sedimentary pig- The deep sea consists of slopes and basins. The slopes are
ments and organic content), but the combination of predic-the steep part of the continental margins that connect the con-

tor variables and the strength of the relationship varied delinental shelf with the deep-sea plains. Although of restricted
size (roughly 10 %, Ramirez-Llodra et al., 2010), slopes are

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



4862 K. Sevastou et al.: Benthic communities in the deep Mediterranean Sea

essential ecosystems for the functioning of the oceans andamples from Mediterranean slopes and basins, found that
the globe, as they constitute the region where the continentmeiofaunal diversity in slopes was higher than in deep-sea
to-ocean transfer of water, sediment and energy takes placglains. This differs from the results reported by Vanreusel et
The sharp depth gradient of slopes is characterised by equallgl. (2010) that found no differences between these two habi-
sharp environmental gradients, such as temperature and foddts and partly contradicts the results of Netto et al. (2005)
availability. As an important component of continental mar- that found higher diversity in basins southeast of Brazil only
gins, slopes are also characterised by high habitat heterovhen nematode genera diversity was considered.
geneity and host diverse communities (Levin and Sibuet, Microbial benthic community studies are a recent addition
2012). In contrast, oceanic basins lack environmental gradito deep-sea research in the Mediterranean. A high level of
ents and are relatively uniform, appearing similar to desertspacterial richness has been recorded in the Mediterranean
for that reason they were long considered constant and stabl®ea (Luna et al., 2004; Polymenakou et al., 2005a, b, 2009),
environments. However, evidence now exists to support thevhich is comparable to other deep-sea sediments (Li et al.,
fact that basins are dynamic environments that sustain cont999a, b; Bowman and McCuaig, 2003). Contrary to what
siderable regular and episodic disturbances, such as seasores been found for the larger benthic components, micro-
phytodetritus deposition and benthic storms (Rex and Etterbial community parameters do not change with depth but re-
2010). main constant (Rex et al., 2006; Danovaro et al., 2010). Re-
As most of the deep sea is heterotrophic, food supplycent studies dealing with bacterial diversity estimates have
to deep-sea benthos is derived ultimately from surface prorevealed that bacterial sequence richness found in the deep
duction. Primary productivity of the euphotic zone varies in sea is similar to estimates for microorganisms living in soil or
space and time and so does the organic matter arriving at thehallow water (Li et al., 1999a, b; Polymenakou et al., 2005a,
deep seafloor; this may in turn lead to spatio-temporal vari-2009; Kouridaki et al., 2010; Schauer et al., 2010; Zinger et
ability in the benthos. The variability of benthic communi- al., 2011). In addition, there is little evidence to support ubig-
ties along the continental margins is mostly related to depthuitous dispersal or a biogeographical pattern of sediment bac-
which may, however, reflect changes in food supply, sedi-teria (Polymenakou et al., 2005b). Only recently, Zinger et
ment characteristics or other factors. While benthic stand-al. (2011) performed an analysis of 9.6 million bacterial V6-
ing stocks decrease exponentially down the continental marrRNA amplicons for 509 samples that span the global ocean’s
gin and reach extremely low levels in the abyssal plain (Rexsurface to the deep-sea floor in order to investigate global pat-
et al., 2006), deep-sea biodiversity is among the highest onerns of bacterial diversity. Their analysis has shown remark-
earth (Ramirez-Llodra et al., 2010 and references therein). Aable horizontal and vertical large-scale patterns in microbial
unimodal diversity-depth pattern with a mid-slope diversity communities. Overall, benthic communities appeared more
maximum has been recognised for benthos, though this trendiverse than pelagic communities, and a substantially higher
and the depth where diversity peaks are not universal andliversity of bacterial populations was recorded in the deep-
may vary among basins, regions, benthic components or taxaea sediments compared to open ocean surface waters, vents
(Rex and Etter, 2010, Ramirez-Llodra et al., 2010, and referand anoxic ecosystems (Zinger et al., 2011).
ences therein). Hence, increasing the sampling effort and ex- To expand knowledge of deep-sea community spatial pat-
tending research to include more taxa and more areas of thierns, we examine the dominant small fractions of benthos,
deep oceans will help to further elucidate bathymetric trendameiofauna and microbes. A large and detailed dataset from
of benthic diversity. the central-eastern Mediterranean Basin is used for describ-
In the Mediterranean, the continental shelf is very narrowing and comparing basin and slope ecosystems over large
and therefore the largest part of this enclosed sea is classifiestale, including different geographical areas and bathymet-
as deep sea. Though Mediterranean ecosystems are amorig ranges. We pay special attention to the potential role of
the most studied areas of the world, deep-sea fauna researébod availability for the observed patterns because it has been
lags behind those of other areas (Danovaro et al., 2010)invoked as a major factor of benthic trends in the Mediter-
Nonetheless, considerable work carried out over the last threeanean (Danovaro et al., 1995; Tselepides et al., 2000; Tse-
decades on the deep Mediterranean meiofauna has advanckgides and Lampadariou, 2004; Lampadariou and Tselepi-
our knowledge on the smallest but most abundant metazoardes, 2006). More specifically, we aimed at investigating (1)
of the sediments (extensive bibliographic references reportesvhether meiofaunal, nematode and microbial community
in Danovaro et al. (2010) and Gambi et al. (2010)). Fol- characteristics (abundance, diversity, composition) differ be-
lowing major trends in ecology, recent investigations havetween basins and slopes; (2) whether there are bathymetric
sought for latitudinal, longitudinal and bathymetric patterns patterns for any of these community aspects comparable to
of meiofauna (Lampadariou and Tselepides, 2006; Danovarevorldwide patterns of deep-sea fauna; (3) whether the ob-
et al., 2009a, 2010; Gambi et al., 2010), while few study served patterns are similar between the two studied habitats,
differences in meiofaunal patterns among deep-sea habitatsithin different subregions and among the different benthic
(Danovaro et al., 2009a, b; Vanreusel et al., 2010; Gambcomponents; and (4) whether the patterns resulted from the
et al., 2010). Danovaro et al. (2009a), in a study includingcurrent synthesis are related to food availability.

Biogeosciences, 10, 4864878 2013 www.biogeosciences.net/10/4861/2013/



K. Sevastou et al.: Benthic communities in the deep Mediterranean Sea 4863

Table 1. Overview of projects, surveys and investigated areas involved in the present study.

