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Dipartimento di Scienze della Vita e dell’Ambiente, Università Politecnica delle Marche, Via Brecce Bianche, 60131 Ancona,
Italy

Correspondence to:R. Danovaro (r.danovaro@univpm.it)

Received: 26 November 2012 – Published in Biogeosciences Discuss.: 12 December 2012
Revised: 29 May 2013 – Accepted: 5 July 2013 – Published: 15 August 2013

Abstract. Understanding biodiversity patterns and how they
are driven at different spatial scales is a crucial issue in eco-
logical studies. This is particularly evident for the deep sea,
the largest biome of the biosphere, where information on the
scales of spatial variation is very scant. Here, we investigated
deep-sea nematodes species richness, turnover and func-
tional diversity, and life strategies at different spatial scales
(from local to macro-regional) to identify the factors that
shape regional (γ ) and macro-regional (ε) deep-sea diver-
sity. This study was conducted in several deep-sea habitats
(canyons, open slopes, deep-water corals, and bathyal plains)
over> 2000 km across the whole Mediterranean Basin, at a
bathymetric range comprised between ca. 600 and 1300 m.
Our results indicate that the patterns of local (α) diversity
across the deep Mediterranean follow the gradients of the
trophic conditions, which decrease from the western to the
eastern basins. For all of the sites and habitats, theα diversity
is generally low. Conversely, the turnover diversity changes
significantly among habitats (β diversity) and between re-
gions (δ diversity), showing values of dissimilarity (based on
species presence/absence matrixes) between 59 and 90 % for
β diversity and between 81 and 89 % forδ diversity. This
suggests that patterns and values ofγ and ε diversities in
the deep Mediterranean Sea are related to turnover diversity
among habitats and between regions (β and δ diversities),
rather than to the local biodiversity (α diversity). These re-
sults indicate also that the differences inβ and δ diversi-
ties are even more important than those inα diversity for
the comprehension of the drivers of biodiversity in the deep
Mediterranean Sea. We conclude that the presence of differ-
ent habitats and gradients in environmental conditions, by
promoting a high turnover diversity across the Mediterranean

Sea, may play a crucial role in the levels ofγ diversity of
deep-sea nematodes.

1 Introduction

A comprehensive understanding of the patterns of biodiver-
sity requires the identification of the drivers that generate
these patterns and of the biodiversity components that re-
spond to these drivers. High values of regional diversity can
arise from a combination of local and turnover diversities, or
they can be mostly driven by one single component (Loreau,
2000; Koleff and Gaston, 2002; Witman et al., 2004).

The drivers of local (α) and habitat turnover (β) diversities
are likely to be different, asα diversity is generally associated
with high abundance and high resource availability, whereas
β diversity can be more sensitive to the heterogeneity of the
habitat and/or of the resource distribution (Lambshead et al.,
2002; Soininen et al., 2008; Levin et al., 2010).

Deep-sea ecosystems represent the most extensive biome
on Earth, as they cover ca. 65 % of Earth’s surface and ac-
count for 95 % of its volume. Together with the rain forests,
deep-sea ecosystems host the largest portion of the yet-to-
be-discovered biodiversity and have key roles in global bio-
geochemical cycles (Danovaro et al., 2010). For a long time,
deep-sea ecosystems have been believed to be characterised
by very low diversity (Grassle, 1989). However, research
conducted over the last few decades has changed our percep-
tions (Rex and Etter, 2010). Despite the typically low abun-
dance of the fauna of deep-sea ecosystems, their evenness
and expected species richness are indeed amongst the high-
est on Earth (Danovaro et al., 2010). It has been also assumed
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for centuries that the deep-sea floors are characterised by flat
and monotonous desert-like landscapes. Due to the present
availability of sophisticated technologies, we know now that
the deep-sea floors are far more complex and heterogeneous
than what was previously believed (Danovaro et al., 2010;
Ramirez-Llodra et al., 2010; Vanreusel et al., 2010; Ingels
et al., 2011). However, the patterns of deep-sea biodiversity
and the factors that control these patterns remain controver-
sial, yet (Snelgrove and Smith, 2002; Danovaro et al., 2008a,
b, 2010).

As observed for terrestrial ecosystems (Gaston, 2000), the
presence of different habitats (such as canyons, open slopes,
landslides, and bathyal and hadal plains) can certainly influ-
ence the distributions of deep-sea species (Rex et al., 2006;
Ramirez-Llodra et al., 2010; Vanreusel et al., 2010). Deep-
sea canyons, for instance, are characterised by high hydro-
dynamism, as they are “fast-track” corridors for materials
and organisms that are rapidly transported from the land to
the deep sea (Canals et al., 2006; Tyler et al., 2009; Pusceddu
et al., 2010a, b, 2013; Ĺopez-Ferńandez et al., 2013). Some
of these systems, such as seamounts, deep-water corals and
cold seeps, contain many deep-sea species and have a high
level of endemism, which are possibly linked to the peculiar
environmental and geomorphological conditions (Raes and
Vanreusel, 2006; Roberts et al., 2006; Vanreusel et al., 2009).

The Mediterranean region is a “hot spot” of terrestrial
biodiversity, with a high fraction of endemic species (My-
ers et al., 2000). Despite its small dimensions (0.82 % of
the global ocean surface, and 0.32 % of the global ocean
volume), the Mediterranean Sea hosts approximately 17,000
marine species (7.5 % of the global marine biodiversity; Coll
et al., 2010). This “miniature ocean” can therefore also be
considered as a hot-spot of marine biodiversity, which is
characterised by the co-occurrence of temperate and subtrop-
ical organisms.

In all deep-sea sediments, nematodes are the most abun-
dant metazoan taxon, and they are ubiquitous in all of these
habitats, with their dominance increasing with increasing
water depth (typically> 80–90 % of the total faunal abun-
dance in the deep sea, Danovaro et al., 2002). Nematodes are
also characterised by high species richness, and they have
key roles in benthic trophodynamics, which provides an ex-
cellent opportunity for the testing of ecological hypotheses
(Danovaro et al., 2008a, 2010).

