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a b s t r a c t

Deep-sea benthic communities and their structural and functional characteristics are regulated by
surface water processes. Our study focused on the impact of changes in water depth and food supplies on
small-sized metazoan bottom-fauna (meiobenthos) along a bathymetric transect (1200–5500 m) in the
western Fram Strait. The samples were collected every summer season from 2005 to 2009 within the
scope of the HAUSGARTEN monitoring program. In comparison to other polar regions, the large inflow of
organic matter to the sea floor translates into relatively high meiofaunal densities in this region.
Densities along the bathymetric gradient range from approximately 2400 ind. 10 cm-2 at 1200 m to
approximately 300 ind. 10 cm-2 at 4000 m. Differences in meiofaunal distribution among sediment
layers (i.e., vertical profile) were stronger than among stations (i.e., bathymetric gradient). At all the
stations meiofaunal densities and number of taxa were the highest in the surface sediment layer
(0–1 cm), and these decreased with increasing sediment depth (down to 4–5 cm). However, the shape of
the decreasing pattern differed significantly among stations. Meiofaunal densities and taxonomic
richness decreased gradually with increasing sediment depth at the shallower stations with higher
food availability. At deeper stations, where the availability of organic matter is generally lower,
meiofaunal densities decreased sharply to minor proportions at sediment depths already at 2–3 cm.
Nematodes were the most abundant organisms (60–98%) in all the sediment layers. The environmental
factors best correlated to the vertical patterns of the meiofaunal community were sediment-bound
chloroplastic pigments that indicate phytodetrital matter.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The deep-sea environment can be regarded as generally homo-
geneous in terms of temperature, sediment composition, physical
disturbance, and broad topography on a large spatial scale. How-
ever, there is increasing evidence of temporal and spatial variability
in biogenic microhabitats on small scales (Gallucci et al., 2009). The
three-dimensionality of the soft-bottom systems is often neglected
in ecological assessments, while the vertical variability of meio-
fauna assemblages and environmental variables such as sediment
characteristics, oxygen conditions, and food availability within the
top few centimeters can be larger than those recorded along the
horizontal axes i.e., among stations separated by, for example,
several kilometers (Joint et al., 1982; Fonseca et al., 2010). Previous

studies of deep-sea meiofauna have focused mainly on large-scale
bathymetric patterns of abundance and their relationship to envir-
onmental parameters (Grove et al., 2006; Itoh et al., 2011; Rex et al.,
2006 for a review). Studies of vertical patterns of meiofauna
distribution within the sediments of both coastal waters and the
deep sea are far fewer. Many authors conclude that oxygen and food
availability are the main factors driving faunal penetration into
the sediments (Shirayama and Horikoshi, 1982; Shirayama, 1984;
Vanreusel et al., 1995; Soetaert et al., 1997; Soltwedel, 2000;
Kalogeropoulou et al., 2010). The majority of the deep-sea metazoan
meiofauna (up to 90–95%) is concentrated in the upper 5 cm of the
sediments (Miljutin et al., 2012). Gambi and Danovaro (2006)
suggest that small-scale (o1 m) distribution patterns are shaped
by food availability and its penetration into the sediment. However,
sediment penetration by meiofauna may also be modified by
physical and biological disturbances such as sediment reworking
by near-bottom currents and larger fauna, interactions among
organisms such as predation, and between organisms and their
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microhabitats. The vertical segregation of species can reduce the
number of interactions between organisms, thereby promoting the
co-existence of a higher number of species and individuals (Steyaert
et al., 2003).

Marginal Ice Zones (MIZ) are one of the most dynamic regions
in the world oceans, with high seasonal and inter-annual fluctua-
tions in sea-ice cover, related temporal variations in productivity,
and pelagic benthic coupling processes (Falk-Petersen et al., 2000).
MIZ are considered to be one of the most productive zones in
Arctic Seas (Dayton et al., 1994), with a large proportion of pelagic
production (up to 70%) sinking to the bottom (Schewe and
Soltwedel, 2003; Fonseca and Soltwedel, 2007).