Project Expedition Research Vessel Date Area No of Stations  Depth range (m)
MATER MATER Cruise 1 AEGAEO Mar-97  Northern Aegean, 13 115-2273
MATER Cruise 2 AEGAEO Sep-97  Cretan Sea
MITTELMEER 1997/98 METEOR 40/3 METEOR Dec-97  Northern Aegean, 8 1221-4261
Cretan Sea,
Libyan Sea
MATER TransMediterranean ~ AEGAEO Jun-99  Central Mediterranean, 4 2950-3870
Eastern Levantine,
Libyan Sea
ADIOS ADIOS Cruise 2 AEGAEO Oct-01  Central Mediterranean 3 2786-2837
BIODEEP BIODEEP Cruise 1 AEGAEO Aug-01  Central Mediterranean 5 3080-3424
HERMES HERMES3 (HCMR) AEGAEO May-06 Cretan Sea, 10 508-3603
Eastern Levantine,
Libyan Sea
Anaximander Mountains METEOR 71/1 METEOR Dec-06 Eastern Levantine, 1 1544
LEVAR METEOR 71/2 METEOR Jan-07 Libyan Sea 3 4138-4392
BIOFUN TRANS-MED SARMIENTO DE Jun-09 Central Mediterranean, 5 1204-3335
GAMBOA Libyan Sea
ZOOTOP MSM 14/1 MARIA S. MERIAN  Jan-10 Eastern Levantine, 13 874-2419
REDECO REDECO Cruise 1 AEGAEO May-10 Cretan Sea, 8 1049-3607
REDECO Cruise 2 AEGAEO May-11 Libyan Sea
2 Methods 2.2 Laboratory treatment
2.1 Study area and sampling In the laboratory, meiofauna samples from 69 stations were

. , , ) . sieved through 500/1000 and 30 pum mesh sieves. The fauna

The Mediterranean Sea, an oligotrophic marine system Withetained on the 30 um sieve was extracted by either tripli-
increased salinity, is the largest and deepest enclosed sea Qe centrifugation or triplicate flotation, using in both cases
earth. The Strait of Sicily divides the Mediterranean into | ,qox TM colloidal silica solution of 1.18 specific grav-
two basins, the western and the central-eastern basins. It E?y After extraction, meiofauna samples were stained with
characterised by many complex structural features, such agqe Bengal, counted and sorted to higher taxon level un-
canyons, cold seeps, seamounts and mud volcanoes, and sy 5 stereomicroscope. Nematode community analysis was
eral steep environmental gradients, among which an easfageq on samples from 22 out of the 69 stations. For nema-
ward increasing salinity and temperature gradient and gqqe jgentifications, subsampling was performed so that at
southward and eastward decreasing productivity gradientieast 200 nematodes per sediment core were selected. Af-
Due_to the narrow con_t!nental shelf, the largest part of theg, subsampling, specimens were slowly evaporated in an-
Mediterranean is classified as deep sea. hydrous glycerol, evenly spread on microscope slides and

In the course of 10 multidisciplinary European collabo- jgentified to genus level using the pictorial keys of Platt and
rations, benthic samples were collected during 12 oceanOpy,nyick (1983, 1988), Warwick et al. (1998) as well as rel-
graphic surveys at different depths in the central-eastern, ant |iterature dealing with new species and genera from
basin of the Mediterranean Sea (Table 1). Overall, a gridihe Mediterranean (e.g. Schuurmans Stekhoven Jr., 1950;
of 73 stations located at slope and basin ecosystems Wergqetaert and Decraemer, 1989; Soetaert and Vincx, 1987).
sam_pled at 5 regions along the Mediterranean: the central Tqial microbial community DNA was extracted from ap-
Mediterranean, the northern Aegean Sea, the Cretan Sea, tIE)/‘Toximately 1g of sediment per station (UltraClean Soil kit,
Libyan Se_:a and the eastern Levantine (Fig. 1, Table S1). A oBio, Carlsbad, CA, USA) and 16S rRNA gene libraries
each station, sediment samples were collected by means fqre syccessfully constructed for 16 of the sampled stations
multiple-core sampler, which allowed for undisturbed sed- (19 samples). DNA concentrations were quantified by using
iment surface sampling. All analyses were focused on thgpq NanoDrop ND-1000 UV-Vis Spectrophotometer (Nan-
sediment surface, where the bulk of meiofauna metazoalg)Drop Technologies, USA). The V5-V6 region of the 16S
anq microfauna is gathereq, i.e.5cm aqd 2cm, respectivelypnA gene was amplified by PCR. The PCR reaction mix-
Meiofaunal samples were first treated with 6 % Mg@re- 16 (final volume of 15 L) contained 5 L of 5X KAPA HiFi
lax tissues and subsequently preserved by adding 10 % forFideIity buffer (contains 2.0mM M at 1X), 0.75pL of
malin. Sediment samples for microbial and biogeochemistryi apa dNTP Mix (10mM each dNTP)~ 109,01‘ template
(organip carbon and chloroplastic pigment concentrationslyna and 0.50 UL of KAPA HiFi HotStart DNA Polymerase
analysis were kept frozen a20°C. (1UpuL™Y) (KAPA Biosystems). The V5-V6 region was
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Fig. 1. Study areas and sampling stations along the Mediterranean Sea.

amplified with the following set of primers (covering bac- Following Whittaker's scheme (1972), we calculated TR and
teria and archaea): 802f'(6ATTAGATACCCBNGTA-3) NR separately for three levels of inventory diversity (the di-
and 1027r (5CGACRRCCATGCANCACCT-3 (based on  versity of a defined geographic unit): (i) for each station,
Claesson et al., 2009). The following thermal cycling pro- identified either as basin or slope habitat, as a univariate mea-
gram was applied: initial denaturation at 95 for 5min, sure of alpha diversity; (ii) for each habitat within each of the
30 cycles of denaturation at 98 for 20 s, primer anneal- five studied areas as a univariate measure of gamma (land-
ing at 55°C for 15s, and extension at 7€ for 30s fol-  scape/large area) diversity; and (iii) for the whole data set
lowed by a final extension at PZ for 5min. Quantifica- that corresponds to epsilon diversity (biogeographic province
tion of the PCR products was performed using the SYBRdiversity). The first order Jacknife estimator (Jackl) was also
Green stain and a QuantiFluor spectrophotometer (Promegagalculated using EstimateS v. 8.2.0 (Colwell, 2006) as an es-
The sequences of the partial 16S rRNA genes were protimator of true nematode richness for the whole meiobenthic
duced in the laboratories of the Institute of Marine Biol- data set and for each habitat.
ogy, Biotechnology and Aquaculture of the Hellenic Centre Differentiation diversity, i.e. the rate of change in species
for Marine Research (Crete, Greece) by using a Roche GSeomposition, can be measured in many different ways. Fol-
FLX 454 pyrosequencer (Roche, Mannheim, Germany) fol-lowing the concept of Anderson et al. (2006), we measured
lowing the instructions of the manufacturer for amplicon se-beta and delta diversity using multivariate dispersion based
guencing. Sequences that were shorter than 200 bp in lengtbn Jaccard dissimilarity. Beta diversity was measured (i) as
were removed. Taxonomy was assigned using the Ribosomadhe variability in taxa/genera composition among stations
Database Project classifier. Pyrosequencing noise was rgeer habitat for each depth range/area and (ii) as the vari-
moved by using the denoiser program. Pyrosequencing datability in taxa/genera composition among stations per depth
were submitted to NCBI Sequence Read Archive with therange within each habitat. In a similar context, delta diversity
study accession number SRA054862. was considered as the variability in taxa/genera composition
Pigments (chlorophyll a (Chl), phaeopigments (Phaeo), among all stations for each habitat and for each depth range.
chlorophyll pigment equivalent (CPE)) were measured fol- Besides being flexible on the measure of dissimilarity used,
lowing Lorenzen and Jeffrey (1980). Total organic carbonthe method proposed by Anderson et al. (2006) has the ad-
(TOC) was measured with a Perkin EImer CHN 2400 anal-vantage of testing for differences in differentiation diversity

