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We investigated organic matter (OM) quantity, nutritional quality and degradation rates, as well as abundance and biodiversity of meiofauna and 

nematodes along the deep continental margin off Spits-bergen, in the Svalbard Archipelago. Sediment samples were collected in July 2010 and 2011 along 

a bathymetric gradient between 600 m and 2000 m depth, and total mass flux measured at the same depths from July 2010 to July 2011. In both sampling 

periods sedimentary OM contents and C degradation rates increased significantly with water depth, whereas OM nutritional quality was generally higher 
at shallower depths, with the unique exception at 600 m depth in 2010. Meiofaunal abundance and biomass (largely dominated by nematodes) showed 

the highest values at intermediate depths (ca 1500 m) in both sampling periods. The richness of meiofaunal higher taxa and nematode species richness did 

not vary significantly with water depth in both sampling periods. We suggest here that patterns in OM quantity, C degradation rates, and meiofauna 

community composition in 2011 were likely influenced by the intensification of the warm West Spitsbergen Current (WSC). We hypothesize that the 

intensity of the WSC inflow to the Arctic Ocean could have an important role on benthic biodiversity and functioning of deep-sea Arctic ecosystems. 

1. Introduction

Deep-sea ecosystems can be highly complex, diverse and
characterized by high spatial and temporal variability (Gage and
Tyler, 1991; Danovaro et al., 2014 and citations therein), and in-
creasingly subjected to multiple threats to which they are pro-
gressively and increasingly exposed (Ramirez-Llodra et al., 2011;
Mengerink et al., 2014).

Continental margins, (extending from ca. 100–200 m to about
4000 m depth or more, Levin and Dayton, 2009) cover three mil-
lion square kilometers, i.e. circa 20% of the world ocean surface
(Walsh, 1991), and represent sites of intense exchange of energy
and material between the continental shelves and the deep basins
(Weaver et al., 2004). They play key roles in the global

biogeochemical cycles, are important reservoirs of organic C and
can be hot spots of deep-sea biodiversity (Danovaro et al., 2009;
Menot et al., 2010; Levin and Sibuet, 2012).

Ocean margin sediments (200–2000 m depth) can contribute
about 30% of the mineralization in marine sediments (Middleburg
et al., 1997). Biodiversity in soft bottoms is the key factor con-
trolling the functioning of benthic ecosystems along the world's
continental margins, so that the loss of even a few species might
lead to the collapse of deep-sea ecosystems (Danovaro et al.,
2008). Information on deep-sea benthic biodiversity along the
Arctic margin is still relatively scarce (Wlodarska-Kowalczuk et al.,
2004; Renaud et al., 2006; Fonseca and Soltwedel, 2010; Fonseca
et al., 2010), which makes it difficult to complete the complex
mosaic of knowledge needed for assessing the effects of natural
and anthropogenic constraints on these settings.

Moreover, although our knowledge of patterns of currents
along continental margins is progressively increasing worldwide
(including the Arctic; Hwang et al., 2015), information about the
role of these currents on the structure and functioning of deep-sea
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benthic ecosystems in the Arctic is still limited (Glover et al., 2010).
Therefore, considering also the importance of the C cycle at high
latitudes (McGuire et al., 2009), there is a urgent need of in-
vestigating the potential role of currents on the biodiversity and
ecosystem functions along the Arctic margin.

We analyzed contents, biochemical composition, nutritional
quality and degradation rates of OM, meiofaunal abundance, bio-
mass, and community composition, and nematode biodiversity in
sediments collected (in July 2010 and July 2011) along a bathy-
metric transect (600–2000 m depth) located along the western
margin of Spitsbergen (Svalbard Archipelago, Arctic Ocean) (Fig. 1).
This is an area under the influence of the northward flowing West
Spitsbergen Current (WSC), injecting warm Atlantic Water (AW)
into the Arctic Ocean (Manley, 1995).

We focused our attention on meiofauna and nematodes as:
(i) meiofauna (with abundances up to 106 individual per m2) are the
most abundant metazoans in deep-sea sediments (Rex et al., 2006);
(ii) nematodes are the dominant taxon of meiofauna (up to 490%
of total abundance; Lambshead, 2004); (iii) deep-sea meiofauna
represents an important trophic link between organic detritus and
higher trophic levels (Van Oevelen et al., 2011); and (iv) nematodes
biodiversity is positively and exponentially linked with deep-sea
ecosystem functioning (Danovaro et al., 2008). All these character-
istics make meiofauna and nematodes ideal models to investigate
the relationships between deep-sea benthic biodiversity and eco-
system functioning (Zeppilli et al., 2015, and citations therein).