The main objective of this study was to explore vertical patterns
of distribution of deep-sea metazoan meiofauna in sediments located
in the Marginal Ice Zone west of Spitsbergen (Deep-Sea Observatory
HAUSGARTEN). The study focused on patterns in the uppermost
sediment layers (0–5 cm) along a transect of nine stations spanning a
depth range of 1200–5500 m across a gradient of variable food
supply. We aimed to test two hypotheses: (1) food availability shapes
the patterns of vertical distribution of meiofauna in deep-sea sedi-
ments at localities; (2) the fauna will penetrate deeper into sedi-
ments in localities with enhanced organic carbon supply. A deeper
understanding of the patterns and processes shaping the meiofaunal
communities in the studied area is indispensable if we are to predict
the effects of on-going climate-induced changes in environmental
factors on the functioning of Arctic benthic ecosystems.

2. Material and methods

2.1. Study site

The study area is located in the Fram Strait (between Greenland
and the Svalbard Archipelago), which is the only deep-water
connection between central Arctic Ocean and the North Atlantic
(Marnela et al., 2008). The Fram Strait is a key region with respect
to water exchange and heat fluxes between the Arctic and Sub-
Arctic. The HAUSGARTEN Deep-Sea Observatory, established in
1999 by the Alfred-Wegener-Institut Helmholtz-Zentrum für
Polar- und Meeresforschung (Bremenhaven, Germany), is situated
in the eastern part of the Fram Strait (�791N, 041E). The hydro-
graphical regime at HAUSGARTEN observatory is characterized by
the inflow of relatively warm, saline Atlantic water to the Arctic
Ocean, causing overall low sea ice concentrations throughout the
year. Ice formation during winter is limited, while enhanced
melting of advected sea ice from the central Arctic Ocean takes
place. Ice coverage and melting ice in the spring/summer period
impacts primary productivity in the area and enhances vertical
flows of organic carbon to the seabed (Bauerfeind et al., 2009). The
bathymetric transect at the HAUSGARTEN observatory commences
on Vestnesa Ridge (�1000 m) and ends in Molloy Hole, which is
probably the deepest depression in the Arctic Ocean with a
maximum depth of 5569 m (Klenke and Schenke, 2003). The
incline of the steepest parts of the continental margin (between
4000 and 5400 m) is 421 (Klenke and Schenke, 2003). Surface
sediments in the HAUSGARTEN area are dominated by siliceous
clastic fractions, which are transported by sea ice from the
Svalbard shelf and near-bottom currents from even very distant
places (Vogt et al., 1999). HAUSGARTEN is currently the only open
ocean/deep-sea monitoring observatory in the polar regions
(Soltwedel et al., 2005).

2.2. Sampling and sample processing

Surface sediment sampling was conducted during annual
summer cruises between 2005 and 2009 aboard the RV Polarstern

and RV Maria S. Merian [i.e., 2005 (ARK-XXI/1b), 2006 (MSM02/4),
2007 (ARK-XXII/1c), 2008 (ARK-XXIII/2), and 2009 (ARK-XXIV/2)].
The sampling covered a bathymetrical transect comprised by nine
sampling stations located at water depths ranging from 1200 to
5500 m (Fig. 1, Table 1). Three samples (pseudo-replicates) from
different cores of the same multiple corer (located within
ca. 20 cm of each other) were taken using plastic syringes with
cut-off anterior ends (2 cm in diameter) at each station for
meiofauna analyses. The samples were sliced vertically into 1 cm
layers to a sediment depth of 5 cm. The layers were labeled
according to the depth in the vertical profile: layer 1 (0–1 cm),
layer 2 (1–2 cm), layer 3 (2–3 cm), layer 4 (3–4 cm), layer 5 (4–
5 cm). The sediments were fixed immediately with 4% buffered
formaldehyde solution and stored for further analyses. In total 588
sediment samples were analyzed.