yser (Hedges and Stern, 1984). through a multivariate test for homogeneity in dispersions
(PERMDISP) (Anderson, 2006). Another facet of differenti-
2.3 Data analyses ation diversity, the turnover of taxa/genera between habitats

and between depth ranges was also measured and for consis-
In the present study, meiofaunal and nematode diversity refefency was presented as Jaccard dissimilarity.
to taxon richness (TR, number of meiofaunal taxa) and genus

richness (NR, number of nematode genera), respectively.
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For microbial diversity analysis, sequences were assignegected, nematodes predominated in all stations with an av-
to OTUs (operational taxonomic units) using the QIIME soft- erage percentage contribution ranging from 72% to 95%
ware at 3% sequence divergence (species level) according o slope stations of the Levantine and the Central Mediter-
Schloss and Handelsman (2005). Individual-based rarefacranean, respectively (Fig. 2a). Other meiofauna taxa of some
tion curves at a distance level of 3% (species level) and themportance were copepods (4—16 %), polychaetes (0.2—-2 %),
commonly used for microbial diversity analysis Chaol rich- tardigrades (0.2—4 %) and the group of soft-bodied animals
ness estimator were calculated using the rarefaction calculaturbellarians, gnathostomulids) (0.5-4 %) (Fig. 2a).
tor (http://wwwz2.biology.ualberta.ca/jbrzusto/rarefact.php Irrespective of the type of habitat, depth or area, meio-

Hypothesis testing for differences in meiofauna abun-faunal abundance followed the pattern of nematode abun-
dance, richness (TR and NR) and meiofauna and nematodegance. The lowest values were recorded at basin stations
structure was done using permutational multivariate analysisn all five areas, while the highest values were observed
of variance (PERMANOVA). Of central interest was the rela- at slope stations only in the central Mediterranean and the
tionship of meiofauna descriptors with habitat type, i.e. basinLibyan Sea (Fig. 3). PERMANOVA results (Table 2) in-
and slope. Nevertheless, since it is well known that waterdicated differences in metazoan meiofaunal abundance be-
depth affects marine sediment communities, it was necessaryveen the basin and slope habitats only for two depth ranges
to consider depth range as a factor in the analysis. Thus, th€.000—-1500 m and 2500-3000 m), but significant differences
overall experimental design consisted of two fixed factors:were detected in relation to depth and were more pronounced
habitat, with two levels (basin, slope) and depth, with eightfor the basin habitat, where meiofaunal abundance changed
levels (< 500 m, 500-1000m, 1000-1500 m, 1500—2000 m,gradually from the shallower stations (up to 1000 m) to the
2000-2500 m, 2500-3000m, 3000—-3500 and500 m).p deeper onesx{ 3000 m). PERMANOVA analysis applied to
values were obtained using 9999 permutations of residualslata sets from each of the five regions separately could not
under a reduced model. DISTLM routine, a permutational re-distinguish meiofaunal abundances between the two habitats
gression analysis (Anderson, 2001; McArdle and Andersongither (statistics not shown).

2001; Anderson et al., 2008), was performed for exploring

relationships between univariate meiofaunal and microbial3.2 Diversity and community structure

variables and depth; meiofaunal, nematode and microbial

community structure and depth; and univariate variables an®.2.1 Meiofaunal taxa

community structure with environmental variables that possi-

ble drive benthic patterns (for simplicity, henceforth referred Overall, 27 meiofaunal taxa were encountered in all stud-

to as simple DISTLM, multivariate DISTLM and multiple ied areas and habitats-{iversity). Of these, only nema-

stepwise DISTLM, respectively). These permutational anal-todes and copepods were found at all stations and sam-

yses were based on Bray—Curtis dissimilarities of square-rooples, which along with polychaetes, tardigrades and ha-

transformed abundances, except from richness, for whichacaroids were found at all areas and habitats. Cnidarians

Euclidean distances on untransformed data are consideredere found only in slope stations, whereas aplacophorans,

more appropriate. To explore whether the observed bathyeumaceans, echinoderms and scaphopods were restricted to

metric and habitat heterogeneity patterns apply to the wholdasin stations. The latter were found only at one station

Mediterranean, the permutational analyses were also appliethorthern Aegean, 1224 m depth).

to data sets from each area separately. PERMDISP routine Gamma diversity of the five studied regions (Fig. 4a) was

was applied for measuring and exploring differences in dif- high reaching the highest value in the Aegean Sea (24 and 23

ferentiation diversity (measured as multivariate dispersion).taxa atthe northern Aegean and the Cretan Sea, respectively),

Non-metric multi-dimensional scaling (nMDS) ordinations whereas the lowest value was found at the central Mediter-

were used to illustrate spatial patterns of communities structanean area (13 taxa). With the exception of the eastern Lev-

ture. All analyses were performed with PRIMER v6 with antine, the number of meiofaunal taxa was higher at the basin

PERMANOVA+ add-on software (Clarke and Gorley, 2006; habitat. Neverthelessa-diversity range was similar between

Anderson et al., 2008). the basin and slope habitat and varied from 2 to 18 in the
basins of the central Mediterranean and the northern Aegean,
respectively, and from 3 to 16 at Libyan slope stations. This

3 Results was supported by PERMANOVA results that showed statis-
tically significant differences in TR among depth ranges but
3.1 Meiofaunal standing stocks not between habitats (Table 2).

Delta diversity (Table 3) was similar at both habitats (PER-
Average meiofaunal densities in the sediment surface rangeDISP p > 0.05) and rather high, suggesting greater vari-
from 242 ind10cn? in the deep basin of the central ability in meiofaunal taxa composition within-(38 %) than
Mediterranean (2837 m depth) to 124®59 ind 10 cnv? in between habitats (22 %). At smaller scale, i.e. within each
the basin of the northern Aegean (1271 m depth). As ex-depth category, beta diversity of the two habitats (Table 4,

www.biogeosciences.net/10/4861/2013/ Biogeosciences, 10, 487B-2013
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Fig. 2. Meiofauna(A) and microbialB) composition per studied area and habitat.

within habitats) did not differ either (PERMDISP > 0.05 in structure is gradual, as successive depth ranges appear
for all depth categories) but appears to increase with depthsimilar in terms of meiofauna taxa down to 2000 m depth.
Meiofaunal taxa turnover between basin and slope (Table 4)

increases down to 1500 m depth, after which it appears t33.2.2 Nematodes

stabilise close to a high value-65 %).