In the present study, we used marine nematodes as a model
for comparing the patterns of local (α), regional (γ ) and
macro-regional (ε) diversity, as well as habitat (β) and re-
gional (δ) turnover diversity in different deep-sea habitats
(canyons, open slopes, deep-corals and bathyal plains) over
> 2000 km of the Mediterranean Basin. We combined differ-
ent data sets from various habitats characterised by different
topographic settings, productivities and physico-chemical
conditions from three different deep Mediterranean Sea re-
gions (Danovaro et al., 2009a, 2010; Bongiorni et al., 2010)
with unpublished data collected in the eastern Mediterranean

Sea. We tested the hypothesis that the key variable that gen-
erates patterns of deep-sea biodiversity is the turnover diver-
sity. We also determined the effects of increasing the spatial
scale of observation on the turnover diversity.

2 Methods

2.1 Study area and sampling

Sediment samples were collected from three regions of the
Mediterranean Sea: the north-western, central and eastern
basins. In each region, samples were collected from differ-
ent habitats (i.e. canyon, open slope, coral rubble or bathyal
plain) at the same bathymetric range, comprised between
ca. 600 and 1300 m in depth, from a total of 18 sampling
sites (Fig. 1; Table 1).

In the north-western Mediterranean, the samples were col-
lected from two different canyons (i.e. one site in the Cap de
Creus and one site in the Lacaze-Duthiers Canyon) and from
two open slopes adjacent to the two canyons (one site in the
northern and one site in the southern open slope), located in
the Gulf of Lions.

In the central Mediterranean, the samples were collected
from two canyons (one site in the B and one site in the C Bari
Canyon) and from two open slopes adjacent to the canyons
(one site in the northern and one site in the southern open
slope), along the south Adriatic margin. Samples were also
collected from two sites that are characterised by deep-water
coral rubble (northern and southern deep-coral sites) along
the Ionian margin, and from one site in a bathyal plain (cen-
tral Mediterranean bathyal plain).

In the eastern Mediterranean, the samples were collected
from one canyon (one site in the Samaria Canyon) and from
two adjacent open slopes (one site in the eastern and one
site in the western open slope), along the Cretan margin, and
from four sites along the bathyal plain. The geographical co-
ordinates and water depths of all of these sampling sites are
given in Table 1.

The sampling was carried out during several oceano-
graphic cruises, from September 1989 to May 2006, using
different research vessels (R/VUniversitatisin the western
Mediterranean Sea, R/VUrania in the central Mediterranean
Sea and R/VAegaeoand Bannockin the eastern Mediter-
ranean Sea). At all of the sampling sites, replicate sediment
samples were collected using a NIOZ-type box corer, except
for the north-western Mediterranean Sea, where the sediment
samples were collected by means of a multiple corer. Both
sampling devices allowed the recovery of undisturbed sedi-
ment samples. A total of three cores (internal diameter 3.6
cm) from two or three independent deployments were anal-
ysed for nematode species diversity (from 0–1 cm sediment
layer). Sediment samples for organic matter analysis (the top
1 cm from three different cores from each site) were pre-
served at−20◦C until analysis in the laboratory.
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Table 1.Characteristics of the sampling sites in the present study.

Region Habitat Site Latitude Longitude Water N. Sampling
(◦ N) (◦ E) depth of date

(m) cores

Lacaze-Duthiers Canyon LD2 42.44 3.53 990 3 October 2005
North-western Cap de Creus Canyon CC1 42.31 3.61 960 3 October 2005
Mediterranean Northern open slope NS2 42.44 3.86 1022 3 October 2005

Southern open slope SS2 42.13 3.78 985 3 October 2005

Bari Canyon B 2 41.34 17.18 590 3 May 2006
Bari Canyon C 9 41.31 17.26 721 3 May 2006

Central Northern open slope 11 41.23 17.59 908 3 May 2006
Mediterranean Southern open slope 77 39.75 19.19 1096 3 May 2006

Bathyal plain St 7 36.61 12.25 1290 3 July 1998
Northern coral rubble 19 39.84 17.63 1084 3 May 2006
Southern coral rubble 33 39.83 17.61 1276 3 May 2006

Samaria Canyon 11 35.19 23.93 1216 3 May 2006
Western open slope 12 35.01 23.70 1081 3 May 2006

Eastern Eastern open slope 5 34.95 24.59 1176 3 May 2006
Mediterranean Bathyal plain A13 36.03 23.30 892 3 September 1989

Bathyal plain A20 35.92 24.60 1078 3 September 1989
Bathyal plain A14 36.05 23.43 1215 3 September 1989
Bathyal plain A17 36.03 24.06 1147 3 September 1989

Fig. 1. Location and typology of the sampling sites in the deep
Mediterranean Sea.

2.2 Nematode biodiversity

All of the meiofaunal organisms, including the nematodes,
had been extracted from the sediment. The sediment sam-
ples had been sieved through a 1,000 µm mesh, with a 20 µm
mesh then used to retain the smallest organisms. The frac-
tion remaining on the 20 µm sieve was re-suspended and
washed three times (800 g, 10 min, room temperature) in Lu-
dox HS40 colloidal silica (density, 1.31 g cm−3; according to
Heip et al., 1985; Higgins and Thiel, 1988; Pfannkuche and
Thiel, 1988; and Danovaro, 2010). All of the animals that re-
mained in the supernatant were again sieved through a 20 µm
mesh net, washed with tap water, stained with 0.5 g L−1 rose
bengal solution, and sorted under a stereomicroscope (mag-
nification, 40×), according to Danovaro (2010, and citations
therein).

For the nematode diversity analysis, 100 randomly-
selected nematodes for each of the three replicates (or all
of the nematodes when the abundance was lower than 100
specimens per sample, the number of identified individuals
at each sampling site was reported in Table 2) were mounted
on slides, following the formalin-ethanol-glycerol technique
to prevent dehydration (Seinhorst, 1959; Danovaro, 2010).
The nematodes were identified to species level according to
the presently used manuals (Platt and Warwick, 1983, 1988;
Warwick et al., 1988; Deprez et al., 2005) and the recent lit-
erature dealing with new nematode genera and species. All
of the unknown species were indicated as sp1, sp2, sp3, . . .,
spn.

www.biogeosciences.net/10/5465/2013/ Biogeosciences, 10, 5465–5479, 2013
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Table 2. Nematode diversity indices, calculated cumulatively from the individuals retrieved from the three replicates of the investigated
sampling sites. SR, species richness; ES(51), expected species number for 51 individuals;H ′2, Shannon’s index;J , species evenness; 1-ITD,
index of trophic diversity; MI, maturity index.

