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Abstract
Nematodes represent the most abundant benthic metazoan of all seas and oceans, and their relative importance increases 
with increasing water depth. Understanding the biodiversity patterns of this dominant phylum could be a critical step 
towards our comprehension of the evolutionary patterns across the largest biome of the biosphere. For instance, it has been 
assumed for a long time that nematodes are ubiquitous across depths, latitudes and biogeographic regions, but there is still 
little scientific evidence for this lack of endemism. The present study is based on a meta-analysis of nematode biodiversity 
data collected from 246 deep-sea sites of the Atlantic Ocean and Mediterranean Sea. We explored the cosmopolitanism, 
rareness and potential endemism of nematode genera in deep-sea sediments. The results of this analysis indicate that only 
one-third of nematode families are widely distributed and could potentially be cosmopolitan, whereas 94% of the nematode 
genera are linked to specific habitats or bathymetric ranges. Singleton nematode genera (i.e. genera presenting as a single 
individual only in one specific habitat) increased in importance with increasing water depth. We conclude that rareness and 
endemism may be a far more common feature than previously thought in deep-sea nematode assemblages and hypothesise 
that the deep ocean interior could be a huge reservoir of endemic nematode species.
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Introduction

The deep sea covers nearly 95% of the world ocean 
seafloor and of the oceans’ volume (Danovaro et al. 
2020). The deep seafloor (> 200 m depth), the 
largest biome of the biosphere with ca 350 million 
of km2 (vs ca 150 million of km2 of terrestrial sys
tems), is likely to host a substantial proportion of the 
oceans’ and Earth’s biodiversity (Costello & 
Chaudhary 2017). Nematodes represent the most 
abundant metazoan phylum in deep-sea sediments, 
comprising typically >90% of all benthic meiofauna 
(Appeltans et al. 2012; Danovaro et al. 2014). They 
are considered important indicators of habitat het
erogeneity in marine environments since they are 
common, numerous and speciose, and in close con
tact with seafloor-related processes (Miljutin et al. 
2010; Vanreusel et al. 2010). Amongst meiofaunal 

organisms, nematodes are expected to have a high 
species richness, with an estimated ca 50,000 to 
>100,000 species (based on expert evaluation; 
Appeltans et al. 2012) and 86% of the existing spe
cies remaining to be discovered. Moreover, it has 
been estimated that field surveys have so far 
described only 6–56% of the nematode diversity 
present (Lee et al. 2017).

We also lack an accurate analysis of the nematode 
species diversity and phylogeographic patterns, and 
this makes it difficult to provide accurate estimates 
of the global nematode diversity. Many deep-sea 
genera are widespread and hypothesised to be cos
mopolitan in their occurrence (Coomans 2000; 
Bhadury et al. 2008; Derycke et al. 2008; Bik et al. 
2010), which is surprising given that benthic meio
faunal organisms typically do not have planktonic 
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larval stages (Bhadury et al. 2008). On one hand, 
the small size and the low potential mobility should 
limit the dispersal abilities of the nematodes (Giere 
2009), but on the other hand these animals can be 
resuspended in the water column and potentially 
transported over wide spatial scales, as evidenced 
by their recovery from sediment traps located more 
than 500 m above the seafloor (Danovaro et al. 
2017).

The limited information on nematode species dis
tribution over large spatial scales makes it difficult to 
ascertain whether deep-sea nematodes possess large 
or limited dispersal capabilities (Guilini et al. 2011). 
As a result, we currently do not understand what 
proportion of the deep-sea nematode species is cos
mopolitan, or rare, or endemic to a specific habitat 
(e.g. hydrothermal vents, anoxic zones, cold 
seeps, etc.).

Although we have now censused ca 15,000 free- 
living marine nematode species (Costello & 
Chaudhary 2017), it has been hypothesised that 
this phylum is hyper-diverse or constituted only by 
a relatively limited number of cosmopolitan genera/ 
species (Miljutin et al. 2010). We do not even know 
if deep-sea species originally represented invasions 
from shallower habitats or developed “endemic” 
lineages that over time expanded at shallower depths 
(Bik et al. 2010).