When the different depth ranges were tested (Table 3A total of 155 genera were encountered in the 22 stations
within depth ranges), differences in delta diversity were Where nematode community analysis was conducted. Among
detected (PERMDISK < 0.01) due to the low variability —these, three genera were found in all statioAsafitho-
in meiofauna composition among the very shallow stationslaimus Halalaimus Sphaerolaimusand six more genera
(<500m, 13 %) (PERMDISP p of pairwise test€.05 for ~ Wwere found in all areas and habitafSaptonema Metas-
all comparisons of the first depth range). Statistically sig-Phaerolaimus Microlaimus Oxystomina Pselionema Sy-
nificant differences were also found for beta diversity of fingolaimus. Forty-eight (48) genera were restricted to one
depth ranges for the basin habitat but not for slope (Table 4station, of which 46 were found only in one sample.
within depth ranges). Jaccard dissimilarity between depth Similar to TR, y-diversity of nematodes peaked in the
ranges for the whole data set (Table 3) was relatively in-northern Aegean Sea (108 genera), but it was lowest at the
creasing for depth categories deeper than 1500 m, indicatnost eastern part of the basin, the Levantine (22) (Fig. 4b).
ing higher compositional differences in meiofaunal taxa to- Alpha diversity ranged from 13 in the eastern Levantine basin
wards greater depths. This pattern of bathymetric increas@abitat to 77 in the northern Aegean slope environment and,
was stronger within the slope habitat but was not observeds opposed to TR, one-way PERMANOVA analysis indi-
for basin (Table 4, between depth ranges), for which val-cated differences in the number of nematode genera between

ues were rather high (89% of values30%) regardless the basin and the slope habitat (Table 2). This pattern could
of the depth category. not, however, be verified for each of the studied areas sepa-
Community structure analysis (nMDS and PER- rately except from the Cretan Sea. _ _
MANOVA) confirmed the high variability in meiofauna ~ The number of nematode genera predicted by the species
structure within each habitat and indicated differencesfichness estimator Jackl for the whole investigated area, the
among depth ranges (Fig. 5a, Table 2). Meiofauna compobasin and the slope habitat (mearsD: 160+ 10, 128+ 12
sition differed between the shallower (up to 1500 m depth)and 127+ 11, respectively) is very close to the one observed

and the deeper stations 2500 m), however, the difference in the data set (155, 123 and 126) The estimator showed a
clear sign of approaching an asymptote for the slope habitat

only (Fig. 6) despite the fact that the number of samples for

Biogeosciences, 10, 4864878 2013 www.biogeosciences.net/10/4861/2013/
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Table 2. PERMANOVA (permutational multivariate analysis of variance) results of the effects of habitat and depth for uni- and multivariate
meiofaunal variablesp values were obtained using 9999 permutations of residuals under a reduced model. Where statistical significant
differences were indicated pairwise comparisons were done. Depth ranges with common underline are not significantly different at the 95 %
significance level.

Variable Source F p a posteriori pairwise comparisons
Meiofaunal Habitat Depth  2.9307  0.0046
abundance Habitat 0.58247 0.5592
Depth 6.2866  0.0001 Within habitat: slope
<500 500-1000 1000-1500* 2000-2500 2500-3000* 3000-356(B500 1500-2000

<500 500-1000 2000-2500 1000-1500  1500-2000 2500-3000

Major taxa Habitat x Depth ~ 1.4005 0.2374

richness Habitat 3.1846 0.0768

Depth 7.936 0.0001 <500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 3000-353600
Nematode Habitat 5.1425 0.0343
richness

Meiofaunal HabitatvDepth 1.5549 0.0582

community  Habitat 1.3677 0.2243

Depth 4.9251  0.0001 <500 500-1000 1000-1500  1500-2000 2500-3000  2000-2598500 3000-3500
Nematode Habitat 1.6703 0.0983
community*

* statistically significant differences between habitats for the specific depth rapge @105.
1 One-way PERMANOVA (depth was not included in the experimental design).

this habitat is comparably low (12). As opposed to NR, Jackl One-way PERMANOVA analysis based on nematode

predicts no difference in nematode genera number betweecommunity structure did not indicate differences between

basin and slope, as the confidence intervals of the two curvebasin and slope (Table 2), which is also depicted in the rel-

overlap (not shown in Fig. 6). evant nMDS plot (Fig. 5b). However, nematode communi-
Differentiation diversity analysis of nematode commu- ties of most bathyal stations (down to 1000 m for slope and

nity was performed only at the level of the whole data set2000 m for basin stations) are grouped separately from the

(delta diversity), as at smaller scales (within each habitat andest, suggesting that depth has an effect on nematode com-

within each depth range) not all levels of each factor weremunity structure.

present. PERMDISP revealed strong differences in multi-

variate dispersions between the two habitats (PERMDISP; 5 3 Microbes

p < 0.05) with higher delta diversity recorded at the basin

habitat (Table 3, 47 %). A rather high Jaccard dissimilarity . .

value was also recorded between the two habitats (39 %)I?yrosequencmg analysis produced 55213 168. rRNA byro-

In contrast, no differences in delta diversity were detectedt_a_gS and a total of 9587 different OTUs were fmall_y |de_n-

between the different depth ranges (PERMDISE 0.05), tified fron_1 the 19 _samples analyseq_for_mlcrobml diversity.

which ranged from 18% at the shallowest depth range tOTaxonomlc analysis led to the classification of the sequences

41% at 2500-3000 m depth range (Table 3). However, Jac" 15 bacterial and 3 archaeal phyla and to 5 candidate divi-
card dissimilarity between depth categories ranged within>!onS (Fig. 2b). Sequences were highly dominated by uniden-

high values (41-75 %) suggesting high variability in nema—:'r:'ed rznclambe:cspof ?ac;en? (.34% (l)féptal tieq]gencTs), Wh”?
tode genera between depths. e phylum of Proteobacteria, including the five classes o

Alpha-, Beta-, Gamma-, Delta- and Epsilon- proteobacteria,
was the most dominant of the known bacterial groups (32 %

www.biogeosciences.net/10/4861/2013/ Biogeosciences, 10, 487B-2013



4868 K. Sevastou et al.: Benthic communities in the deep Mediterranean Sea

Table 3. Delta diversity of major meiofaunal taxa and of nematode genera based on Jaccard dissimilarity. Values within each habitat and

within each depth range were calculated using multivariate dispersion. Dissimilarity increases from 0 to 100.