In the laboratory, the sediment samples for meiofauna analyses
were washed over a 500 mm mesh to exclude macrofauna and the
coarser sediment fraction and then sieved on a 32 mm mesh to
retain the meiofauna fraction. This fraction was subsequently
centrifuged three times in a solution of colloidal silica (Ludox
TM-50) with a density of 1.18 g cm-3, and stained in 4% buffered
formaldehyde solution with Rose Bengal (Heip et al., 1985). All
metazoan organisms were counted under a stereomicroscope and
classified to higher taxon levels following Higgins and Thiel (1988).
Meiofaunal abundances were extrapolated to 10 cm2. Some
(pseudo)replicates are missing because of technical and logistical
reasons (see Table 1 for details). In order to better characterize the
meiofauna community, total and individual nematode biomasses
were analyzed in samples collected in 2005. Between 150 and 200
nematode individuals per station were hand-picked at random
from the (pseudo)replicates, transferred to anhydrous glycerol,
and mounted on permanent slides. Body length (excluding the
filiform tail) and maximal body width were measured. Nematode
wet weight was calculated with Andrassy's formula (Andrassy,
1956), and the dry to wet weight ratio of 0.25 was assumed for
nematode dry weight (Heip et al., 1985).

Several environmental parameters were determined to charac-
terize the sedimentary environment and food availability on the
seafloor. Sediment samples for environmental variables were taken
from the same multiple corer used to retrieve the meiofauna
samples. The vertical profiles in the surface sediments were
assessed by analyzing samples at 1 cm intervals to a sediment
depth of 5 cm. Sediment porosity was determined by measuring the
sediment water content lost when wet sediment was dried at 60 1C.
The organic matter derived from pelagic primary production was
estimated using sediment-bound chlorophyll a and pheopigment
concentrations. The bulk of the pigments (Chl aþpheopigments)
was termed chloroplastic pigment equivalents (CPE) (Thiel, 1978).
Chloroplastic pigments and their degradation products were
extracted in 90% acetone and measured according to the procedures
described in Yentsch and Menzel (1963) and Holm-Hansen et al.
(1965). The microbial community, regarded as potential food for
meiofauna, was described by analyzing sediment-bound phospho-
lipids (PL); as a bulk parameter for the total microbial biomass
(TMB), and fluorescein-di-acetate (FDA) turn-over rates, as an
indicator for the potential activity of bacterial exo-enzymes. These
analyses were performed according to the methods of Findlay et al.
(1989) and Kos̈ter et al. (1991), respectively.

2.3. Data analysis

Both univariate and multivariate non-parametric permuta-
tional ANOVAs (PERMANOVA; Anderson, 2001; Anderson et al.,
2008) were performed to test for differences in several descriptors
of meiofauna assemblages and environmental variables between
sediment layers at the investigated stations. A biological data set
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was analyzed using 4-factor mixed model design, with the
following factors: “Station” (St; fixed), “Sediment layer” (Sl; fixed),
“Year” (Ye, random), and “Cores” (Co, random and nested within
StxYe) since different depth layers were not replicated in each
core. The calculation of Pseudo-F and P values was based on 999
permutations of the residuals under a reduced model. The main
focus of this study was to examine the vertical meiofaunal distri-
butions in the sediment profile and their responses to changes in
food availability along the horizontal transect; thus, when sig-
nificant P values were obtained for the interaction term (StxSl),
pair-wise comparisons were performed. The PERMDSIP test was
used to test the homogeneity of multivariate sample dispersions
(Anderson et al., 2008). Detailed analyses of temporal variability
will be published elsewhere.