The present study is based on a meta-analysis 
of the biodiversity of deep-sea nematodes in 
a wide range of biogeographic regions and lati
tudes and over a wide range of water depths. 
The study aims to elucidate the biogeographic 
and bathymetric patterns of deep-sea nematode 
families/genera to identify the cosmopolitan gen
era, and those that are abundant, rare, or endemic 
to specific habitats. This information is crucially 
important for quantifying the global nematode 
biodiversity and thus the global metazoan 
biodiversity.

Material and methods

We report here the results of a large data set pro
duced from the analysis of 82 deep-sea sites. We 
compiled an inventory of 246 data sets of nematode 
biodiversity (identified to the genus level) spanning 
from the Atlantic Ocean to the Mediterranean Sea 
(Figure 1). Our database covers latitudes from 34 to 
57°N and depths from approximately 200 m to 
more than 4700 m (information for each data set is 
provided in Table S1).

Sampling was carried out in the north and cen
tral Atlantic Ocean (31 sites), and the western, 
central and eastern Mediterranean Sea (51 sites). 

The investigated areas included only open-ocean 
sites, continental-margin systems and specific hot
spot ecosystems (i.e. deep-water coral sites, can
yons and slopes). The sampling design and 
techniques were consistent across areas. Sediment 
samples were collected from all areas at standard 
water depths, along the main axis of the canyons 
and the adjacent open slopes at standard depths (i.
e. 200, 500, 1000, 2000, 3000, 4000 and 5000 m 
depth, according to the bottom depths of each 
region; Danovaro et al. 2009a, 2009b, Bongiorni 
et al. 2010; Gambi & Danovaro 2016). Overall, 
~32% of the sampling sites were located at depths 
from 200 to 500 m, ~33% from 501 to 1000 m, 
~21% from 1001 to 2000 m, ~21% from 2001 to 
3000 m, ~9% from 3001 to 4000 m and ~6% at 
>4001 m. Sediment samples were collected using 
a multiple corer and/or a NIOZ-type box corer, 
which allows the recovery of virtually undisturbed 
sediment samples. The two sampling devices 
proved to be equivalent in the sampling of biotic 
variables (Danovaro et al. 1998). At all sampling 
stations, 3–5 sediment cores (internal diameter 
3.6 cm) from the independent deployments (when
ever possible) were analysed for nematode diversity 
(0 to 1 cm).

All collected samples are methodologically homo
geneous and consistent, as nematode genera and 
families were obtained using the same standardised 
protocols (Danovaro et al. 2009a), taxonomic 
experts and references (Danovaro et al. 2009a, 
2009b, Bongiorni et al. 2010; Gambi & Danovaro 
2016).

Benthic biodiversity

For meiofaunal extraction, sediment samples were 
sieved through 1000 μm mesh, and a 20 μm mesh 
was used to retain the smallest organisms. The frac
tion remaining on the latter sieve was resuspended 
and centrifuged 3 times with Ludox HS40 silica 
(density 1.31 g cm−3) according to Heip et al. 
(1985). All meiobenthic animals were counted 
under a stereomicroscope and classified per higher 
taxon after staining with Rose Bengal (0.5 g L−1). 
All animals except for nematodes were identified to 
higher taxon, and these data are reported elsewhere 
(Danovaro et al. 2009a, 2009b; Bongiorni et al. 
2010; Gambi & Danovaro 2016). All the nematodes 
were identified to the family and genus level, accord
ing to Platt and Warwick (1983, 1988), Warwick 
et al. (1998) and all genera were compared to the 
NeMys database to ensure consistency (Nemys 
2022). Because most indices of species diversity 
are sample-size dependent, the rarefaction method 
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was applied so that all samples could be reduced to 
the same size, with EG(100) as the expected num
ber of genera in a hypothetical random sample of 
100 individuals. Previous studies have shown that 
this approach enables the provision of robust data 
on species richness in the deep sea and the expected 
species number is the best density-independent 
index for the comparison of areas with a no 
standardised sampling size and effort (Danovaro 
et al. 2009a).