Region Habitat Site N. identified SR ES (51) H ′2 J 1-ITD MI
individuals

Lacaze-Duthiers Canyon LD2 304 62 26.98 25.98 0.86 0.69 2.64
North-western Cap de Creus Canyon CC1 314 81 31.66 31.45 0.88 0.71 3.11
Mediterranean Northern open slope NS2 283 66 30.03 29.36 0.90 0.73 2.91

Southern open slope SS2 301 68 28.60 27.64 0.86 0.69 2.75

Bari Canyon B 2 232 56 28.52 26.82 0.89 0.65 2.75
Bari Canyon C 9 251 81 32.62 32.23 0.89 0.66 2.95

Central Northern open slope 11 230 61 26.13 23.46 0.81 0.61 2.70
Mediterranean Southern open slope 77 101 45 30.48 26.13 0.93 0.67 3.19

Bathyal plain St 7 247 57 28.57 27.46 0.90 0.73 2.89
Northern coral rubble 19 222 73 32.03 30.62 0.89 0.66 3.17
Southern coral rubble 33 192 61 30.42 27.44 0.88 0.65 2.83

Samaria Canyon 11 124 48 28.49 24.70 0.89 0.60 3.10
Western open slope 12 92 35 25.70 21.42 0.90 0.63 3.23

Eastern Eastern open slope 5 117 22 22.00 17.90 0.95 0.74 3.03
Mediterranean Bathyal plain A13 225 30 22.91 21.99 0.96 0.67 2.95

Bathyal plain A20 101 11 10.90 10.56 0.94 0.66 3.63
Bathyal plain A14 219 16 15.26 15.05 0.97 0.64 2.86
Bathyal plain A17 114 12 11.89 12.25 0.98 0.73 3.00

The nematode diversity was estimated using the species
richness (SR), as the total number of different species iden-
tified at each site. Each replicate sampling from each site
was analysed separately; then the biodiversity/other diversity
descriptors for the nematode community at each site were
determined cumulatively as the total number of species re-
trieved from the independent samplings. As species richness
is strongly affected by sample size, the expected number of
species, ES(X), was also considered, which provides a stan-
dardisation of the values of the species richness according to
the sample size. The expected number of species for a theo-
retical sample of 51 specimens, ES(51), was chosen to facil-
itate the comparisons among habitats and regions.

At almost all sampling sites, 100 randomly selected in-
dividuals were identified from each replicate. However, at
some sites the abundances were less than 100 individuals per
replicate, particularly in central and eastern Mediterranean
Sea, where the meiofaunal abundances were typically lower
than in the western Mediterranean Sea (Bianchelli et al.,
2010). For this reason we pooled together the data from dif-
ferent replicates, to have a minimum of 51 identified indi-
viduals, in order to calculate the expected species number on
> 51 individuals for the investigated habitats. This procedure
might lead to possibly biased results, as different proportions
of the nematode communities could be extracted from dif-
ferent samples. Nevertheless, we adopted this procedure as
it is the standard methodology used in practically all nema-
tode studies in the deep sea (Danovaro et al., 2008a, b; Leduc

et al., 2012; Ingels and Vanreusel, 2013), thus allowing the
comparison of our data with previous studies.

The species diversity (H ′, using log-base 2, expressed
as H ′2) was also measured by the Shannon–Wiener index
(Shannon and Weaver, 1963), and the evenness was mea-
sured by the Pielou index (J ; Pielou, 1975). These indices
were calculated from the sum of the individuals of the three
replicates of each of the sampling sites, using PRIMER
v6.0+ (Plymouth Marine Laboratory, UK; Clarke and Gor-
ley, 2006).

We measured local (α diversity), regional (γ diversity)
and macro-regional (ε diversity) species richness as the num-
bers of different nematode species within each site (local di-
versity, sensu point species richness), region (north-western,
central and eastern Mediterranean Sea) and macro-region
(i.e. the whole Mediterranean basin; Gray, 2000; Danovaro
et al., 2009a).

We also measured the habitat species richness (i.e. the
species richness of a defined habitat; Gray, 2000) as the num-
bers of different nematode species found within each habitat.

To calculate the percentage of exclusive species, we con-
sidered the number of species exclusively retrieved from a
specific habitat (namely exclusive species). Then the num-
ber of exclusive species has been reported as percentage
of the total number of species found in each region. How-
ever, it must be acknowledged that since we used an un-
even number of samples per habitat in the central and eastern
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Mediterranean regions, the number of exclusive species may
be susceptible to a certain bias.

Theγ andε diversities were also assessed by computing
estimates of total species richness using non-parametric es-
timators (Leduc et al., 2012, and citations therein): in par-
ticular, we used both abundance- (Chao1 and ACE) and
incidence-based estimators (Chao2 and ICE). Estimates of
species richness using these estimators were computed using
the EstimateS software v8.2.0 (Colwell, 1997). Results from
species data were compared by plotting randomised, cumu-
lative species richness estimates against number of samples.

We also measured the turnover diversity between sites (β

diversity; sensu Gray, 2000) and between regions (δ diver-
sity). Theβ diversity andδ diversity were measured using
the similarity percentage analysis (SIMPER) routine that is
included in the PRIMER v6.0+ software as the percentage
of the dissimilarity between sites and regions, respectively,
calculated from resemblance matrices based on Bray–Curtis
dissimilarity using presence/absence data.

The trophic composition of the nematode assemblages was
defined according to the Wieser classification (Wieser, 1953).
Nematodes were divided into four groups: no buccal cav-
ity or a fine tubular one-selective (bacterial) feeder (1A);
large but unarmed buccal cavity non-selective deposit feed-
ers (1B); buccal cavity with scraping tooth or teeth, epistrate
or epigrowth (diatom) feeders (2A); and buccal cavity with
large jaws, predators/omnivores (2B).