The univariate descriptors of the fauna included total abundance
(N), the number of higher meiofauna taxa (T), the relative abun-
dance of nematodes (% Nematoda), and total biomass. The taxo-
nomic richness can depend on the number of individuals in a
sample. As the number of individuals differed among sediment
layers, the expected number of taxa was also considered, to exclude
a possible effect of variable sample size. The expected number of
taxa (ET) for a theoretical sample of 50 specimens, ET(50), and 100

specimens, ET(100), were calculated using the Hurlbert formula.
Both ET(50) and ET(100) were significantly correlated with a
number of meiofauna taxa (T) (po0.0001, r2¼0.82 and r2¼0.93,
respectively). Also the vertical profiles of the three diversity
measures were identical. Therefore we decided to present only
one diversity measure, i.e. the number of taxa (T). All univariate
tests were conducted using PERMANOVA on Euclidean distance
similarity resemblance matrices. Two-sample Kolmogorov–Smirnov
test were also used to test for significant differences among
meiofaunal density and number of taxa vertical distributions across
different stations. Station 5000 was excluded from this analysis
because of the low number of replications at this station.

For the multivariate analysis of the meiofauna community
Bray–Curtis similarity was used to calculate the resemblance
matrix based on square-root transformed data. A dummy variable
was added to the matrix, since the data set was characterized by
many samples with very few or even no individuals (Clarke and
Gorley, 2006). In order to visualize multivariate variability among
different stations, sediment layers, and years, non-metric multi-
dimensional scaling (nMDS) was performed. Following a sugges-
tion of K. R. Clarke (pers. comm.) a composite MDS plot based on
average distances between groups of samples representing

Table 1
Sampling stations – geographical positions, depths (minimum–maximum), and sampling intensity (all years – sampling every year from 2005 to 2009).

Station name HAUSGARTEN station ID Position Water depth [m] Sampling intensity

1200 HG-I 79,13 1N, 6,09 1E 1266–1304 All years
1500 HG-II 79,13 1N, 4,90 1E 1519–1565 All years
2000 HG-III 79,11 1N, 4,60 1E 1879–2037 All years
2500 HG-IV 79,07 1N, 4,18 1E 2411–2477 All years, except for one subsample in 2005
3000 HG-V 79,06 1N, 3,66 1E 2822–3127 All years
3500 HG-VI 79,06 1N, 3,58 1E 3440–3548 All years
4000 HG-VII 79,06 1N, 3,48 1E 3923–4065 All years, except for 2009
5000 HG-VIII 79,06 1N, 3,34 1E 5108–5140 Only in 2005 and two subsamples in 2007
5500 HG-IX 79,13 1N, 2,84 1E 5531–5590 All years, except for 2005 and 2009

Fig. 1. Overview (upper) and detailed map (lower) of the study area with location of sampling stations along the bathymetrical gradient in the HAUSGARTEN area.
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different levels of the main factors was used (averages for each
factor were calculated separately and then put together into one
data matrix). Additionally, an nMDS ordination based on centroids
(points located in the center area of each group of points) of the
two-way interaction cell groupings (factors: Sl, St) was plotted to
visualize the vertical patterns at the investigated stations. Two-
way SIMPER analyses (Clarke, 1993) were performed to assess the
percentage dissimilarity in meiofaunal community composition
between sediment layers and stations, based on non-standardized
and relative meiofaunal abundances.

Environmental variables were tested using separate univariate
PERMANOVA tests. A three factor mixed model design was used
(factors: St, Ye, Sl), since only one replicate sample for each
variable was available. Since the data were measured in different
units, a normalized Euclidean distance similarity matrix was used
for the PERMANOVA tests.

In all cases the relative importance of different terms in the
model was assessed as components of variation (VC) calculated
from the mean squares of the PERMANOVA results based on the
dissimilarity measure chosen.