Statistical analyses

To assess separately the differences in nematode com
position among sampling regions and habitats at similar 
depth intervals (500, 1000 and 2000 m) we employed 
two-way distance-based permutational analysis of var
iance (PERMANOVA) using unrestricted permuta
tions of the raw data. The analyses were carried out 
using region (north and central Atlantic; western, cen
tral and eastern Mediterranean) and habitat (slope, 
canyon and deep-water corals) fixed levels as the main 
sources of variance and on Bray–Curtis similarity 

matrices of square-root-transformed data using 999 per
mutations of the residuals under a reduced model. For 
data obtained from samples collected at 3000 and 
>4000 m depth intervals, we employed one-way dis
tance-based permutational analyses of variance using 
unrestricted permutations of the raw data. The analyses 
were carried out using region (north and central 
Atlantic and eastern Mediterranean) fixed level as the 
main source of variance and on Bray–Curtis similarity 
matrices of square-root-transformed data using 999 per
mutations of the residuals under a reduced model.

For PERMANOVA tests indicating significant 
differences among regions and habitats, pairwise 
tests were also carried out. Because of the restricted 
number of unique permutations in the pairwise 
tests, p values were obtained from Monte Carlo 
samplings (Anderson & Robinson 2003).

SIMPER analyses were performed to assess the 
percentage of dissimilarity in the nematode commu
nity composition among regions and habitats at 
similar depth intervals. A ranked matrix of Bray– 
Curtis similarities, constructed on previously 
square-root-transformed data, was used as input 

Figure 1. Sampling areas along the European margins. Overall, 246 sites (depth range: 200–4700 m) were sampled along 12 open slopes, 
nine canyons (Whittard, Cascais, Nazarè, Cap de Creus/Sete, Lacaze-Duthiers, two in the South Adriatic and one in Cretan margin) and 
one deep-water coral bank.

Cosmopolitism, rareness and endemism in deep-sea marine nematodes 655



for the SIMPER tests. The nematode community 
composition among regions and habitats at similar 
depth intervals was also used as inputs for the shade 
plots.

The similarity matrix of nematode composition, 
based on the Bray–Curtis similarity, was applied to 
produce a non-metric multidimensional scaling two- 
dimensional plot (MDS) for each depth intervals. 
The PERMANOVA, SIMPER and MDS analyses 
and shade plots were carried out using the routines 
included in the PRIMER v. 7 and PERMANOVA 
software (Clarke & Gorley 2015; Anderson 2017).

Results

Overall, in the present study we elaborated the data 
from ca 19,000 nematodes, belonging to 41 families 
and 199 genera. In the Atlantic Ocean, 38 families were 
reported; among them, Xyalidae, Chromadoridae, 
Cyatholaimidae and Comesomatidae were the most 
abundant, with 19, 17, 12 and 10 genera, respectively 

(Figure 2a). In the Mediterranean Sea, 36 families were 
identified; among them, Comesomatidae, Xyalidae, 
Cyatholaimidae and Chromadoridae were charac
terised by the presence of more than 10 genera (14, 
14, 12 and 11 genera, respectively, Figure 2b). In both 
macro-regions, some nematode families were present 
with a single genus while others were completely absent 
(Haliplectidae, Pandolaimidae and Siphonolaimidae 
for the Atlantic Ocean and Camacolaimidae, 
Epsilonematidae, Monoposthiidae, Peresianidae and 
Tripyloididae for the Mediterranean Sea).