2. Materials and methods

2.1. Study area

WSC represents the northernmost extension of the Norwegian

Atlantic Current (Aagaard et al., 1987). At about 79°N the WSC
splits into two branches: one follows the perimeter of the Svalbard
Islands and flows southwards forming the East Spitsbergen Cur-
rent; the other one flows southwards along Greenland joining the
East Greenland Current (EGC) in the western Fram Strait (Quad-
fasel et al., 1987). During its northward flow warm and saline AW
loses heat due to surface heat exchange with the atmosphere, and
freshens and cools as it mixes with ambient, less saline and cold
waters (Saloranta and Haugan, 2004) with fjords contributions. In
addition, in Storfjorden, southeast of Spitsbergen, the prevailing
easterly (offshore) winds over the island lead to a significant water
cooling in the open part of the fjord and ice growth (Skogseth
et al., 2005). This triggers an increase in the salinity and density of
the ambient waters and convection, eventually reaching the bot-
tom, thus leading to dense water formation that eventually over-
flows the outer fjord sill and cascades deep into the Fram Strait
(Fer et al., 2003; Fer and Ådlandsvik, 2008). The transition zone
between the North Atlantic and the Arctic Ocean in the western
margin off Spitsbergen is the theatre for important heat and water
exchanges. Here the northward transportation of warm and salty
Atlantic Water at intermediate depths (�150–900 m) is believed
to contribute in shaping the Arctic Ocean' ice cover (Polyakov
et al., 2012), which, in turn, is expected to trigger a number of
physical, chemical, and biological tipping points with potentially
large impacts on the Arctic marine ecosystem (Duarte et al., 2012).

2.2. Sampling strategy

Sediment samples were collected during two cruises on board
R/V Jan Mayen, in July 2010 and 2011 by means of a
50 cm�50 cm�50 cm box-corer at five stations, namely E, A, D, B
and C, at 600, 1000, 1120, 1500 and 2000 m depth, respectively
(Fig. 1 and Table 1).

Fig. 1. Study area and sampling station locations. Red arrows show the warm Atlantic Water within the Western Spitsbergen Current (WSC), and blue arrows the cold East
Greenland Current (EGC) and the Eastern Spitsbergen Current (ESC). Bathymetric data from IBCAO 3.0 (Jakobsson et al., 2012). Time series of current speeds measured at
1000 m and 1500 m depth at station B are also shown (see Sanchez-Vidal et al. (2015), for details on measurements). Shaded area shows the increase in the mean current
speed in late winter 2011. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In both sampling periods, meiofauna and OM analyses in each
of the sampling sites were carried out on sediments obtained from
triplicate Plexiglas corers (inner diameter 3.6 cm) obtained from:
(i) two independent box-corer deployments in 2010 (with excep-
tion of the station at 600 m depth, where only one box-corer was
successfully retrieved), and (ii) from one deployment per station in
2011, because of ship time restrictions.

For the OM, the first cm of each replicate sediment cores was
stored at �20 °C until analysis. For the meiofauna, sediment cores
were sliced each cm down to 10 cm and preserved at �20 °C until
analysis.

In between the two cruises, four moorings were deployed at
1000 m (station A), 1120 m (station D), 1500 m (station B), and
2000 m (station C) depth (Fig. 1), equipped with one Technicap
PPS3 sequential sampling sediment trap (12 collecting cups,
0.125 m2 opening) at 25 m above the bottom (mab), and an Aan-
deraa current meter (RCM7/9). The sampling cups were filled up
before deployment with a buffered 5% (v/v) formaldehyde solution
in 0.45 μm filtered seawater.

2.3. Sedimentary organic matter content, biochemical composition

and degradation rates

Phytopigments were extracted using 3–5 mL 90% acetone (at
4 °C in the dark for 12 h) from 0.5 g sediment samples. Chlor-
ophyll-a and, after acidification of extracts with 200 ml 0.1 N HCl,
phaeopigment contents were determined fluorometrically (Da-
novaro, 2010). Different methods for assessing chlorophyll-a con-
centrations in marine sediments can provide different under- or
over-estimates (Pinckney et al., 1994) because of the relative im-
portance of the chlorophylls' degradation products (Szymczak-Zyla
and Kowalewska, 2007), which is a consistently observed feature
in deep-sea sediments (Pusceddu et al., 2010). Therefore, for ease
of consistency with previous investigations, we summed up
chlorophyll-a and phaeopigment concentrations (i.e. total phyto-
pigments), which were cumulatively used as a proxy of inputs of
OM of algal origin (Pusceddu et al., 2010).

Protein, carbohydrate and lipid were determined spectro-
photometrically, following the protocols detailed in Danovaro
(2010), and their sedimentary contents (mg g dry sediment�1)
expressed as bovine serum albumin, glucose and tripalmitine
equivalents, respectively. Carbohydrate, protein and lipid sedi-
mentary contents were converted into carbon equivalents using
the conversion factors of 0.40, 0.49 and 0.75 mgC mg�1, respec-
tively, and their sum defined as biopolymeric carbon (BPC; Fabiano
et al., 1995).

For the purposes of the present study, the algal C contribution
to the BPC, calculated as the percentage of phytopigment-to-BPC
concentrations after converting the phytopigment concentrations
into C equivalents using a mean value of 40 mgC mg�1, was used as
a proxy of OM nutritional quality (Pusceddu et al., 2009).

OM degradation rates were estimated from aminopeptidase
and beta-glucosidase activities determined by cleavage of fluoro-
genic substrates (L-leucine-4-methylcoumarinyl-7-amide, Leu-4-
methylumbelliferone-β-D-glucopyranoside, respectively) at satur-
ating concentrations. 2.5 mL of sediment subsamples were in-
cubated at in situ temperature in the dark for 2 h with 2.5 mL of
filtered, sterile water containing 200 mM L-leucine-4-methylcu-
marinyl-7-amide and 50 mM 4-methylumbelliferyl β-D-glucopyr-
anoside, respectively, separately for aminopeptidase and β-gluco-
sidase determinations. After incubation, the sediment slurries
were centrifuged, and the supernatants analysed fluorometrically
(Danovaro, 2010). The protease and glucosidase activities (mmol
substrate g�1 h�1) were converted into C degradation rates (m
gC g�1 h�1), using 72 as conversion factor (Pusceddu et al., 2014),
and their sum referred to as C degradation rates. The turnoverT
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(d�1) of the biopolymeric C was calculated as the ratio of the
hourly C degradation rate (once multiplied by 24) and the biopo-
lymeric C content in the sediment.