The index of trophic diversity (ITD) was calculated as the
1-ITD, where ITD =g2

1+g2
2+g2

n, g is the relative contribution
of each trophic group to the total number of individuals, and
n is the number of trophic groups (Heip et al., 1985; Gambi
et al., 2003). Forn = 4 (as in the present study), the 1-ITD
ranges from 0.00 to 0.75.

To determine the colonisation strategies of the nematodes,
the maturity index (MI) was calculated according to the
weighted mean of the individual genus scores, as6ν (i) f

(i), whereν is the colonisers-persisters (c-p) value of the
genusi, as given in the Appendix of Bongers and Bongers
(1998), andf (i) is the frequency of that genus.

2.3 Quantity and biochemical composition of sediment
organic matter

Chlorophyll a and phaeopigment analyses were carried out
according to methods reported in Pusceddu et al. (2009)
and Danovaro (2010). Total phytopigments were defined as
the sum of chlorophylla and phaeopigments (reported as
mg g DW−1; Thiel, 1978). The protein, carbohydrate and
lipid contents of the sediments were determined spectropho-
tometrically (Pusceddu et al., 2009, 2010a). A detailed de-
scription of the analysis of the sedimentary organic matter is
reported by Danovaro (2010). All of the analyses were per-
formed as three replicates, with about 1 g of surface sediment
(0–1 cm sediment depth) for each sample. The protein, car-
bohydrate and lipid sediment contents were converted into

carbon equivalents using the conversion factors 0.49, 0.40
and 0.75 mg C mg−1, respectively, and their sum was defined
as the biopolymeric organic carbon (Pusceddu et al., 2009,
2010a). The concentration of biopolymeric carbon (biopoly-
meric C) was chosen as indicator of the quantity of the sedi-
mentary organic matter.

2.4 Statistical analyses

The differences in the nematode diversity indices among the
regions were analysed using one-way analysis of variance
(ANOVA). The test used the regions (north-western, central
and eastern Mediterranean Sea) as the single sources of vari-
ance (withn = 3 fixed levels). The differences in the nema-
tode diversity indices among habitats were analysed sepa-
rately for each region, using one-way ANOVA and the sam-
pling sites as the single source of variation (withn = 4–7
fixed levels). To meet the ANOVA assumptions, before the
analyses, the homogeneity of variances was checked using
Cochran’s test on appropriately transformed data, whenever
necessary. After checking again the homogeneity of vari-
ances, for those data sets for which the transformation did not
allow obtaining homogeneous variances, a more conserva-
tive level of significance was considered (Underwood, 1991).
When significant differences were encountered, Student–
Newman–Keuls (SNK) post-hoc comparison tests were also
carried out (atα = 0.05) to determine the patterns of variabil-
ity among regions or habitats. The ANOVA and SNK tests
were carried out using GMAV software (WinGMAV5, Uni-
versity of Sidney, Australia).

Analysis of similarity was performed based on the
Bray–Curtis similarity matrices obtained after the pres-
ence/absence transformation of the data, to assess the differ-
ences in the compositions of the nematode assemblages be-
tween sites within the same habitat, between habitats within
the same region, and among regions. Analysis of similarity
was carried out using the analysis of similarity (ANOSIM)
routine included in the PRIMER v6.0+ software (Clarke and
Gorley, 2006).

To determine how potential trophic resources and local di-
versity explained the differences in regional diversity, non-
parametric multivariate multiple regression analyses were
carried out based on Bray–Curtis distances, using the rou-
tine distance-based linear model forward (DISTLM forward)
(McArdle and Anderson, 2001; Anderson, 2003). The for-
ward selection of the predictor variables was carried out with
tests by permutation;P values were obtained using 4999 per-
mutations of the raw data for the marginal tests (tests of in-
dividual variables), while for all of the conditional tests, the
routine used 4999 permutations of the residuals under a re-
duced model. We used the concentrations of the main sedi-
mentary organic matter compounds (phytopigment, protein,
carbohydrate and lipid) as indicators of the trophic resources
(Pusceddu et al., 2010a), and theα andβ diversities as the
components of the local biodiversity.

www.biogeosciences.net/10/5465/2013/ Biogeosciences, 10, 5465–5479, 2013
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Since the sampling stations were located in a water depth
range between ca. 600 and 1300 m, a distance-based mul-
tivariate analysis (DISTLM) was also performed to test the
statistical significance of the regression ofγ versusα andβ

diversity levels when the effect of water depth, treated as a
covariate, is excluded from the model (Anderson, 2001). The
results are reported in Appendix S1 of the Supplement.

3 Results

3.1 Nematode diversity for the different deep-sea
habitats of the Mediterranean Sea

The different indices of nematode biodiversity, calculated cu-
mulatively from the individuals retrieved from the pooled
replicates, are reported in Table 2: SR, ES(51), andH ′2.

The α diversity is expressed as SR within a single site,
and this varied from 11 to 81. However, the results of the
present study reveal significant differences between sites for
the SR and ES(51) only for the north-western Mediterranean
Sea (ANOVA,P < 0.05; Table 3). The post-hoc comparisons
reveal higher values for the Cap de Creus Canyon than for the
Lacaze-Duthiers Canyon and the northern and southern open
slopes (SNK,P < 0.05; Table 3).

Moreover, the results of the present study reveal very weak
or no differences in the nematodes’ functional diversity, ex-
pressed as 1-ITD, and in the nematodes colonisation strate-
gies, expressed as MI (Table 3). Indeed, the 1-ITD shows
no differences between different habitats in all the investi-
gated regions (ANOVA ns; Table 3) whereas the MI shows
significant differences among habitats in the eastern Mediter-
ranean Sea (ANOVA,P < 0.05; Table 3), with the highest
value reported from one of the bathyal plains (site A20; SNK,
P < 0.05; Table 3).

The patterns of the nematode species richness found for
each habitat (i.e. habitat species richness) are illustrated in
Fig. 2. Within both the western and the eastern Mediter-
ranean Sea, the overall habitat species richness in open
slopes, canyons, deep-water corals and the bathyal plains
have similar values. In the central Mediterranean sea, how-
ever, the nematode overall diversity for the bathyal plains is
lower than for the canyons and open slopes.