The PERMANOVA analyses reveal that nematode 
genus composition changed significantly among 
regions at all selected depths (Table I). In detail, 
changes in nematode genus composition occurred 
between slopes and canyons in both the Atlantic 
Ocean and the Mediterranean Sea, between 
slopes and deep-water corals in the Rockall bank 
and between slopes and canyons in the Catalan mar
gin at 500 m (Table I). At 1000 m depth nematode 
genus composition changed significantly in the 
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Figure 2. List of all nematode families identified in (a) the Atlantic Ocean and (b) the Mediterranean Sea. The number of genera 
belonging to each family is also reported. 
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Atlantic Ocean and in the Mediterranean Sea among 
the slope habitats, while for canyons differences 
occurred between regions (Atlantic vs Mediterr- 
anean) but not among the western, central, and east
ern basin within the Mediterranean Sea. Nematode 
genus composition changed between canyon and 
slope in the North Atlantic, and in the western and 
eastern Mediterranean. At 2000 m depth, nematode 
composition changed significantly between regions 
and within each region for both slope and canyon 
habitats, while at the deepest sites (3000 and 
4000 m), the nematode genus composition changed 
significantly among regions both in the Atlantic Ocean 
and in the Mediterranean Sea (Table I).

The output of the MDS analyses revealed that 
nematode genus composition clustered in different 
regions and habitats both in the Atlantic Ocean and 
in the Mediterranean Sea, at all selected depth inter
vals (Figure 3).

The expected genus number [EG(100)] ranged 
from 23 (canyons of the Portuguese margin) to 37 
(slope of the South Adriatic margin) at 500 m depth, 

from 23 (canyons of the Portuguese margin) to 36 
(canyon of Bay of Biscay) at 1000 m depth, from 16 
(slope and canyon of the Cretan margin) to 29 
(Catalan margin) at 2000 m depth, from 14 (canyon 
of the Cretan margin) to 27 (slope of the Bay of 
Biscay) at 3000 m depth, and from 21 (canyon of 
the Cretan margin) to 33 (slope of the Bay of 
Biscay) at >4000 m depth (Figure 4).

The results of the SIMPER analyses revealed that 
the genus turnover was generally higher than 50% 
comparing different regions within the same habitat 
(canyon vs slope) and different habitats (deep-water 
corals, canyons, and slopes) within the same region 
(Table II). The genus turnover was 58–78% at 
500 m depth, 48–76% at 1000 m depth, 55–85% 
at 2000 m depth, 59–89% at 3000 m depth and 
65% at more than 4000 m depth.

The shade plots (Figures 5 and 6) provide an 
image of the abundance of overall nematode genera 
composition in each habitat and region at the differ
ent depth intervals, suggesting the different patterns 
of genus abundance and spatial distribution.

Figure 3. Multidimensional scaling analysis carried out on the genus composition of nematodes collected in the six European margins and 
different habitats (slope, canyon and deep-water corals) at different depth intervals: 500, 1000, 2000, 3000 and >4000 m. 
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Discussion

A cosmopolitan distribution has been proposed for 
some meiofaunal taxa (e.g. free-living marine nema
todes), for which a transoceanic distribution has 
been observed. Our results support this hypothesis, 
as deep-sea environments provide relatively limited 
barriers to dispersal (van der Heijden et al. 2012). 
The large connectivity among macro-regions is 
invoked to explain the nematode cosmopolitanism 
(Strugnell et al. 2008; Bik et al. 2010; van der 
Heijden et al. 2012).

In contrast to previous large-scale analyses of 
deep-sea nematode biodiversity (Miljutin et al. 
2010; Vanreusel et al. 2010), our study reveals that 
only 12 of the 41 families identified and 12 of the 
199 genera identified showed a wide distribution in 
all investigated regions from the Atlantic Ocean to 
the Mediterranean. These results indicate that only 
ca 6% of nematode genera in deep-sea sediments 
show a high dispersal ability and a widespread dis
tribution (Tietjen 1989; Bik et al. 2010; Zeppilli 
et al. 2011). The cosmopolitan genera include 
Halalaimus, Sabatieria, Pierrickia, Acantholaimus 

and Sphaerolaimus (all typically >5% of the total 
nematode abundance), which are known to be com
mon along all the continental margins investigated 
(Vanreusel et al. 2010). Some of the cosmopolitan 
genera, such as Oxystomina, Pselionema and 
Campylaimus, are widespread but with very low 
abundance (typically <1% of the overall nematode 
abundance; Bianchelli et al. 2010). These genera are 
also characterised by a low number of species, as 
documented in deep-sea sediments at a global scale 
(Miljutin et al. 2010).