2.4. Total mass flux

Total mass flux data have been already reported elsewhere
(Sanchez-Vidal et al., 2015). We have used those data to better
substantiate our interpretation of the sedimentary data. Samples
recovered from the sediment traps were stored in the dark at 2–
4 °C until performing the subsequent analyses according to
Heussner et al. (1990). Large swimming organisms were removed
by wet sieving through a 1 mm nylon mesh, and organisms
o1 mmwere hand-picked under a microscope with fine tweezers.
Samples were split into 8 aliquots using a high precision peristaltic
pump robot. The aliquots were repeatedly centrifuged to eliminate
salt and formaldehyde, freeze-dried and weighed for total mass
flux determination.

2.5. Meiofaunal abundance and biomass

Each sample was treated with ultrasound (for 1 min 3 times,
with 30 s intervals) to detach organisms from the grain particle
surface and, then, sieved through a 1000-mm and a 20-mm mesh
net to retain the smallest organisms. The fraction remaining on the
latter sieve was re-suspended and centrifuged three times with
Ludox HS40 diluted with water to a final density of 1.18 g cm�3

(Heip et al., 1985). All specimens from 3 independent replicates
per station were counted and sorted by taxa, under a stereo-
microscope and after staining with Rose Bengal (0.5 g L�1).
Meiofaunal taxa representing o1% of the total meiofaunal abun-
dance were defined as rare taxa (Bianchelli et al. 2010). Meiofaunal
biomass was assessed by bio-volumetric measurements of all re-
trieved specimens. Nematode biomass was calculated from their
biovolume, using the Andrassy (1956) formula (V¼
L�W2

�0.063�10�5, in which body length, L, and width, W, are
expressed in mm). Body volumes of all other taxa were derived
from measurements of body length (L, in mm) and width (W, in
mm), using the formula V¼L�W2

�C, where C is a dimensionless
factor (specific for each meiofaunal taxon) used to convert L�W2

to body volume, according to models relating body dimensions
and volume (Feller and Warwick, 1988). Each body volume was
multiplied by an average density of 1.13 g cm�3 to obtain the
biomass (mg DW: mg WW¼0.25; DW – dry weight and WW – wet
weight, after Wieser, 1953) and the carbon content was considered
to be 40% of the dry weight (Feller and Warwick, 1988).

2.6. Nematode biodiversity

One-hundred specimens, or all of the retrieved nematodes if
total nematode abundance was o100, were randomly picked up
from the first 2 cm of each of the independent replicates per sta-
tion and sampling time, and were mounted on slides using the
formalin–ethanol–glycerol technique (Seinhorst, 1959). Nema-
todes were identified to the species level or morphotypes (sensu
De Mesel et al., 2006) according to Platt and Warwick (1983,
1988), Warwick et al. (1998) and the NeMys database (Vana-
verbeke et al., 2015). Alpha diversity was calculated as species
richness (SR) as the total number of species collected at each
station, separately for the two sampling periods. Since species
richness is strongly affected by the sample size, the expected
species number [ES(X)] was calculated (Sanders, 1968, as modified
by Hurlbert (1971)), to standardize the values of nematode di-
versity. The expected number of species for a theoretical sample of
51 specimens, ES(51), was selected (Gambi et al., 2014). Species
evenness was measured using the Pielou's index (Pielou, 1975).

Beta diversity between the two sampling periods and among dif-
ferent depths within the same year was measured using similarity
percentage (SIMPER) analyses and expressed as percentage of
dissimilarity (Gray, 2000).

2.7. Statistical analyses

Differences in each of the investigated variables (univariate
tests) and their combinations (multivariate) among sampling
depths (n¼5 fixed levels) were assessed, separately for the two
sampling times, using permutational analyses of variance (PER-
MANOVA). The analyses were carried out on Euclidean distances
(OM) or Bray–Curtis similarity matrices (faunal data) of previously
normalized (OM) or untransformed (faunal) data, using 999 per-
mutations of the residuals under a reduced model. For those
PERMANOVA tests providing significant differences among sam-
pling depths, pairwise tests were also carried out. Because of the
restricted number of unique permutations, P values in the PER-
MANOVA and pairwise tests were obtained from Monte Carlo
asymptotic distributions (Anderson and Robinson, 2003). Since
PERMANOVA is sensitive to differences in multivariate dispersion
among groups, we used also a test of homogeneity of dispersion
(PERMDISP) to test the null hypothesis of equal dispersion among
groups (Anderson et al., 2008). The results of these tests (data not
shown) allowed confirming the null hypothesis for all multivariate
tests (i.e., composition of OM, whole and rare meiofaunal taxa and
nematode communities).