Major meiofaunal taxa

Within habitats Basin Slope
42 38

Between habitats 22

Within depth rangegs® <500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 3000-35G500

13 33 39 39 30 39 36 41
Between depth ranges <500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 3000-3500
500-1000 26
1000-1500 31 22
1500-2000 33 17 22
2000-2500 48 36 46 43
2500-3000 29 18 31 18 32
3000-3500 35 39 42 32 39 26
> 3500 45 42 38 35 42 38 37
Nematode genera
Within habitat$ Basin Slope
47 41
Between habitats 39

Within depth ranges <500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 3000-35®500
18 n/a 38 36 28 41 39 30

Between depth ranges <500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 3000-3500

500-1000 44

1000-1500 47 47

1500-2000 47 50 48

2000-2500 57 63 56 60

2500-3000 65 66 61 57 53

3000-3500 59 60 56 60 41 51

> 3500 75 75 75 72 67 62 61

* Statistically significant differences among habitatg at 0.05;** statistically significant differences among levels of the factor “depth range” at
p <0.001; n/a: Few samples for running PERMDISP.

of total sequences). The next most dominant phylum was theanges ¢ 77 %) and samples=(78 %) was very high, clearly

Acidobacteria (7 % of total sequences) followed by the ar-indicating high variability of microbial communities at all

chaeal phylum of Thaumarchaeota (6 % of total sequenceskpatial scales. This was further supported by nMDS analysis

Microbial community composition appeared to be similar as the lack of apparent grouping could not reveal any spatial

between slope and basin stations at the level of large taxpattern or gradient (Fig. 5c).

onomic groups, except from the slope station in Levantine,

where the class of Gammaproteobacteria was highly domi3.3 Benthos and environmental variables: bathymetric

nant (Fig. 2b). However, this could be a random effect, as trends and food availability

microbial community composition in slopes of the Levantine

is based on the analysis of a single station. Simple DISTLM analysis complemented PERMANOVA re-
Richness was much higher at the basin compared to théults, indicating that depth explains a significant amount of

slope habitat, accounting for 7969 and 3329 different OTUs the variation in meiofaunal abundance and richness (Table 5),

respectively, while the Chao1l richness estimator, based oMhich decrease with increasing water depth (Fig. 7). The

the whole data set, predicted 19 489 different OTUs (Fig. 6).variation explained was higher for basin as compared to slope

A small proportion of OTUs ranging from 2 to 28 % were sin- habitat for abundance and TR, but it was not statistically

gletons (i.e. occurred only once in the full dataset) and theysignificant for NR when slope stations were only consid-

accounted for approximately 10 % of all sequences. Jaccar@red (Table 5). Microbial diversity, on the other hand, was

dissimilarity between the two habitats (82 %), among depthfound to be only marginally significantly dependent on depth
when the whole microbial data set was investigated (Table 5),

Biogeosciences, 10, 4864878 2013 www.biogeosciences.net/10/4861/2013/
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Table 4.Beta diversity based on major meiofaunal taxa Jaccard dissimilarity. Values within each habitat and within each depth range were
calculated using multivariate dispersion. Dissimilarity increases from 0 to 100.

B-diversity
Within habitats Basin Slope
500-1000 23 29
1000-1500 26 37
1500-2000 31 37
2500-3000 40 n/a
<500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 3000-35@5H00
Between habitats 17 41 50 41 57 56 n/a n/a
Within depth ranges <500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 3000-35@5H00
Basiri* n/a 23 26 31 25 40 36 41
Slope 14 29 37 37 17 n/a n/a n/a
Between depth ranges <500 500-1000 1000-1500 1500-2000 2000-2500 2500-3000 3000-3500
Slope
<500 27 36 48 74 63
500-1000 33 19 38 70 60
1000-1500 c 36 43 22 67 56
1500-2000 § 36 36 38 57 53
2000-2500 47 47 54 41 25
2500-3000 26 35 44 23 32
3000-3500 33 42 36 36 39 26
<3500 45 52 39 32 42 38 37

* Statistically significant differences among levels of the factor “depth range” for the basin habitat®65; n/a: Few samples for running PERMDISP.

suggesting that microbial richness, opposite to the meiofauavailability used in this study could explain the variability of

nal variables, tends to increase with depth (Fig. 7). HoweverMediterranean microbial community.

this trend could not be verified for each of the two habitats.

Similar to simple DISTLM, multivariate DISTLM analysis

used to investigate the bathymetric patterns of benthic com4 Discussion

munities indicated that depth explains a significant variation

of the structure of both meiofaunal and nematode commu#.1 Standing stocks in the deep sea

nity but not of microbial, although it suggests £ 0.045) )

correlation of microbes with depth when the slope stations'" th€ energy-poor environment of the deep sea, many com-

are only investigated (Table 5). munity parameters seem linked to food _sypply. T_he Mediter-
When food availability is also considered, multiple step- ranean Sea _has low levels of productlwt)_/, partlcularl_y the

wise DISTLM (Table 6) reveals that depth remains the mostE@stern Basin (Psarra et al., 2000), which results in ex-

important factor in explaining meiofaunal variability, along {'émely low organic content in deep sediments (Danovaro et

with one of the proxies of food availability for all cases ex- al., 1999). Therefore, benthic standing stocks in the Mediter-

cept from nematode richness, for which depth alone explain§@n€éan are expected to be depressed. Nevertheless, there are

73% of its variance. Similar results are provided when the@'€as in the Mediterranean Sea which are more productive.

basin habitat is only investigated, but at the slope habitat theUCh an area is the northern Aegean Sea, which is enriched

importance of food availability is increasing and becomesPY riverine outflows and the influx of nqtrlent-rlch Black

the sole factor, explaining more than 60 % of the varianceS€@ Waters (Poulos et al., 1997; Lykousis et al., 2002). As

in meiofaunal and nematode richness and nematode comm@ consequence, higher faunal densities are anticipated for

nity. On a similar note, depth is also the only factor explain- NS area. The meiofaunal abundances reported in the present

ing at a high rate % 60 %) the variance of microbial rich- synthesis are indeed lower f_rom those of similar depths in .

ness; yet, this is not verified for the slope habitat, wherea®ther oceans (for an extensive reference report see Gambi

sedimentary organic carbon is the sole variable suggested fdit &l 2010) but comparable to those recorded from simi-

explaining microbial richness variability in the basin habi- [ar Mediterranean deep-sea sediments (Tselepides and Lam-

tat. In contrast, neither depth nor any of the proxies of foodP2dariou, 2004; Lampadariou and Tselepides, 2006; Lam-
padariou et al., 2009; Gambi et al., 2010), yet they fall within

awider range of values. Our data also confirms the prediction

www.biogeosciences.net/10/4861/2013/ Biogeosciences, 10, 487B-2013
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Fig. 4. Meiofauna diversity per studied area and habitat based on
(A) major meiofaunal taxaB) nematode genera. The overall bar
indicates the richness per area when both habitats are combined.

of higher faunal densities in the northern Aegean Sea, as the
higher meiofaunal density was measured in this area.