The relationships between meiofauna community composition
and environmental variables were investigated using the Distance-
based Linear Model routine (DistLM) in PERMANOVAþ (Anderson
et al., 2008). The preliminary step was to produce Draftsman plots
with the Spearman coefficient from the full data set of environ-
mental variables to detect significant correlations between vari-
ables. Based on the results of this analysis, pheopigments were
omitted from the subsequent analysis. Next, each predictor was
analyzed separately (marginal test). The forward selection proce-
dure was used to determine the best combination of predictor
variables for explaining variation in meiofaunal assemblages. The
selection criteria chosen for the best-fitting relationship was based
on R2 values (see Anderson et al., 2008 for details).

Finally, non-parametric Kendall-Tau statistics were used to
investigate correlations between selected univariate meiofauna
characteristics and environmental variables. These analyses were
performed both on the whole dataset and separately for each
station. Additionally, the relationships between the concentration
of meiofauna density in surface layers and amount of Chl a in
sediments were analyzed. Pearson correlations were calculated
between the percentage of meiofauna individuals that were found
in layer 1 to the concentration of Chl a in layers 1–5 and to the
percentage of Chl a that was present in layer 1 (compared to the
that recoded in the upper 5 cm).

All described analyses were performed within PRIMER v6 with
PERMANOVAþ add-on software (Clarke and Gorley, 2006;
Anderson et al., 2008) and STATISTICA software.

3. Results

3.1. Sediment characteristics/environmental variables

Significant differences were noted in all the investigated
environmental parameters among stations (St), sediment layers
(Sl), and years (Ye) (PERMANOVA, Table 2; Appendix Fig. 1). We
also found significant StxSl interactions (Table 2), indicating that
the variability in these parameters among sediment layers was
dependent on sampling site.

The variability of the pigment and phospholipid contents in
sediments (Chl a, CPE, PL) was driven mainly by inter-annual
changes (factor Ye), followed by bathymetrical changes (factor St).
In contrast, sediment water contents and bacterial activity (FDA)
were more dependent on water depth (factor St) than on the
sampling year or sediment depth (Table 2). Chl a values at stations
located on continental slope (42500 m) were lower than at the

three shallowest stations, with the lowest values recorded at the
station 4000 m. CPE concentrations gradually decreased with
depth, with the strongest vertical decline observed at the station
5000 m and 5500 m. The strongest bathymetrical gradient and
constant decreases with increasing water depth were noted for
bacterial activity (FDA) and the sediment water content. The only
exception was observed for station 5500 m, where sediment water
content values were comparable to those noted at the shallowest
stations (1200–1500 m). The least clear pattern was observed for
phospholipid concentrations (Appendix Fig. 1). At some of the
stations (e.g., 2000 m) a trend of increasing PL concentrations with
increasing sediment depth was observed, while an opposite
picture was found for other stations (e.g., 5500 m).

3.2. Meiofauna higher taxa

A total of 21 metazoan higher taxa and 2 nauplius stages
(of copepods and cirripedia) were identified in the HAUSGARTEN
samples from 2005 to 2009. Among them, nematodes were the
most abundant organisms (92–96%), followed by harpacticoid
copepods (1–3%) and their nauplii (1–2%). Other taxa, such as
kinorhynchs, ostracods, and polychaetes, typically occurred at lower
numbers (up to 2%) or appeared only occasionally (e.g., Loricifera,
Tardigrada, Priapulida; Table 3).