Canonical analysis of principal coordinates (CAP) was used in
the multivariate contexts to ascertain the allocation of experi-
mental groups to those established a priori. Results from the CAP
were then used to visualize, using bi-plots, differences among
experimental groups (i.e., among sampling depths). SIMPER ana-
lyses were performed to assess the percentage dissimilarity in the
meiofaunal and nematode community composition among sam-
pling depths separately for the two sampling times and for (i) the
whole meiofaunal community, (ii) the meiofaunal rare taxa and
(iii) the nematode assemblages. A ranked matrix of Bray–Curtis
similarities, constructed on previously presence/absence trans-
formed data, was used as input for the SIMPER tests.

To ascertain which among water depth, OM content (in terms
of biopolymeric C) and nutritional quality (in terms of algal frac-
tion of biopolymeric C) best explained meiofaunal abundance,
biomass and community composition and nematode assemblage
composition, distance-based linear models (DISTLM) analyses
were carried out (McArdle and Anderson, 2001), based on Eu-
clidean distance (meiofaunal abundance and biomass) and Bray–
Curtis (meiofauna and nematode communities) similarity
matrixes.

The PERMANOVA, CAP, SIMPER and DISTLM analyses were
performed using the routines included in the PRIMER 6þ software
(Anderson et al., 2008).

3. Results

Data on the sedimentary contents of the organic compounds,
along with the data of meiofaunal abundance, biomass, richness of
taxa, and nematode biodiversity in the investigated stations and
sampling periods are reported in Table 1.

3.1. Sedimentary organic matter quantity, composition and de-

gradation rates

Total phytopigment and biopolymeric C (BPC) sedimentary
contents, OM composition and the algal fraction of BPC varied
significantly with water depth in both sampling periods (Table 2).
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In 2010 total phytopigment sedimentary contents at 600 m depth
were significantly lower than those at all other sampling depths. In
2011 phytopigment contents did not show a clear pattern with
depth (Table S1), though, notably, the lowest value was observed
at 1120 m depth. BPC content varied significantly among depths in
both sampling periods, with exceptions between 1500 m and
2000 m depth in both 2010 and 2011, between 600 m and 1120 m
depth in 2010, and between 1000 m and 1500 m depth in 2011
(Table S1). Specifically, BPC content generally increased with in-
creasing water depth from 600 m down to 1500 m depth in 2010,
and down to 2000 m depth in 2011 (Fig. 2A).

The composition of sedimentary OM varied significantly among
depths in both sampling periods (Table 2). Specifically, in 2010
differences among sampling depths were mostly driven by con-
centrations of all organic compounds which were consistently
lower at 600 m depth than in all other sampling depths (Fig. 2B).
In 2011, variations in the composition of OM among sampling
depths were characterized by clear segregations of samples col-
lected at shallow (600 m depth), intermediate (1000 m and
1120 m) and deeper (1500 m and 2000 m) depths (Table 2 and
Fig. 2B).

In 2010, the value of the algal fraction of biopolymeric C at
600 m depth was significantly lower than in all other sampling
depths, and highest values were observed at intermediate (1000–
1120 m) water depths (Table S1 and Fig. 2C). The opposite was
observed in 2011, when the highest algal fraction of biopolymeric
C was found at 600 m depth, then decreased significantly with
increasing water depth (Table S1).

Aminopeptidase, β-glucosidase and C degradation rates varied
significantly among sampling depths in both years (Table 2). In
2010, aminopeptidase rates varied significantly among sampling
depths, with exceptions between 600 and 1000 m, and between
1500 m and 1120 m and 2000 m depth. In 2011, significant dif-
ferences were observed only between 600 m and 1000 m, 1500 m
and 2000 m depth and between 1000 m and 1500 m, 2000 m
depth (Table S1). These differences corresponded to a general in-
crease in aminopeptidase rates with increasing water depth in

both sampling periods (Fig. 3A). In 2011 , β-glucosidase rates were
characterized by values at 1120 m depth which were higher than
those at all other sampling depths in both years (Table S1 and
Fig. 3B).

In 2010, C degradation rates at 1120 m and 2000 m depth were
significantly higher than those at all other sampling depths,
whereas in 2011 such rates increased significantly and progres-
sively from 600 m to 1000 m to 1120–2000 m depth (Table S1 and
Fig. 3C).

In both years, the potential daily turnover of biopolymeric C at
1120 m depth was higher than that in all other depths, with sec-
ondary maxima at the shallowest (600 m) and deepest (2000 m)
sampling depths (Fig. 3D).

3.2. Total mass flux

Temporal variations in total mass flux (TMF) at near bottom
traps were characterized by high peaks in January, February and
March 2011, especially at the shallowest and southernmost station
A (maximum flux of 11,646 mg m�2 d�1). TMF fluxes decreased
northward and with time at all stations, though maintaining re-
latively high levels until the end of the study period (Fig. 4).