One of the best known gradients in marine sediments is
that of abundance with water depth. Similar to all benthic
groups, the relationship of meiofaunal density and depth has
been found to be significant and negative (Rex et al., 2006).
This general pattern has been mainly related to organic mat-
ter input, food limitation and food quality (Rex et al., 2006;
Soltwedel, 2000), although it is also suggested to be locally
influenced by a number of factors such as the hydrography of
the area and the sediment type (Gambi et al., 2010; Rex and
Etter, 2010). Our results are in agreement with this general
bathymetric trend of abundance and indicate the existence of
this pattern for meiofauna in all the eastern Mediterranean
basins irrespective of the type of habitat. Nevertheless, it was
only in the slope habitat that a strong relation with food avail-
ability was indicated, suggesting that despite both habitats
sharing the same bathymetric pattern, the underlying mecha-
nisms differ. It appears that the response of meiofauna to the
organic matter content in basins is affected by other possible
drivers of meiobenthic patterns, such as food quality, local

Fig. 3. Nematode abundance per studied area and habitat in relatiohydrodynamics, sediment texture, or even inherent popula-
to depth. Note in x-axis the arrangement of depth in increasing ordetion characteristics (life cycle, metabolic activity, etc.).
for each habitat.

Biogeosciences, 10, 4864878 2013

In a pan-Mediterranean deep-sea meiofauna review study
based on primarily literature data from 195 sites, Gambi
et al. (2010) reported that meiobenthic abundances at
slopes were higher than other investigated types of habitats,

www.biogeosciences.net/10/4861/2013/
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abundances would be expected at this habitat. However, the
wide range of meiofaunal abundance observed within each
of these two habitats in both our study and that of Netto et
al. (2005) could not allow for statistical significant differ-
ences to be detected, suggesting the existence of high en-
vironmental variability at small (Netto et al., 2005) or large
(present study) scale within both basin and slope environ-
ments. This spatial heterogeneity may also be related to the
aforementioned factors that are known to be important in
shaping meiobenthic patterns and may vary at local scale
(sediment type, food, hydrodynamics).

4.2 Small-size benthos diversity in the Mediterranean

Our study demonstrates that the diversity of the small-size
benthos in the Mediterranean deep sea is high, irrespec-
tive of the taxonomic group or level of taxonomic analysis.
The number of meiobenthic metazoan taxa encountered in
our study is higher than any other reported not only in the
Mediterranean Sea but worldwide (Gambi et al., 2010 and

including basins. Our findings contradict these results, butreferences therein). This finding could be an artefact of the

are in agreement with Netto et al. (2005) who found no dif-
ferences between the two habitats when studying a slop

treatment of the data sets; in most review or synthesis pa-
eers, ambiguous taxa are usually grouped together (e.g. dif-

and a basin site of 215 and 890 m depth, respectively, in arfierent classes of Mollusca), while in the present synthesis,
oligotrophic deep-sea site off SE Brazil. Because slope stameiofauna classification was retained down to the lowest
tions are usually found in shallower areas, higher meiofaunapossible level because all samples were treated by the same

www.biogeosciences.net/10/4861/2013/
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Table 5. Results of DISTLM analysis, a permutational regression
routine, for exploring relationships of meiofauna and microbes with
depth.p values were obtained using 9999 permutations of residuals.

Variable F p Variability
Overall

Meiofauna abundance 43.261 ** 0.392
Major taxa richness 44.478 ** 0.399
Nematode richness 35.299 ** 0.638
Microbial richness 4851 * 0.222
Meiofaunal community  30.290 ** 0.311
Nematode community 7.508 ** 0.273
Microbial community 1.278 nls 0.070
Basin

Meiofauna abundance 31.111 ** 0.420
Major taxa richness 48.147 ** 0.528
Nematode richness 19.624 * 0.621
Microbial richness 0.072 nls 0.007
Meiofaunal community  21.238 ** 0.331
Nematode community 5.914 ** 0.330
Microbial community 0.698 nl/s 0.065
Slope

Meiofauna abundance 10.727 * 0.328
Major taxa richness 8.217 * 0.272
Nematode richness 5.612 nls 0.483
Microbial richness 0.722 nls 0.126
Meiofaunal community ~ 9.757 ** 0.307
Nematode community 4378 * 0.422
Microbial community 1788 * 0.263

* Statistically significant ap < 0.05;** statistically significant at
p <0.001; n/s: statistically not significant.

ranean and the North Atlantic. The number of uniques found
in our study (30 % of nematode genera restricted to one sta-
tion) is typical for marine soft sediments, which are domi-
nated by rare species at all scales (Gray et al, 2005).
Meiobenthicy -diversity of the five studied areas was also
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22) and(D) microbial richnessi{ = 19). Note the logarithmic scale
for meiofaunal abundance.

high, regardless of the taxonomic level of the analysis, and
peaked in the Aegean Sea. The lowest number of major meio-
faunal taxa found at the central Mediterranean area is consis-
tent with previous bibliographic reports (Gambi et al., 2010
and references therein), however it may be related to the low-
est sampling effort from this region. On the other hand, the
lower nematode genus richness in the most eastern part of
the basin, the Levantine, may well depict the well-known
west-eastward decrease of productivity and may also be an
indication for a link between surface productivity and deep-
sea nematode diversity (Lampadariou and Tselepides, 2006;

research group. The number of nematode genera identifiedambshead et al., 2000, 2002).

in the present study (155) is most probably the highest re- Microbial diversity at the phylum level was also high.
ported until now from the Mediterranean deep sea (extensivd he dominance of Proteobacteria in all stations demonstrated
bibliographic report in Miljutin et al., 2010), as only Soetaert the cosmopolitan character of this group of microorgan-
and Heip (1995) found a higher number of genera (163), buisms, while the strong presence of Acidobacteria is consistent
based on deep-sea and shelf-break sites from the Meditewith previous investigations in the eastern Mediterranean

Biogeosciences, 10, 4864878 2013
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Table 6. Results of multiple stepwise DISTLM analysis, a permutational regression routine, for exploring relationships of meiofauna and
microbes with environmental (predictor) variablgsialues were obtained using 9999 permutations of residuals under a reduced model. For
each response variable only the best model (based on Adjﬂgpedith the variables that significantly contribute to explain the variance are
provided. TOC: total organic carbon; CPE: chlorophyll pigment equivalent; ns: statistically not significait 05).