The total number of meiobenthic taxa differed significantly
among stations located along the bathymetrical gradient (Table 4).
With increasing water depth, the number of taxa decreased from
11 (on average) at stations located between 1200 m and 3000 m to
5 (on average) at stations between 4000 m and 5500 m. The
maximum number of taxa (16) was noted at station 1500 in
2007 and 2008. A PERMANOVA analysis indicated that sediment
layer (Sl) was the most important factor in structuring meio-
benthic communities in terms of the number of taxa per sample.
At all stations the highest number of taxa was observed in the
uppermost layer of the sediments, and declined with increasing
sediment depth. The trend of decreasing taxonomic richness was
gradual at most of the stations except at stations 3000 and 3500,
where sharp decreases in the number of taxa were noted from the
surface layer to deeper sediment depths. The largest differences in
the shape of decline was observed between the three shallowest
stations (1200–2000 m) and deeper ones (significant contrasts at
po0.005, as indicated by the Kolmogorov–Smirnov test; Appendix
Table 1). Significant differences in the vertical distribution of taxa
among stations were also noted based on interaction term StxSl
(Table 4). Layer 1 was significantly different from all other layers at
the investigated stations, with the exception of the two deepest
stations, where the surface layer differed significantly only from
layer 5 (Fig. 2, Appendix Table 2). However, PERMDISP analysis
revealed significant differences in data deviation from the centroids
(for interaction StxSl), which suggested that the significant PERMA-
NOVA results were due to a combination of station, layer, and
dispersion effects.

3.3. Meiofauna densities and nematode biomasses

The mean meiofaunal densities in sediment layers at each
station are presented in Table 3. The total densities of meiofauna
along the bathymetric gradient decreased from 21687679 ind.
10 cm-2 (on average7SD) at stations located between 1200 m and
2000 m to 5307269 ind. 10 cm-2 (on average7SD) at stations
between 4500 m and 5500 m (Table 3). The highest density was
recorded at station 1200 in 2008 (3914 ind. 10 cm-2), while the
lowest values were noted at station 4000 in 2008 (201 ind. 10 cm-2).
Meiofauna densities differed significantly among groups of samples
defined by factors St, Sl, and Ye, and the highest variability (indicated
by VC) was associated with factor St (Table 4). The highest densities
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were noted in the first sediment layer at all the stations (Fig. 3), and
this layer was always significantly different from the deeper ones
(Appendix, Table 3). However, the shape of the decline in density
differed significantly (Kolmogorov–Smirnov test, po0.05) among
almost all stations besides pairs of stations: 1200–2000, 1500–2000,
1500–2500, 2500–5500, 3000–3500 (Appendix, Table 4). The PER-
MANOVA results indicated the significant effect of the interaction
factor StxSl (Table 4), but the PERMDISP values were also significant,
indicating that significant differences in PERMANOVA could have
resulted from the combined effect of station, layer, and data disper-
sion. At stations between 1200 m and 2500 m, meiofauna densities
remained comparably high at all sediment layers; even at the
deepest layer (4–5 cm) it exceeded 1567144 ind. 10 cm-2. At stations
3000–4000 m, densities dropped to 68764 ind. 10 cm-2 by layer
3 and did not exceed 36 ind. 10 cm-2 in the deepest layer. At station
5000, a depth-related decline and significant differences among the
layers was observed, but variability at different sediment layers was
comparably high, which was probably related to the overall low
number of samples collected at this station during the investigated
period (Table 1). The depth-related patterns in density at station
5500 differed from all the other stations as mean densities decreased
from 259789 ind. 10 cm-2 in layer 1 to 100728 ind. 10 cm-2 in layer
3, but then increased to 1257152 ind. 10 cm-2 in layer 5.

The vertical distribution of meiofauna in the upper sediment
layers differed along the bathymetric gradient. The fauna was
more evenly distributed among the sediment layers at stations
1200–2000 and 5500 than at the other stations (Fig. 4). More than
50% of all meiofaunal organisms were concentrated in layer 1 (75%
at station 4000) and up to 89% in the upper two layers at the
stations between 3000 m and 5000 m. No layer hosted more than
38% of the total meiofauna at the stations 1200–2000 and at 5500.

Nematodes constituted between 85% and 99% of the total
meiofauna in each sediment layer, except at stations 4000 and
5000, where their percentage was lower (Fig. 4). The highest
contribution of other taxa to the entire meiofauna community was
recorded in the deepest layer at these stations, where more than
30% of the community consisted of other taxa such as ostracods
and gastrotrichs. The vertical patterns in the proportion of nema-
todes differed clearly among stations (Fig. 4), and the highest
variance was noted for interaction term SlxSt (Table 4).