3.3. Total meiofaunal abundance, biomass and community structure

Total meiofaunal abundance varied significantly among depths
in both sampling periods, whereas meiofaunal biomass and rich-
ness of taxa did not vary significantly (Table 3). The results of the
pairwise tests reveal that in 2010 values of meiofaunal abundance
at 1000 m and 1500 m depth were significantly higher than those
at 600 and 2000 m depth, whereas in 2011 meiofaunal abundance
at 1000 m depth was significantly higher than that at 600 m and
2000 m depth (Table S2). In both sampling periods and at all
depths nematodes were the most abundant taxon (on average of
the total meiofauna abundance, 96% in 2010 and 94% in 2011)
followed by copepods (3% in 2010 and 5% in 2011) and polychaetes
(0.5% in 2010 and 0.3% in 2011) (Fig. 5A). The rare taxa included

Table 2

Output of the PERMANOVA analysis carried out to test for differences in total phytopigment and biopolymeric C contents, algal fraction of biopolymeric C (%) and organic
matter (OM) composition, aminopeptidase, β-glucosidase and C degradation rates among sampling depths in July 2010 and July 2011 (DF¼degrees of freedom; MS¼mean
square; Pseudo-F¼F statistic; P(MC)¼probability levels obtained from Monte Carlo asymptotic distributions); (nnn)¼Po0.001; (nn)¼Po0.01.

Variable Source July 2010 July 2011

df MS Pseudo-F P(MC) MS Pseudo-F P(MC)

Total phytopigment Depth 4 3.411 96.292 0.001 (nnn) 3.215 28.143 0.001 (nnn)
Residual 10 0.035 0.114

Biopolymeric C Depth 4 3.135 21.471 0.001 (nnn) 3.146 22.224 0.001 (nnn)
Residual 10 0.146 0.142

OM composition Depth 4 15.456 18.909 0.001 (nnn) 15.318 17.552 0.001 (nnn)
Residual 10 0.8174 0.8727

Algal fraction of BPC Depth 4 3.268 35.269 0.001 (nnn) 2.700 8.443 0.007 (nn)
Residual 10 0.093 0.320

Aminopeptidase Depth 4 3.254 33.001 0.001 (nnn) 2.687 8.268 0.004 (nn)
Residual 10 0.099 0.325

β-glucosidase Depth 4 2.413 5.552 0.008 (nn) 2.868 11.352 0.004 (nn)
Residual 10 0.435 0.253

C degradation Depth 4 3.236 30.620 0.001 (nnn) 2.675 8.099 0.007 (nn)
Residual 10 0.106 0.330
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polychaetes, bivalves, ostracods, kinorhynchs, oligochaetes, tardi-
grades, cumaceans, amphipods, isopods, acarins, priapulids, lor-
iciferans and cladocerans. Polychaetes and kinorhynchs were en-
countered in both sampling periods at all depths. Amphipods and
cladocerans occurred exclusively in 2010 samples, whereas lor-
iciferans were observed only in 2011 at all depths but 600 m
depth.

In both sampling periods, the composition of the whole and
rare meiofaunal communities varied significantly with water
depth (Table 3).

Fig. 2. Sedimentary organic matter in the top 1 cm of the sediment at each in-
vestigated depth in 2010 and 2011. (A) Concentration of biopolymeric C.
(B) Variations in the biochemical composition of the sedimentary organic matter in
July 2010 and 2011 (biplots obtained after canonical analysis of the principal co-
ordinates; vectors are proportional to the Spearman correlation levels with r¼0.5
as a threshold; CHL for chlorophyll-a, PHAEO for phaeopigments, PRT for proteins,
CHO for carbohydrates, LIP for lipids); (C) Percentage of algal fraction of biopoly-
meric C. Error bars denote standard deviations among replicates at each depth.

Fig. 3. Aminopeptidase (A), β-glucosidase (B) and C degradation rates in the se-
diments of the W Spitsbergen margin in July 2010 and 2011.
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In both sampling periods significant differences in the com-
position of the whole meiofaunal communities were observed
between 600 m and 1000 m depth, between 600 m and 1500 m
depth, and between 1000 m and 2000 m depth. In 2010 significant
differences were also observed between 1500 m and 1120 m and
2000 m depth. In 2011, significant differences were observed

between 600 m and 2000 m, 1000 m and 2000 m, and 1120 m and
2000 m depth (Table S2).

Differences in the composition of rare meiofaunal community
composition among sampling depths were less frequent than
those observed for the whole communities. Specifically, in both
sampling periods significant differences in the composition of rare

Fig. 4. Time series of total mass flux (TMF, mg m�2 d�1) in the deep western Spitsbergen margin measured with near-bottom traps (25 mab) at 1000 m, 1120 m, 1500 m and
2000 m depth, from July 2010 (orange) to July 2011 (light blue). A, D, B and C within the frames correspond to stations in Fig. 1 ordered by increasing water depth. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3

Output of the PERMANOVA analysis carried out to test differences in meiofaunal abundance, biomass, richness of taxa, and whole and rare community composition,
nematode species richness, Pielou's J, expected species number (ES51), index of trophic diversity and community composition among sampling depths in July 2010 and July
2011 (DF¼degrees of freedom; MS¼mean square; Pseudo-F¼F statistic; P(MC)¼probability level after Monte Carlo tests); nnn

¼po0.001; n
¼Po0.05; ns¼not significant;

na¼not applicable.