The averageβ diversity between the habitats within each
region is shown in Fig. 2. The SIMPER analysis reveals
that on average theβ diversity between the sampling sites
and habitats increased when moving from the north-western
Mediterranean (ca. 59 %) to the central Mediterranean (60–
90 %) to the eastern Mediterranean Sea (83–95 %; Table 4).
The ANOSIM analysis reveals significant differences in the
composition of the nematode species assemblages among the
deep-sea habitats and among the sampling sites belonging
to the same habitat in each investigated region (ANOSIM,
P < 0.05; Table 4).
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Fig. 2. Species richness of the nematodes in the different habitats
in each of the regions investigated, calculated as number of cumu-
lative species retrieved in each habitat. Meanβ diversity among the
habitats in each investigated region is also shown.

In each region, the species retrieved exclusively from a sin-
gle specific habitat represented cumulatively more than 50 %
of the total species (i.e.γ diversity) retrieved from the en-
tire region (Fig. 3), and the complete list of these exclusive
species for the north-western, central and eastern Mediter-
ranean Sea is reported in Appendix S2 of the Supplement.
In all the investigated regions, the exclusive species in dif-
ferent habitats can be dominant (up to 6.76 %, each, in the
coral rubble, in the central Mediterranean) or rare. In par-
ticular we found that (i) in the western Mediterranean, the
exclusive species accounted, each, for 0.16–1.13 and 0.17–
1.03 % of the entire assemblages, in canyon and slope, re-
spectively; (ii) in the central Mediterranean, the exclusive
species accounted, each, for 0.21–2.48, 0.30–1.81, 0.40–4.86
and 0.24–6.76 %, in canyon, open slope, bathyal plain and
coral rubble, respectively; and (iii) in the eastern Mediter-
ranean, the exclusive species accounted, each, for 0.81–
14.52, 0.76–9.92 and 0.57–8.06 %, in canyon, open slope and
bathyal plain, respectively.

3.2 Regional and macro-regional deep-sea nematode
diversity for the Mediterranean Sea

The one-way ANOVA reveals that, on average, all of the di-
versity indices were significantly higher for the western and
central Mediterranean than for the eastern Mediterranean Sea
(Table 3, Fig. 4a, b), while the species evenness (the Pielou’s
index) shows the highest values for the eastern Mediter-
ranean Sea (Fig. 4c). Significant differences are also seen
in terms of the functional (trophic) diversity and life strat-
egy among these three regions (Table 3). However, these two
variables showed opposite patterns, with the highest values
of trophic diversity for the north-western Mediterranean, and
highest values of the maturity index for the eastern Mediter-
ranean Sea (ANOVA,P < 0.05; Fig. 4d). Comparing these
different deep-sea habitats, the maturity index shows the
highest values along the bathyal plain (Table 2).

Despite, the generally lowα diversity, there is highβ di-
versity both between the different sites belonging to the same
habitat, and between the different habitats (Fig. 5a). Such
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open slope
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Fig. 3. Pie charts showing the relative importance of the exclusive
species (as percentage of exclusive species on the total number of
species retrieved in the region) in each of the habitats investigated,
along with the species in common to all of these habitats in the
north-western, central and eastern Mediterranean regions.

high values are responsible for the highγ diversity (i.e. re-
gional diversity; Fig. 5b), which shows the highest values
(210 species) in the central Mediterranean and the lowest
(120 species) in the eastern Mediterranean Sea, as illustrated
in Fig. 6. Even when theγ and ε diversities were calcu-
lated by means of estimators (Chao1 and Chao2), the same
patterns were observed, with the highest level recorded in
the central Mediterranean Sea. Plots of randomised, cumu-
lative Chao2 estimates against number of samples show that
species curves for all the investigated regions (except for the
eastern Mediterranean Sea), and for regions combined, ap-
proached an asymptote (Fig. 7).
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5472 S. Bianchelli et al.: Nematode diversity patterns at different spatial scales

The turnover of nematode species among the different re-
gions (theδ diversity) is always> 80 %, with the largest dif-
ference (89 %) in species compositions between the central
and eastern Mediterranean Sea, and lowest (81 %) between
the north-western and the central Mediterranean Sea. The
resulting overall species richness (ε diversity) of the deep
Mediterranean Sea at 600–1000 m depth was 280 species
(Fig. 6).

Concentrations of all sedimentary organic matter com-
pounds are reported in the Appendix S3 (Supplement). The
results of the multivariate multiple regression analyses (DIS-
TLM forward) carried out using the sedimentary organic
matter compounds (phytopigment, protein, carbohydrate and
lipid concentration) and theα diversity andβ diversity show
that most of the variance seen for the regional diversity can
be significantly explained by theα diversity andβ diversity
(28 and 33 %, respectively; Table 6).

4 Discussion

The present study allowed for the first time to analyse the
patterns ofα, γ andε diversities, turnoverβ andδ diversi-
ties and functional diversity patterns of deep-sea nematodes
across the Mediterranean Sea, comparing different kinds of
habitats, at different spatial scales. In previous studies, in-
deed, investigations on deep-sea nematode diversity at dif-
ferent spatial scales were conducted at genus level (Vanreusel
et al., 2010), compared typically not more than two habitats
(i.e. canyons vs. slope, Danovaro et al., 2009; coral rubble
vs. open slope; Bongiorni et al., 2010) or took into account
only few components of diversity (e.g. structural diversity;
Danovaro et al., 2010).