Vertical distribution patterns in nematode biomass resembled
those described for meiofauna density at stations 1200 and 1500,
and those located between 2500 m and 5000 m (Fig. 5a).
In contrast, meiofaunal densities declined with increasing sedi-
ment depth at station 2000, while both total nematode biomass
and individual nematode biomass exhibited higher values in the

deeper sediment layers (Fig. 5b). At station 5500, meiofauna
densities increased from layers 3 to 5, but no such trend was
noted for nematode biomass. Both meiofauna density and total
nematode biomass declined at station 1200, while individual
nematode biomass increased towards the deepest sediment layer.

3.4. Meiofauna community composition

The meiofauna composition differed significantly among groups
of samples defined by the investigated environmental factors
(Table 4), with sediment layer (Sl) being the most important, as
indicated by its highest component of variation (VC; Table 4) and its
illustration in the MDS plot (Fig. 6). The highest VC for Sl indicated
that multivariate variation in meiofauna communities was the
highest at the smallest spatial scale investigated, i.e., within the
vertical profile of the sediment layers. Significant interaction
between stations and sediment layers (StxSl), together with the
non-significant PERMDISP test indicating the homogeneity of multi-
variate dispersion, means that substantial differences in vertical
patterns of meiofauna community structure were present among
sampling stations. As revealed by SIMPER analyses, nematode
densities contributed most to the dissimilarity in horizontal and
vertical meiofauna distribution (on average 37.7 and 47.9, respec-
tively). Similarity among layers was on average 62.5%, ranging from
42.6% between the most distinct 1 and 5 layers, to 73.4% between
layers 3 and 4, whereas the dissimilarity of meiofauna composition
between stations was on average 39.5%, being the lowest between
station 1500 and 2000 (22.8%) and the highest between station
1200 and 4000 (60.7%). However, when relative abundance values
were analyzed, harpacticoids and nauplii copepods made the
largest contribution to the observed differences. Harpacticoids,
followed by nauplii copepods, contributed most to the meiofauna
composition dissimilarity in horizontal distribution (22.7% and
21.8%, respectively), while in vertical distribution contributions of
nauplii copepods (22.3%) were followed by those of harpacticoids
(20.2%). The nMDS plot of centroids (Fig. 7) displayed a gradual
change in community composition from the sediment surface to the
deepest sediment layer. Fig. 7 shows a shift in the position of
surface layer samples in the three groups of stations. Centroids
representing layer 1 in mid-water samples shifted towards the right
side of the plot (compared to surface layer at the shallow stations),
which made this layer in the mid-water stations more similar to the
deeper layers (2 and 3) of the shallower stations. The centroids of
layer 1 were even further to the right at the deep stations, which
was closer to the deepest layers of the shallow stations. Interest-
ingly, differences in meiofauna structure among all sediment layers

Table 2
Results of univariate PERMANOVA tests for differences in environmental variables (Chl_a – chlorophyll a concentration in the sediments, CPE – chloroplastic pigment
equivalents, PL – phospholipids concentration in sediments, FDA – Fluorescein-di-acetate) among sampling years (Ye), stations (St) and sediment layers (Sl). The factor with
the highest components of variation (VC) is underlined.