Variable Source df July 2010 July 2011

MS Pseudo-F P(MC) MS Pseudo-F P(MC)

Meiofaunal abundance Depth 4 325370.0 6.904 0.007 (nn) 134480.0 3.899 0.004 (n)
Residual 10 47126.0 34490.0

Meiofaunal biomass Depth 4 7602.9 0.959 0.475 (ns) 8351.7 1.987 0.169 (ns)
Residual 10 7927.2 4203.2

Richness of meiofaunal taxa Depth 4 3.267 1.960 0.180 (ns) 7.7 1.933 0.200 (ns)
Residual 10 1.667 4.0

Whole meiofauna community composition Depth 4 805.1 5.814 0.010 (nn) 520.6 3.944 0.019 (n)
Residual 10 138.5 132.0

Rare meiofauna community composition Depth 4 3226.8 3.510 0.002 (nn) 2382.8 4.002 0.001 (nnn)
Residual 10 919.2 595.5

Nematode species richness Depth 4 2.9 0.109 0.982 (ns) 51.1 1.707 0.244 (ns)
Residual 10 27.0 29.9

Nematode Pielou's J Depth 4 0.001 0.368 0.822 (ns) 0.002 1.754 0.230 (ns)
Residual 10 0.001 0.001

Nematode ES(51) Depth 4 0.76 0.154 0.959 (ns) 23.1 2.221 0.146 (ns)
Residual 10 4.96 10.4

Nematode community composition Depth 4 4146.1 2.297 0.002 (nn) 5455.4 3.609 0.001 (nnn)
Residual 10 1805.1 1511.5
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meiofaunal taxa were observed between 1000 m and 600 m and
2000 m depth, and between 1120 m and 2000 m depth. In 2010
significant differences were observed also between 600 m and
1120 m, whereas in 2011 differences were significant between
1000 m and 1500 m (Table S2).

In both years whole meiofaunal beta diversity among sampling
depths was relatively low, with values ranging from 25% (1120 m
vs. 1500 m depth) to 34% (1000 m vs. 1120 m depth), and from 23%
(600 m vs. 1120 m depth) to 38% (600 m vs. 2000 m depth), in
2010 and 2011, respectively. In 2010, the rare meiofaunal beta di-
versity among sampling depths was lowest (35% dissimilarity)
between 1120 m and 1500 m depth and highest (47%) between
1120 m and 2000 m depth, whereas in 2011 it was lowest (30%)
between 600 m and 1120 m depth and highest (52%) between
600 m and 2000 m depth.

3.4. Nematode biodiversity

Overall, 2839 nematode individuals were identified, belonging
to 201 species, 92 genera and 25 families. Of the 201 nematode
species encountered, 55 occurred only in 2010 and 43 were ex-
clusively found in 2011. In both years the dominant family was
Chromadoridae representing 22% in 2010 and 26% in 2011 of the
total nematode abundance, followed by Desmoscolecidae (19%) in
2010 and Xyalidae (16%) in 2011. All the families were consistently
found in both years, with exception of the family Coninckiidae
which was found only in 2010 at 1500 m (0.4%) and 2000 m (2.6%)
depth.

In both sampling periods, none of the nematode diversity in-
dices varied significantly among sampling depths (Fig. 5B and
Table 3), whereas the composition of the nematode communities
varied significantly among depths in both 2010 and 2011 (Table 3).
In 2010 the composition of nematode communities varied

significantly only between 600 m and 2000 m depth (Table S2).
Notably, in 2011 the nematode assemblage composition varied
significantly between 600 m depth and all other sampling depths,
with exception of 1120 m, between 1000 m and 1500–2000 m
depth, and between 1120 m and 2000 m depth (Table S2).

In 2010 the nematode beta diversity among sampling depths
was lowest (56%) between 1000 m and 1120 m depth and highest
(69%) between 600 m and 2000 m depth. In 2011, the nematode
beta diversity was lowest (55%) between 1500 m and 2000 m
depth and highest (70%) between 1120 m and 2000 m depth.

3.5. Relationships between environmental variables and meiofaunal

communities

The results of the DISTLM analysis carried out separately for the
two sampling periods (Table S3) show that water depth, OM
content and nutritional quality explain separately and cumula-
tively only very few proportions of meiofaunal abundance and
biomass variance in both years. The few exceptions include: in
2010 a minor role of water depth on meiofaunal abundance and
meiofaunal community composition (ca. 27% and 24% of explained
variance, respectively) and in 2011 of OM nutritional quality on
meiofaunal biomass and meiofaunal community composition (ca.
24% and 26%, respectively). In both sampling periods, variations in
nematode assemblage composition were significantly explained by
both water depth (ca.16% and 22% of explained variance in 2010
and 2011, respectively) and OM nutritional quality (ca. 14% and 12%
in 2010 and 2011, respectively).

4. Discussion

4.1. Sedimentary organic matter quantity, quality and turnover rates

along the deep western Spitsbergen margin

Current meter data collected along the deep western Spits-
bergen margin showed that cold DSWC did not occur between July
2010 and July 2011 (Sanchez-Vidal et al., 2015), but revealed the
occurrence of an increased along slope poleward flow of the WSC
(Fig. 1), with remote influence of the shallower, warmer, and
saltier Atlantic Water (Sanchez-Vidal et al., 2015). Indeed, in-
creased warm Atlantic Water transport in the core of the WSC in
2011 may have caused a shift in zooplankton community com-
position towards Atlantic species (Kraft et al., 2013). Higher near
bottom currents speeds, according to the data obtained from trap-
measured downward particle fluxes, likely caused a resuspension
of fine sediments in the upper slope, transported and deposited
them northward, and, according to previous findings (Lalande
et al., 2011), determined significant changes in the composition of
fluxes in the Fram Strait (Sanchez-Vidal et al., 2015). The increase
in current speed reported during spring 2011 appears to be con-
sistently observed at depths ranging from 750 to 1500 m depth at
Station B (Fig. 1; data reported in Sanchez-Vidal et al. (2015)). This
would suggest that current speed could have increased also at
higher depths (i.e. down to 2000 m depth). Nevertheless, we re-
port here that OM contents in the sediment of the Fram Strait
increased significantly with water depth and that OM contents at
2000 m depth were significantly higher than those at all other
depths in both years. Previous studies conducted in a number of
continental margins along different European Seas showed that
increasing sedimentary contents of biopolymeric C with increasing
water depth, though rarely observed (Pusceddu et al., 2010; Duros
et al., 2011), can occur as a result of either recurrent or episodic
events of water masses transported downward (Heussner et al.,
2006), eventually canalized by submarine canyons (Canals et al.,
2006; de Stigter et al., 2007; Tyler et al., 2009; Pusceddu et al.,