4.1 Theα diversity and β diversity of nematodes in the
deep Mediterranean Sea

The data from the present study indicate that three main
features characterise theα biodiversity in the sediments of
the Mediterranean Sea at a bathymetric range comprised be-
tween ca. 600 and 1300 m: (i) low diversity values (com-
pared to north-eastern Atlantic or south-western Pacific
Ocean deep-sea sediments; Danovaro et al., 2009; Leduc et
al., 2012), either expressed as species richness or expected
species number; (ii) very limited differences in biodiversity
within each sampling site or habitat, expressed either in terms
of the species richness or ES(51); and (iii) minor differences
among habitats within the same region. One single main ex-
ception was the north-western Mediterranean Sea, where the
sediments of the Cap de Creus Canyon displayed a signif-
icantly higher level ofα diversity than the adjacent open
slope. However, this can be considered an exception that is
related to the specific environmental characteristics of this
active and dynamic canyon (Canals et al., 2006; Lastras et
al., 2007).
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Fig. 4.α diversity in the different deep Mediterranean Sea regions:
(A) Nematode SR;(B) ES(51);(C) species evenness J (the Pielou
index,);(D) maturity index. Black diamonds, mean data (±SE) for
the individual regions investigated: the north-western (ca. 5◦ lon-
gitude), central (ca. 20◦ longitude) and eastern (ca. 27◦ longitude)
Mediterranean regions.

Conversely to our results, previous studies conducted in
other oceanic regions (e.g. the Portuguese margin, north-
eastern Atlantic Ocean) find relevant differences in theα di-
versity between sampling sites (Garcı́a et al., 2007; Ingels
et al., 2009). This finding suggests that in the Mediterranean
Sea, whatever the habitat and region considered, the level of

Biogeosciences, 10, 5465–5479, 2013 www.biogeosciences.net/10/5465/2013/



S. Bianchelli et al.: Nematode diversity patterns at different spatial scales 5473

Table 4. Results of SIMPER and ANOSIM analyses for the dissimilarities in the nematode species compositions between the different
deep-sea habitats and sampling sites in all the regions investigated in the present study.

SIMPER % ANOSIM
Dissimilarity P

North-western Mediterranean Canyon vs. open slope 58.7 ∗

Cap de Creus vs. Lacaze-Duthiers Canyon 59.3 ∗

Northern vs. Southern open slope 59.4 ∗

Central Mediterranean Canyon vs. open slope 76.9 ∗∗

Canyon vs. coral rubble 86.0 ∗∗

Canyon vs. bathyal plain 78.2 ∗∗

Open slope vs. coral rubble 87.1 ∗∗

Open slope vs. bathyal plain 86.7 ∗∗∗

Coral rubble vs. bathyal plain 84.3 ∗∗

B vs. C canyon 59.9 ns
Northern vs. Southern open slope 90.1 ∗∗∗

Northern vs. Southern coral rubble 79.0 ∗∗

Eastern Mediterranean Canyon vs. open slope 83.3 ∗∗∗

Canyon vs. bathyal plain 92.8 ∗∗∗

Open slope vs. bathyal plain 93.1 ∗∗∗

Western vs. Eastern open slope 95.0 ∗∗∗

A13 vs. A14 vs. A17 vs. A20 bathyal plain 88.0 ∗∗∗

∗∗∗P < 0.001; ∗∗P < 0.01; ∗P < 0.05; ns: not significant.

Table 5. Number of sites, samples, individuals and species identified in the western, central and eastern Mediterranean and overall in the
Mediterranean Sea. Chao1 and ACE are abundance-based estimators; Chao2 and ICE are incident-based estimators.

Western Central Eastern Mediterranean
Mediterranean Mediterranean Mediterranean Sea

N. sampling sites 4 7 7 18
N. samples 12 21 21 54
N. individuals identified 1202 814 558 2574
Recorded species richness 124 210 120 280
Chao 1 142 296 147 343
Chao 2 153 301 169 359
ACE 148 271 147 330
ICE 164 300 149 353

α diversity is generally very low, especially in the eastern
Mediterranean Sea.

The present study also shows that whichever index is
considered (species richness or expected species number),
the nematode species diversity decreases significantly when
moving eastwards, thus suggesting that the patterns observed
are independent of the number of sampling sites within each
region. However, the evenness (the Pielou’s index) shows
opposite patterns, with the highest values observed in the
eastern Mediterranean Sea. Previous studies that were con-
ducted from the deep north-eastern Atlantic to the central
and eastern Mediterranean Sea have revealed that the ne-
matode species richness decreases eastwards (Danovaro et
al., 2008b, 2009a, b; Vanreusel et al., 2010). Although these

investigations were conducted at greater water depths (i.e.
3000–4000 m; Danovaro et al., 2008b), our results here in-
dicate that such a decreasing longitudinal pattern in the ne-
matodeα diversity is a particular feature of the whole deep
Mediterranean Sea also along the continental margin.

In previous studies several factors have been invoked to ex-
plain patterns in benthic biodiversity in deep-sea systems, in-
cluding the quantity and availability of trophic resources, the
hydrodynamic conditions, and topographic features (Garcı́a
et al., 2007; Danovaro et al., 2009a; Bianchelli et al., 2010).
As the deep-sea sediments of the Mediterranean Sea are char-
acterised by very low organic matter concentrations (Garcı́a
et al., 2008; Pusceddu et al., 2009), and as the sites in-
vestigated generally have very low amounts of bioavailable
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organic matter (Pusceddu et al., 2010b; Dell’Anno et al.,
2012), the results of this study would confirm that the low
α diversity of the deep Mediterranean Sea is primarily the
result of the scarcity of available food resources (Danovaro
et al., 2009a). This is consistent with the high meiofaunal
abundance andα diversity of the Cap de Creus Canyon at
1000 m water depth, which is characterised by favourable
trophic and environmental conditions that have probably pro-
moted colonisation by a higher number of nematode species
(Canals et al., 2006; Pusceddu et al., 2010b).

Conversely, the comparison of theα diversity at larger spa-
tial scales (i.e. amongst basins, instead of among habitats or
sites), shows the presence of clear differences between the
sites of the western, central and eastern Mediterranean Sea,
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with theα diversity in the western Mediterranean up to eight-
fold higher than in the eastern Mediterranean Sea (Fig. 5).
These differences may be related to the decreasing gradient
of food availability from the western to the eastern basin.