Response variable Predictor variable  F p Variability Cummulative variability

Overall
Meiofauna abundance Depth 55.450 0.0001 0.531 0.531
%TOC  4.170 0.0159 0.037 0.568
Major taxa richness Depth 33.694 0.0001 0.407 0.407
CPE 32.544 0.0001 0.239 0.647
Nematode richness Depth 40.446 0.0001 0.729 0.729
Microbial richness Depth 17.817 0.0013 0.664 0.664
Meiofaunal community Depth 35.427 0.0001 0.420 0.420
Phaeo  5.452 0.0005 0.059 0.479
Nematode community Depth 7.988 0.0001 0.347 0.347
CPE 2.207 0.0136 0.089 0.436
Microbial community n/s
Basin
Meiofauna abundance Depth 31.970 0.0001 0.470 0.470
Major taxa richness Depth 43.679 0.0001 0.548 0.548
CPE 20.360 0.0001 0.166 0.714
Nematode richness Depth 34.880 0.0010 0.777 0.777
Microbial richness %TOC 7.897 0.0278 0.612 0.612
Meiofaunal community Depth 22.475 0.0001 0.384 0.384
CPE  3.287 0.0123 0.053 0.437
Nematode community Depth 6.083 0.0003 0.378 0.378
Microbial community n/s
Slope
Meiofauna abundance %TOC 17.622 0.0019 0.616 0.616
Phaed 8.275 0.0044 0.174 0.790
Depth 6.147 0.0303 0.085 0.875
Major taxa richness Phako 18.725 0.0029 0.630 0.630
Nematode richness %TOC 96.665 0.0156 0.970 0.970
Microbial richness ns
Meiofaunal community Depth 10.051 0.0007 0.477 0.477
Phaed 5257 0.0039 0.180 0.658
cPe! 2.469 0.0463 0.074 0.731
Nematode community %TOC 6.030 0.0248 0.668 0.668

Microbial community

ns

1 Because of skewness of raw data, logH(1) transformation was applied.

Sea and the deep South Atlantic (Kouridaki et al., 2010;(Danovaro et al., 2010). In our study, microbial communities
Polymenakou et al., 2005a, 2009; Quaiser et al., 2008). Al-of the deep Mediterranean Sea were analysed by applying
though Acidobacteria are ubiquitous members of soil bacte-454 pyrosequencing, which is expected to increase signifi-
rial communities (Jones et al., 2009) our study supports precantly the estimates of microbial species richness (Danovaro
vious observations, which suggest the wide distribution ofet al., 2010). Indeed, a much higher number of microbial
this microbial group in the Mediterranean deep sea. OTUs (9587) than any previously reported from the Mediter-
In a recent study on global patterns of marine micro- ranean deep-sea was detected in the present study, while
bial communities Zinger et al. (2011) obtained more thanChaol richness estimator predicted a number which is at
120000 OTUs, of which almost 41 000 were reported in theleast one order of magnitude higher than any previous es-
deep sea. In the Mediterranean deep-sea sediments, bacterimhates from the Mediterranean sedimentsl306 OTUs in
richness has been found to range from 13 to 1306 OTUs pePolymenakou et al., 2005b). The number of singletons, on
gram of surface sediment (Luna et al., 2004; Polymenakouhe other hand, was relatively low (10 % of all sequences)
et al.,, 2005b, 2009), but estimations exceed 4000 speciesompared to those typically found in marine ecosystems

www.biogeosciences.net/10/4861/2013/ Biogeosciences, 10, 487B-2013
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(~50% of sequences; Zinger et al., 2011). From these reTselepides et al. (2007), the authors argue that high micro-
sults it appears that the deep Mediterranean sediments habial diversity in the eastern Mediterranean has evolved so
bour an incredibly high microbial diversity comparable to that a system under starvation stress is able to utilise any
values found in the highly diverse soil environments (e.g.quantity or quality of organic matter available. Clearly, more

~32000TUs in forest soils as reported by Nacke et al.,observations are required as well as the investigation of var-
2011). However, it has to be noted that direct comparisonsous plausible explanatory factors before reaching a conclu-
to previous studies is difficult, as the number of analysed sesive pattern. We could cautiously speculate, however, that in
quences per sample in pyrosequencing has an effect on thtbe food-limited environment of the eastern Mediterranean

predicted number of OTUs (Nacke et al., 2011). Basin, the amount of organic carbon reaching the seafloor
may be one of the factors driving microbial patterns, as sug-

4.2.1 Bathymetric patterns of alpha diversity gested by the results of multivariate analysis for basin micro-
bial richness.

Biodiversity research in the deep sea has largely concen- It therefore appears that, although the two investigated
trated on revealing bathymetric patterns of benthic communi-benthic components, meiofauna and microbes, exhibit op-
ties. For many taxa, mainly macrobenthic, a parabolic patterrposite bathymetric diversity patterns, food and topographic
has been described (reviewed in Rex and Etter, 2010) wittcharacteristics may be important factors in formulating these
a maximum at intermediate depths, i.e. between 1500 angatterns in the deep Mediterranean Sea.
2500 m, while several factors, such as surface productivity,
geology, hydrology and evolutionary history of the area, are4.2.2 Habitat-related diversity
hypothesised for the explanation of the observed trends. On
the other hand, bathymetric patterns of meiofaunal diversityAlthough deep-sea diversity has been closely related to
have been generally found to be similar to that of abundancedepth, it is now widely accepted that the high complexity
with a decrease in richness with increasing depth for majorof the seafloor also affects biodiversity levels and patterns
taxa (Danovaro et al., 2008, 2009b; Gambi et al., 2010) andLevin et al., 2001, 2010; Vanreusel et al., 2010). Slopes and
copepod species (Baguley et al., 2006), whereas nematodeep-sea basins are two major habitats with inherent dif-
richness patterns are either absent or not consistent amorfgrences due to the wide variability in environmental set-
different areas or habitat types (Lampadariou and Tselepitings; this could, in turn, lead to differences in biological
des, 2000; Danovaro et al., 2009a, b, 2010). Our results arpatterns and the communities they host. Nonetheless, results
in agreement with the general trend of meiobenthic diversity,based on recent meiobenthic studies are rather contradicting.
as non-parametric regression analysis revealed a highly sigoanovaro et al. (2009a) and Gambi et al. (2010) found higher
nificant negative correlation of TR and NR with depth within diversity in slopes based on major taxa and nematode species
the whole investigated area and within each type of habi-of European margins and on major taxa from the Mediter-
tat. Moreover, the high variability explained by depth for ranean, respectively; Vanreusel et al. (2010) based on nema-
the basin ecosystem suggests that the decrease in diversityde genera reported no differences between these two habi-
with depth in this habitat is sharper. The observed bathymettats on a global scale; and Netto et al. (2005) in a deep-sea
ric pattern was not, however, discernible within each of thestudy off SE Brazil showed that the results differ depending
investigated areas. This, along with the finding that differ- on the taxonomic level of analysis (higher diversity at slope
ent food proxies (CPE, Phaeo, TOC) relate at different lev-for major taxa, no differences for nematode families, higher
els with meiofaunal richness depending on habitat type andliversity at deep-sea basin for nematode genera).
taxon, provide strong support for the suggestion of Danovaro Our detailed study suggests that no difference in meioben-
et al. (2009a) that meiobenthic diversity patterns depend alsthic diversity between basin and slope ecosystems is to be ex-
on topographic and ecological features. pected in the central-eastern Mediterranean Basin. The num-
Although there is a considerable gap in the study of spa-ber of major meiofaunal taxa was on average higher at the
tial microbenthic patterns, it has been found that microbialbasin environment (except from the eastern Levantine), how-
diversity is similar among sediments of variable bathymetryever, this difference was not statistically significant. Like-
and thus it is not affected by depth (Li et al, 1999a; Danovarowise, no difference between the two habitats was indicated
et al., 2010; Polymenakou personal observation). Similar refor nematodes based on Jackl richness estimator, although
sults were reported by Bienhold et al. (2012) that studied mi-the observed number of nematode genera in slopes was sig-
crobial communities at depth transects across the Arctic connificantly higher. Similar to meiofaunal abundance, increased
tinental margin, as richness was found to correlate with sedheterogeneity within basins and slopes may be the explana-
imentary pigment concentrations but not water depth. Con-+ory factor for meiofaunal diversity as well, as has been pre-
trary to those previous observations and opposite to the metasously suggested (Levin et al., 2001; Vanreusel et al., 2010;
zoan patterns, our results suggest an increase of microbidlevin and Sibuet, 2012). Local variability in various envi-
richness with depth, which could not, however, be verifiedronmental conditions within each habitat, including substrate
independently within each of the two studied habitats. Instructure, hydrology, food input and disturbance, results in