Fig. 5. Community structure of the meiofaunal assemblage (A), and nematode
species richness (B) at 600–2000 m depth in July 2010 and 2011. Species richness
data illustrated in panel B are obtained by combining replicates.
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2013). Our results show that, in 2011, the biopolymeric C sedi-
mentary content at 2000 m depth along the deep western Spits-
bergen margin was 2- to 8-times higher than that at the other
sampling depths, revealing a general increase with increasing
water depth. This figure is therefore consistent with the occur-
rence of active resuspension and transport of surface sediments
from the upper slope to the deep basin, at least down to 1000 m
depth (Fig. 4), likely mediated by the intensification of the WSC,
either in February–March 2011 or June–July 2011 (Fig. 1).

We report here also that in 2011 the algal fraction of biopoly-
meric C, utilised as a proxy of the freshness, and, thus, nutritional
quality of organic C, decreased with increasing water depth. This
result is consistent with the results obtained from other European
continental margins (Pusceddu et al., 2010), and suggests that the
deeper part of the deep western Spitsbergen margin, particularly
in 2011, was characterised by an accumulation of large amounts of
OM of low nutritional value. This hypothesis is also confirmed by
the OC turnover rates, which were lowest in the deepest portion of
the investigated margin and, at the same time, were coupled with
the highest rates of potential degradation of OC (Fig. 3). These
results suggest that the OC deposited at 2000 m in 2011 were
characterised by a pre-eminent refractory nature that, on the one
hand, stimulated higher degradation activities, but, on the other
one, led to OC turnover times lower than those observed at shal-
lower depths.

Altogether these results suggest that in 2011 the WSC in-
tensification over the slope off Storfjorden was a major factor
modulating the input, bioavailability and turnover time of OM
deposited on the seafloor of the investigated area. Our results
show that OM sedimentary contents increased with increasing
water depth also in 2010 (though with an apparently smoother
trend than that observed in 2011), leading us to hypothesize that
the increased transport by the WSC possibly occurred in 2010 also.
However, the absence of current data prior to July 2010 re-
commend considering the hypothesis of WSC intensification in
2010 with caution. While further in situ studies are required to
fully confirm that this “warming” phenomenon is a recurrent one
along the Spitsbergen margin, this would imply that the role of the
deepening warm branch of WSC on the OM contents in the deep-
sea basin along the western Svalbard margin could mirror that of
“cooling” DSWC events observed along some submarine canyons
in the Mediterranean Sea (Pusceddu et al., 2013). The observation
that in 2010 the nutritional quality of OM (i.e. the algal fraction of
BPC) was lowest at the shallower depth, peaked up at intermediate
depths (1000–1120 m depth) and decreased again down to
2000 m depth, suggests that other factors (not investigated here)
could have influenced the distribution and nutritional quality of
OM in 2010. For instance, we cannot exclude that the bathymetric
distribution of OM contents and nutritional quality in the deepest
part of the western Spitsbergen margin could have been de-
termined (in both years) also by concurrent mechanisms of par-
ticle horizontal redistribution or lateral advection mediated by
bottom currents acting at local spatial scales (not addressed in this
study), as recently reported for the Whittard Canyon in the NE
Atlantic (Amaro et al., 2015).

4.2. Meiofaunal abundance, biomass and biodiversity along the deep

western Spitsbergen margin

Both in 2010 and 2011, the lowest values of meiofaunal abun-
dance were observed at 600 and 2000 m depth, whereas the
highest values occurred at intermediate depths (i.e., 1000–1500 m
depth). Such hump-shaped distribution in meiofaunal abundance
along the deep western Spitsbergen margin, in contrast with
previous studies carried out worldwide reporting a general de-
crease of values with increasing water depth (Soltwedel, 2000),