The analysis of nematode biodiversity in different 
macro-regions, habitats and depths also revealed the 
presence of a large amount of potential endemism, 
as evident from the high number of singletons (over
all, 17 genera: 8% of the total). The number of 
endemic genera increases with increasing depth 
(from 13% singletons at 1000 m to 25% singletons 
at depths >4000 m),suggesting that depth could 
play a role in selecting specific nematode taxa and, 
consequently, in nematode biodiversity distribution 
at different spatial scales (Heip et al. 1985; Vincx 
et al. 1994; Moens et al. 2014). At the same time, 
we cannot discount the importance of the effect of 

Figure 4. Nematode diversity in different habitats and within regions at different depths. The expected genus number [EG(100)] is 
reported. 
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Table II. Turnover diversity among nematode assemblages’ composition in different habitats within the same region and between regions 
within slope and canyon. The turnover diversity was obtained from the SIMPER analysis.

500 m

Region Habitat Turnover diversity (%)

Rockall Bank Slope deep-water corals 66
Catalan margin Slope Canyon 63
South Adriatic margin Slope Canyon 58
Habitat Region

Slope Rockall Bank South Adriatic margin 75
Rockall Bank Catalan margin 78

Catalan margin South Adriatic margin 63
Canyon Portuguese margin Catalan margin 69

Portuguese margin South Adriatic margin 58
Catalan margin South Adriatic margin 67

1000 m

Region Habitat Turnover diversity

Bay of Biscay Slope Canyon 67
Catalan margin Slope Canyon 61
South Adriatic margin Slope Canyon 48
Cretan margin Slope Canyon 49

Habitat Region

Slope Rockall Bank Bay of Biscay slope 67
Rockall Bank Catalan margin 67
Rockall Bank South Adriatic margin 73
Rockall Bank Cretan margin 73
Bay of Biscay Catalan margin 67
Bay of Biscay South Adriatic margin 73
Bay of Biscay Cretan margin 66

Catalan margin South Adriatic margin 58
Catalan margin Cretan margin 59

South Adriatic margin Cretan margin 57
Canyon Bay of Biscay Portuguese margin 73

Bay of Biscay Catalan margin 76
Bay of Biscay South Adriatic margin 67
Bay of Biscay Cretan margin 75

Portuguese margin Catalan margin 74
Portuguese margin South Adriatic margin 69
Portuguese margin Cretan margin 71

Catalan margin South Adriatic margin 48
Catalan margin Cretan margin 65

South Adriatic margin Cretan margin 47

2000 m

Region Habitat

Bay of Biscay Slope Canyon 62
Catalan margin Slope Canyon 62
Cretan margin Slope Canyon 55

Habitat Region

Slope Rockall Bank Bay of Biscay slope 67
Rockall Bank Catalan margin 66
Rockall Bank Cretan margin 85
Bay of Biscay Catalan margin 66
Bay of Biscay Cretan margin 85

Catalan margin Cretan margin 79
Canyon Bay of Biscay Portuguese margin 70

(Continued )
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sampling intensity (higher at shallower depths and 
lower at deeper depths) on the overall census of 
biodiversity.

Only eight families and 17 genera were asso
ciated with a single habitat type: 11 genera were 
exclusively encountered on continental slopes and 
six genera were exclusively encountered in canyons. 
The high number of singletons along slopes 
reveals the preeminent role of these habitats in 
contributing to the biodiversity of deeper basins 
and shelves through radiation and dispersal pro
cesses closely coupled with topographic and physi
cal characteristics of the deep sea (Danovaro et al. 
2009b). The fact that there are nematode genera 
exclusively associated with these habitats may be 
the result of two factors: (1) these specific deep- 
sea environments promote a higher speciation rate 
or the coexistence of more species (sensu Myers 
et al. 2000), and/or (2) the preference of some 
taxa for specific environmental features in the 
deep sea.