Conversely to what is seen for theα diversity, the turnover
(β) diversity both between the sites and habitats is con-
sistently very high, ranging from 59 (in the north-western
Mediterranean Sea) to 93 % (in the eastern Mediterranean
Sea). These data indicate the presence of major differences
in the compositions of the nematode species assemblages
when either comparing different deep-sea sites belonging to
the same habitat, or between different habitats. These data
are consistent with recent observations on specific deep-sea
habitats, such as seamounts or coral banks versus the adja-
cent bathyal plains or open slopes (Pusceddu et al., 2009,
2010b, 2013; Bongiorni et al., 2010). However, while high
β diversity is expected when we compare deep-sea hot spots
of biodiversity with the surrounding sediments (i.e. follow-
ing the concept of different species in different habitats), our
data suggest that high levels ofβ diversity can be ranked as a
rule in the deep-sea sediments of the Mediterranean Sea. This
has important implications, because an averageβ diversity of
80 % based on the presence/absence matrix means that when
comparing two samples, eight out of ten of the species in one
sample will be absent in the second sample, leading to much
higher species richness at larger spatial scales. In addition,
a high fraction of the species are exclusively found in each
habitat investigated. The canyons of the western Mediter-
ranean have the highest levels of exclusive species (ca. 30 %),
although the deep-water corals in the central Mediterranean
also have higher percentages of exclusive species than the
canyons, open slopes and bathyal plains (20, 17, 13 and 10 %,
respectively). In the eastern Mediterranean, the bathyal plain
had a higher percentage of exclusive species than the open
slope and canyon (34, 23 and 17 %, respectively).

Overall, our findings related toβ diversity and the per-
centage of exclusive species may be affected by the temporal
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Table 6.Multivariate multiple regression analysis carried out on theγ diversity.∗∗P < 0.01; ∗P < 0.05; ns: not significant.

(A) Conditional test

Variable SS F P Explained Cumulative
variance (%) explained

variance (%)

β diversity 995.33 12.43 ∗∗ 32.52 32.52
α diversity 864.23 6.30 ∗ 28.24 60.76
Phytopigment 156.98 2.08 ns 5.13 65.89
Lipid 61.56 0.76 ns 2.01 67.90
Carbohydrate 102.70 1.37 ns 3.36 71.26
Protein 57.62 0.75 ns 1.88 73.14

(B) Marginal test

Variable SS F P prop

Phytopigment 2.77 0.01 0.9032 0.001
Protein 37.62 0.20 0.6657 0.012
Carbohydrate 339.95 2.00 0.1742 0.111
Lipid 1.60 0.01 0.9456 0.001
α diversity 864.23 6.30 0.0242 0.282
β diversity 22.47 0.12 0.7532 0.007

(C) Correlations among variables

Phytopigment Protein Carbohydrate Lipidα diversity β diversity

Phytopigment 1.0000
Protein 0.4028 1.0000
Carbohydrate 0.3445 0.6099 1.0000
Lipid 0.5240 0.6340 0.2619 1.0000
α diversity 0.0725 0.5703 0.0466 0.4561 1.0000
β diversity −0.2118 −0.7188 −4620.0000 −0.4860 −0.6538 1.0000

shift occurred between the collection of samples from dif-
ferent regions (from 1989 to 2006, Table 1; Steiner and Lei-
bold, 2004; Pusceddu et al., 2013). Indeed, temporal vari-
ability – even at intra-annual scale - has been recognised as
a major driver influencing the deep-sea benthic biodiversity
(Pusceddu et al., 2013, and citations therein). However, it is
worthy of notice that in the present study, only samples from
the bathyal plain in the central and eastern Mediterranean Sea
were collected in 1998 and 1989, respectively, and that even
excluding such sites/times the average levels ofβ (among
sites) andδ (among regions) diversities remain almost the
same, i.e. higher than 80 % between sites both in the cen-
tral and eastern Mediterranean, and between the two regions
(Appendix S4, Supplementary Information). This suggests
that each Mediterranean region is characterised by high lev-
els ofβ diversity among habitats, resulting in high levels of
regionalγ andδ diversities between regions.

Altogether, the data obtained in the present study are sup-
portive of the hypothesis that different habitats, such as deep

canyons, open slopes, basins and deep-water corals, host par-
ticular assemblages, and that the higher the number of habi-
tats in a region the higher is the number of exclusive (and po-
tentially endemic) species. Given the lowα diversity, it is the
high β diversity (both between different sites and habitats)
that is the main driver of the highγ diversity at the regional
level. This is observed in all of the three regions investi-
gated here, although it is less evident in the western Mediter-
ranean Sea, which has the highestα diversity. Conversely, the
central-eastern Mediterranean Sea has a much higherβ di-
versity, and this can explain why the ultra-oligotrophic east-
ern Mediterranean Sea shows aγ diversity that is identical to
that of the much richer western Mediterranean, while that of
the central Mediterranean Sea is the highest of theγ diversi-
ties.

4.2 Functional diversity across deep-sea habitats

Analysis of the functional traits and diversities is essen-
tial to better understand the effects of species richness

www.biogeosciences.net/10/5465/2013/ Biogeosciences, 10, 5465–5479, 2013
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and composition on the functioning of deep-sea ecosystems
(Danovaro et al., 2008b).

In order to compare the investigated regions and habitats
within each region in terms of functional diversity, we anal-
ysed the changes in the trophic diversity, recognised as a sim-
ple indicator of the functional diversity.

The analysis of variance shows limited differences among
the sites and habitats within a given region, although there is
a clear decrease in the functional diversity moving from the
western to the eastern Mediterranean Sea. A skewed trophic
diversity in the eastern Mediterranean might be the result
of the lower amounts of food sources and/or of the domi-
nance of specific trophic groups. Indeed, an in-depth anal-
ysis also revealed the presence of a decreasing gradient in
the relative abundance of predators when moving from the
western Mediterranean to the eastern Mediterranean Sea (see
Appendix S5, Supplement). A higher abundance of predators
can be explained by the larger availability of prey, as evident
from a comparison of the samples coming from the western
Mediterranean versus the eastern Mediterranean Sea.