has emerged recently as a feature of highly dynamic continental
margins, at times indented by submarine canyons (Bianchelli et al.,
2010). In this regard, the lack of an expected decrease of meio-
faunal abundance and the overall invariance of meiofaunal bio-
mass with increasing water depth allows us hypothesizing that the
deep western Spitsbergen margin is exposed to such hydro-
dynamic conditions able not only to modify the quantity and
availability of resources for the benthos, but also to influence the
abundance and biomass of the most abundant heterotrophic me-
tazoans (i.e. meiofauna). Moreover, at least in 2011, the hump-
shaped curve in the distribution of meiofaunal abundance could
be partially the result of (i) the effect of WSC in the upper part of
the slope, likely causing the resuspension of meiofauna at 600 m
depth, and (ii) the decreased OM availability at 2000 m depth. This
suggests WSC flow exerting, through sediment resuspension, a
direct physical stress on meiofauna in the upper slope and an in-
direct effect in the deeper slope by injecting low-quality food
particles diluted in a mostly inorganic or refractory bulk mass flux.
The hypothesis of an effect of sediment resuspension at 600 m
depth could be partially corroborated by the presence, in 2011, of
meiofauna with average individual biomass higher - and thus
putatively less susceptible to resuspension - than in any other
sampling depth (Fig. 6). A similar situation, possibly driven by the
more pronounced impacts of sediment resuspension on smaller
individuals, has been also observed in deep-sea regions impacted
by bottom trawling, where large individuals appear less affected
by the impacts of sediment resuspension (Pusceddu et al., 2014).
This, however, apparently does not hold true in 2010, when the
individual body size of meiofauna was more variable and char-
acterised by an unclear pattern with increasing water depth.
Moreover, we show here that in both years the variability in the
individual biomass of meiofauna at each depth is very high, with
exception at 2000 m depth, and generally larger than the varia-
bility among depths (Fig. 6). This indicates that the effects of se-
diment resuspension possibly associated with the intensification
of WSC flow on the individual biomass of meiofauna in the upper
margin are not significant and, if any, are much less relevant than
those caused by bottom trawling. In both sampling periods,
number of meiofaunal higher taxa and nematode species richness
did not vary among sampling depths, confirming patterns ob-
served in different continental margins both in the Atlantic and
Mediterranean Sea (Danovaro et al., 2009; Bianchelli et al., 2010).
Nevertheless, some depth-related variations in the composition of
the whole and rare meiofaunal communities and nematode as-
semblages occurred in both 2010 and 2011. In 2010, differences in
the composition of meiofaunal communities and nematode as-
semblages were confined to the upper part of the margin, whereas

Fig. 6. Meiofaunal individual biomass at each investigated depth in the two sam-
pling years.
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differences in 2011 were more pronounced and evident also at
larger depths (Table S2). The different turnover diversity across
sampling depths in the two years is difficult to explain, but it could
be possibly due to the pseudo-replication that affected sampling in
some stations, due to technical constraints.

It is worth noting that recent studies conducted along other
continental margins characterised by a strong hydrodynamism
have highlighted the co-occurrence of a general invariance in the
number of meiofaunal taxa or nematode genus/species, accom-
panied by a large turnover diversity across stations located at
different water depths (e.g. Ingels et al. (2011) and Danovaro et al.
(2013)). Moreover, although nematodes were, in both years and at
all depths, the dominant component, we report here that in 2011,
the relative importance of harpacticoid (endo-benthic) copepods
at the station putatively most impacted by the intensification of
bottom currents (600 m depth; 6.3% of the total meiofaunal
abundance) was higher than that observed in deeper settings
(down to 2.9% at 2000 m depth). Since these copepods have a life
style similar to that of nematodes but a larger individual body size
(on average 0.42 mgC ind�1 vs. 0.08 mgC ind�1 of nematodes), this
finding further supports the hypothesis that sediment resuspen-
sion induced by WSC could influence the deep western Spitsber-
gen margin benthic ecosystems.

4.3. Relationships between food availability and meiofauna

biodiversity

We report here that the three variables commonly hypothe-
sised to represent the most important factors affecting meiofaunal
features in deep-sea sediments (namely water depth, OM content
and nutritional quality; Gambi et al., 2014) had only minor and
inter-annually variable effects on meiofaunal abundance, biomass
and community composition.

The almost idiosyncratic relationship between meiofaunal
standing stocks and OM quantity and nutritional quality observed
in this study is in contrast with what generally observed along
other continental margins at similar depths (Bianchelli et al., 2010)
and is difficult to explain. This counterintuitive pattern could be
the result of either the minimal temporal replication of our study
or the potentially disrupting effects of sediment resuspension in-
duced by the intensification of WSC on meiofauna distribution.

The results of the DISTLM analysis show also that both water
depth and OM nutritional quality explained significant and rela-
tively high proportions of nematode community composition
variability. The key role of water depth and OM quality in ex-
plaining patterns in nematode community composition in this
study confirms previous findings obtained along other continental
margins (Danovaro et al., 2009). These results suggest that, in the
deep sea, nematode assemblages are affected by sedimentary OM
nutritional quality more than meiofauna communities as a whole.

5. Conclusions

Our sampling strategy was partially affected by under-replica-
tion at both spatial and temporal scales. Moreover, we cannot
ascertain whether intensified WSC events are a recurrent natural
or episodic event (Beszczynska-Möller et al., 2012). However, data
presented here let us to hypothesize that an intensification of the
warm WSC along the deep western Spitsbergen slope in winter–
spring 2011 could have influenced both OC supply (Sanchez-Vidal
et al., 2015), C accumulation, the nutritional quality and the
turnover of organic matter in the sediments. Such features were
associated with changes in meiofaunal community structure down
to the deepest portion of the western Spitsbergen margin. Since
the Arctic is impacted by climate change to a higher extent than

any other world ocean (Wadhams and Davis, 2000; Wadhams,
2012), we stress here the need of further studies addressing scales
of temporal variability of the structure and function of the deep
Arctic margin ecosystems.
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