Submarine canyons, open slopes, deep-water 
coral systems, pockmarks, hydrothermal vents, 
and other complex topographic and hydrodynamic 
features can promote cosmopolitanism, rareness 
and endemism in deep-sea marine nematodes 
(Canals et al. 2009, 2013; De Leo et al. 2010; 
Danovaro et al. 2014). The low number of genera 
and singletons reported along canyons could be 
related to the lower diversity generally observed in 
this habitat in all regions except for the Catalan 
margins (where a large part of the data set came 
from), suggesting that the occurrence of multiple 

processes (episodic events, current fluxes, local 
hydrography and heterogeneity) can drive the over
all diversity.

Approximately 10% of the nematode genera 
were rare and exclusively present in canyons, 
suggesting their ability to colonise these highly 
dynamic systems with few specimens. This pat
tern has been reported in other canyons through
out the European seas (Vetter & Dayton 1998; 
Curdia et al. 2004; Danovaro et al. 2009a; Duros 
et al. 2011; Romano et al. 2013; Leduc et al. 
2014; Ramalho et al. 2014; Gunton et al. 2015; 
Gambi & Danovaro 2016). Although we cannot 
exclude the effect of a lower number of samples 
taken at deeper depths, our data, based on 
a standardised number of specimens per sample 
(n = 300), suggest that this pattern could indicate 
a specific feature of deep-sea ecosystems.

Deep-water coral ecosystems are hotspots of biodi
versity, provide habitats and refuges for several deep- 
sea species and can contribute to shaping the 
biodiversity of the surrounding open slopes (Raes & 
Vanreusel 2006; Roberts et al. 2006; Bongiorni et al. 
2010). We did not report any genera exclusively 
associated with deep-water corals, but four genera 
(Epsilonema, Glochinema, Gonionchus and 
Monoposthia) were found to be very rare and exclu
sively present in the Rockall bank corals and the 
adjacent slopes (North Atlantic). Among these gen
era, we find non-burrowing, interstitial or epifaunal 
forms belonging to epsilonematids that prefer the 
three-dimensional structure of deep-water corals 
(Vanreusel et al. 2010). Genera belonging to 

Table II. (Continued). 

Bay of Biscay Catalan margin 74
Bay of Biscay Cretan margin 74

Portuguese margin Catalan margin 68
Portuguese margin Cretan margin 69

Catalan margin Cretan margin 67

3000 m

Region Habitat

Bay of Biscay Slope Canyon 59

Habitat Region

Canyon Bay of Biscay Portuguese margin 71
Bay of Biscay Cretan margin 89

Portuguese margin Cretan margin 82

4000 m

Habitat Region

Portuguese margin Cretan margin 65
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Epsilonematidae are characterised by the presence of 
unique locomotory structures based on the ambula
tory setae on the ventral side of their posterior body 

that can facilitate their presence in these habitat types 
(Gourbault & Decraemer 1996; Decraemer et al. 
1997).

Figure 5. Shade plots based on the nematode genus composition at different depth intervals: 500, 1000 and 2000 m. Colours indicate 
genus abundance as reported in the legend. 
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Conclusions

Our large-scale investigation, covering a wide portion 
of the North Atlantic Ocean to the Mediterranean 
Sea, revealed that only approximately one-third of 

nematode families and 6% of their genera are widely 
distributed and can be considered potentially cosmo
politan. Conversely, 94% of the nematode genera 
were present in very low abundances in specific habi
tats or bathymetric ranges. Singleton nematode 

Figure 6. Shade plots based on the nematode genus composition at different depth intervals: 3000 and >4000 m. Colours indicate genus 
abundance as reported in the legend. 
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genera, which could indicate the presence of ende
mism, are common at all sampling sites and increased 
in importance with increasing water depth. We con
clude that rareness and endemism may be a far more 
widespread feature than previously thought in deep- 
sea nematode assemblages.
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