Biogeosciences, 10, 4864878 2013 www.biogeosciences.net/10/4861/2013/



K. Sevastou et al.: Benthic communities in the deep Mediterranean Sea 4875

higher habitat complexity with probably more microhabitat- mental features, which may also account for differences in
specific species. As a result, within-habitat variability may meiofaunal communities. Indeed, differentiation diversity in
be higher than between habitats. We should point out thougimarine sediments has been positively related to environmen-
that the shape of the Jackl curves reveals that whilst slop&al heterogeneity (Ellingsen, 2002; Ellingsen and Gray, 2002;
samples are sufficient for estimating nematode genera richAnderson et al., 2006).
ness in the area (the curve reaching an asymptote), more At smaller scale (within depth range), beta diversity of the
basin samples are needed. This is rather a result to be exasin and slope habitats ranges from low to moderate val-
pected as in deep-sea plains metazoan abundance is reduceaes (23—40 %), yet it shows a bathymetric trend of increasing
and the animals are sparsely distributed, pointing to thevalues with depth, suggesting that the meiofauna community
need for a more intense sampling in order to collect morevaries more as we move deeper. This is in agreement with
rare species. This becomes even more imperative due to thie findings of Ellingsen (2002) that several measures of beta
patchy distribution of meiobenthic metazoa (Giere, 2009). diversity correlate with depth. In a rather similar way, meio-
So far, comparative microbial studies of the two studiedfaunal dissimilarity between slope and basin increases down
habitats are not available. The first report on benthic mi-to mid-slope depths~ 1500 m) after which it appears to be
crobial communities from different types of ecosystems wasequally high, pointing to constantly high meiofaunal differ-
provided very recently by Zinger et al. (2011). Similar to the ences between basins and slopes closer to the abyssal zone.
study of Sogin et al. (2006), this study demonstrated that the Rex and Etter (2010) in their synthesis book on deep-sea
deep-sea sediments were more diverse than other types bfodiversity conclude that the rate of change in species com-
ecosystems, such as vents, anoxic habitats and open oceposition is especially pronounced along depth gradients in
surface waters. Our study is the first comparing microbialthe deep sea, and they further state that the rate of faunal
communities from basin and slope ecosystems and clearlyeplacement is roughly proportional to the rate of change in
indicates that, opposite to meiobenthos, the deep-sea basiepth, therefore being higher in the bathyal zone and lower in
harbour more diverse microbial communities than the slopesthe abyssal plain. In our study, the overall high values of ne-
Similar to the bathymetric pattern we observed for micro- matode Jaccard dissimilarity between depth ranges, and the
bial richness, this excess of diversity in the deep-sea basingcrease of Jaccard dissimilarity with depth in the case of
is difficult to explain. Although limited environmental data major taxa composition indicate that in the Mediterranean
are only considered here and available information on mi-Sea meiofaunal composition differs more towards the abyss.
crobial communities is still very scarce, the higher microbial Ordination and PERMANOVA analysis shed further light
richness of the basin may be attributed to the higher organion meiofaunal community structure, indicating that though
carbon concentrations observed in several basin stations neareiofaunal structure differs significantly between the bathyal
the coast. It is hypothesised that these areas act as sinks ahd the abyssal stations, nevertheless, the change is gradual,
food sources, therefore offering higher availability and vari- with assemblages of nearby depth categories appearing more
ability of food that ultimately is shaped into biodiversity. In- similar than distant ones. Moreover, the fact that the deeper
deed, Bienhold et al. (2012) in their study on Arctic microbial stations & 3000 m) group together suggest a stable synthe-
communities showed a positive energy—diversity relationshipsis of major meiofaunal taxa in abyssal sediments. A simi-
in oligotrophic regions. On the other hand, slope environ-lar pattern was also reported by Danovaro et al. (2008) that
ments, in particular the steeper slopes, are known to experifound nematode assemblages to differ among three depth cat-
ence strong perturbations due to current flow, landslides, oegories (1000, 3000, 4000 m) in the Mediterranean Sea. Ap-
other sediment instability factors (Canals et al., 2009), whichparently, the limited number of stations and consequently the

may affect benthic communities. few depth categories involved in that study could not have
allowed the detection of the bathymetric gradient reported

4.2.3 Patterns of change in diversity and community here. Similar to the univariate meiofaunal variables (abun-
structure dance, diversity), community structure was also found to re-

late to depth and food availability, though the extent of the
Local diversity in deep-sea sediments is not only high butimpact of the environmental variables differs between habi-
also quite variable (Rex and Etter, 2010). Following the dis-tats and level of taxonomic analysis.
cussion on diversity results, turnover diversity underlines the In their comprehensive study on global patterns of marine
observed richness patterns. The high delta diversity of themicrobes, Zinger et al. (2011) found less variable communi-
two habitats for both levels of taxonomic analysis clearly ties in the deep-sea sediments compared to the coastal envi-
indicates the high variation in meiofaunal composition in ronment and suggested that this is due to the lower environ-
basin and slope ecosystems. When focusing exclusively omental dynamics of the nutrient-poor deep sea. In contrast,
the nematode community, the variation should also be exour results indicate a highly variable microbial community
pected to be higher within the basin habitat. As has alreadyn the Mediterranean deep sea, exceeding 77 % in dissimilar-
been stated, the deep sea is characterised by a wide vaiity even between samples of the same habitat, area or similar
ety of habitats due to local topographic and other environ-bathymetry, which could not be related to any of the studied
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