The analysis of the life strategies of the nematode assem-
blages in these three regions shows the highest values of the
maturity index in the eastern Mediterranean, which suggests
that this region is colonised by a larger fraction of persistent
(K strategists) species. The presence of low functional diver-
sity levels in the eastern Mediterranean coupled with an high
fraction of persistent species deserves further investigation,
to explore potential links between the nematode structural,
functional diversity and their life strategies. Indeed, mov-
ing from the western to the eastern Mediterranean Sea, we
observed a decreasing gradient in both structural and func-
tional diversity, and an opposite pattern in turnover diversity
between regions/habitats, assemblages equitability (Pielou’s
index), percentage of exclusive species in each habitat and
fraction of persistent species (maturity index). This suggests
that the deep western Mediterranean Sea is inhabited by a
higher number of functionally diverse but opportunistic ne-
matode species, a lower percentage of exclusive species in
each habitat and a lower rate of species substitution among
habitats.

4.3 The nematodeγ diversity, δ diversity and
ε diversity in the deep Mediterranean Sea

The Mediterranean Basin is considered as a hot spot of
biodiversity with a uniquely high percentage of endemic
species (Danovaro et al., 2010). However, this information
is almost completely confined to coastal ecosystems, while
data on deep-sea assemblages are still limited. Indeed, the
deep Mediterranean Sea has been considered for decades
as diversity-depleted (Danovaro et al., 2010 and citations
therein).

The results of the present study confirmed that, in the
Mediterranean deep sea, the high levels ofβ diversity are
responsible for unexpected high levels ofγ diversity, even if

α diversity is low. Conversely to our results, previous studies
reported that whilst deep-sea nematode diversity may be very
high at the local scale, diversity at the regional scale may re-
sult relatively limited (Lambshead and Boucher, 2003; Leduc
et al., 2012, and citations therein). Moreover, these stud-
ies suggested that low levels of regional diversity in deep-
sea environments (despite the greater local diversity) may
be related to the lack of dispersal barriers and/or relatively
low macro-habitat heterogeneity (Lambshead and Boucher,
2003; Leduc et al., 2012).

The number of species recorded during the present study
from the different Mediterranean Sea regions (north-western,
central and eastern) appears to be relatively high. Though
comparisons with other deep-sea regions result difficult (due
to different bathymetric ranges and sampling efforts; Leduc
et al., 2012), the biodiversity levels found in the investigated
Mediterranean deep-sea regions result similar to those re-
trieved in other deep-sea regions, as in the north-eastern At-
lantic Ocean (Portuguese margin, Danovaro et al., 2009) or in
Polar regions (Gallucci et al., 2008; Fonseca and Soltwedel,
2009). Conversely, the number of species recorded in the
Mediterranean regions were lower than the regions in the
south-western Pacific Ocean (Leduc et al., 2012), but this
difference probably reflects differences in water depth range,
sediment depth or the utilised methods (e.g. the mesh size,
Leduc et al., 2010).

The total number of species retrieved from the central
Mediterranean region (210 species) was higher than that in
the western and eastern Mediterranean. Despite that such dif-
ference could be imputable to the higher number of investi-
gated habitats in the central Mediterranean, it is worth noting
that such pattern was consistent regardless of the biodiversity
index (total number of species, ES(51)) or species richness
estimator (Chao1, Chao2) used.

We also reported significant differences in nematode
species composition between the different deep-sea Mediter-
ranean regions. Such differences are highlighted by theδ di-
versity which was always> 80 %. This suggests that each
deep-sea region is characterised by a specific nematode as-
semblage and species composition, thus letting us hypothe-
sising a high habitat heterogeneity, possibly related to low
dispersal potential (Leduc et al., 2012).

Several studies have shown that both physico-chemical
variables and trophic resources (i.e. temperature, bottom
salinity, grain size, and a combination of phytopigments,
protein and biopolymeric C concentration) can have key
roles in the structuring of the deep-sea nematode biodiversity
(Danovaro et al., 2009a; Bongiorni et al., 2010; Danovaro et
al., 2013). Indeed, highδ diversity amongst different oceanic
regions (e.g. the Mediterranean Sea vs. the Atlantic Ocean;
Danovaro et al., 2009) is expected, due to the significant dif-
ferences in deep-water temperatures (ca. 10◦C warmer in
the Mediterranean Sea at 1000 m in depth) and trophic con-
ditions (Danovaro et al., 2009a). Conversely, for the west-
ern, central and eastern Mediterranean deep basins, such
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high δ diversity cannot be explained only by differences in
temperature, which are typically close to 0.1–3.0◦C, or in
trophic resources (Danovaro et al., 2010). Indeed, the mul-
tivariate, multiple regression analyses indicate that the ob-
served variability in regional diversity was mostly driven by
different components of local diversity (i.e.α andβ diver-
sities), rather than environmental variables. The significant
regression ofγ versusα andβ diversities remains statisti-
cally significant also when the effect of water depth, treated
as a covariate, is excluded from the model (Appendix S1 of
the Supplement).

Moreover, it is worthy of notice that a fraction of vari-
ance remains unexplained (ca. 20 %), which leaves unsolved
what other factors – not included in this study – could ex-
plain regarding the remaining fraction of observed variability
in regional diversity. In this regard, it is remarkable that the
Mediterranean Sea is characterised by an extremely complex
geological history, which led to the identification of ten bio-
geographic regions (Bianchi and Morri, 2000). As the three
regions here have been characterised by different evolution-
ary histories in relation to the Messinian crisis, the role of the
different geological histories and events that characterised
the sea-floor at 600–1000 m depth over the last 5 million
years might be another key factor in such different species
composition amongst these different basins.

As a result of the large differences in the species composi-
tion of the nematode assemblages observed among the north-
western, central and eastern Mediterranean regions, the over-
all species richness (ε diversity) of the deep Mediterranean
Sea (280 species at 600–1000 m depth) is very high.

The data from the present study indicate that the differ-
ences inβ diversity andδ diversity are even more important
than those in theα diversity for a better comprehension of the
drivers of biodiversity in the deep Mediterranean Sea. These
data also allow us to conclude that the presence of different
types of habitats and gradients in environmental conditions,
together with the other factors listed above and uncontrolled
in our study, may also be crucial players controlling the ne-
matode diversity levels.

Supplementary material related to this article is
available online at:http://www.biogeosciences.net/10/
5465/2013/bg-10-5465-2013-supplement.pdf.
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