Source df Porosity Chl_a CPE PL FDA

ps-F VC ps-F VC ps-F VC ps-F VC ps-F VC

Ye 4 19.1nn 0.11 178.0nn 0.36 265.4nn 0.95 109.1nn 0.80 61.7nn 0.21
St 8 35.8nn 0.67 12.5nn 0.27 13.6nn 0.72 4.4n 0.49 25.9nn 0.6
Sl 4 72.6nn 0.23 57.1nn 0.31 73.4nn 0.76 5.0n 0.23 29.8nn 0.21
St x Sl 32 2.5nn 0.09 2.4n 0.10 3.7nn 0.28 2.6n 0.29 3.9nn 0.14
Ye x St 25 11.0nn 0.22 4.8nn 0.14 7.7nn 0.41 7.0nn 0.51 10.9nn 0.23
Ye x Sl 16 0.9 0.01 2.1n 0.06 1.9n 0.13 2.1n 0.18 1.8n 0.05
Res 99 0.15 0.16 0.35 0.46 0.16

Note that the numbers of collected samples were not equal in each year, resulting in different degrees of freedom (df) for interaction terms. Information about missing
samples is reported in Table 1.
Significant effects:

n Po0.05.
nn Po0.001 are indicated next to values of PERMANOVA ‘pseudo’ F statistic (ps-F).
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at station 5500 were much smaller than at the other deep stations.
Considerably larger differences were observed between the surface
and deeper layers at stations 4000 and 5000. Moreover, in compar-
ison to other groups of stations, layers 3, 4, and 5 at stations 4000
and 5000 were clearly different from all other sediment layers. The
nMDS plot illustrating the distances among all samples (with
averaged pseudo-replicates) indicated that the samples represent-
ing the surface layers (1 and 2) were closer together than samples
representing deeper layers, thus multivariate dispersion seemed to
increase across the vertical sediment depth gradient (Fig. 8).

3.5. Relationship between meiofauna and environmental variables

Generally, both meiofaunal density and the number of taxa
were positively correlated with all environmental variables.
In contrast, the proportion of nematodes among the total meio-
fauna was negatively correlated with all environmental para-
meters. When statistical analyses were done separately for each
station, differences in the significance and strength of correlations
were observed (Appendix Table 5). Meiofauna density correlated
significantly with both Chl a and CPE at all stations, but the

Table 3
Mean (7 SD) densities [ind. �10 cm-2] of major meiofauna taxa in sediment layers at all stations. ‘Others’ include taxa with mean percentages of meiofauna abundance in all
samples of less than 0.15%: Cirripedia nauplii, Cnidaria, Tardigrada, Acarina, Bivalvia, Gastrotricha, Turbellaria, Oligochaeta, Tanaidacea, Sipuncula, Loricifera, Cumacea,
Priapulida, Rotifera, Hydrozoa, Nemertea, Amphipoda.

Station Layer Nematoda Harpacticoida Nauplii cop Ostracoda Kinorhyncha Polychaeta Others

1200 0–1 664.07228.5 36.1713.5 37.6723.3 8.575.5 2.172.6 1.171.9 32.9721.9
1–2 529.87115.8 17.479.4 15.9735.9 0.471.6 0.471.1 1.772.6 7.274.6
2–3 638.37243.5 6.277.7 4.074.2 – 0.270.8 0.871.5 3.073.7
3–4 367.17225.7 0.671.3 1.171.5 0.270.8 – 1.572.4 0.671.8
4–5 72.2729.6 – 0.270.8 – – 1.572.4 3.476.4

1500 0–1 609.87264.8 22.7714.3 23.6710.2 1.972.9 0.871.9 2.372.8 17.0712.9
1–2 369.07178.0 7.974.1 8.977.6 0.871.5 0.471.1 1.372.0 4.574.0
2–3 299.47128.2 6.675.4 5.374.6 0.270.8 0.671.8 2.173.1 1.372.3
3–4 215.1784.1 3.072.8 3.474.1 0.270.8 0.270.8 1.573.6 0.871.9
4–5 171.6766.1 1.772.0 1.773.6 0.270.8 – 1.372.0 1.573.4

2000 0–1 699.07287.8 18.0710.5 23.6710.4 3.473.7 2.172.3 1.373.4 16.1712.8
1–2 503.27172.7 6.275.4 12.5711.5 0.871.5 1.372.3 1.172.0 2.872.9
2–3 429.57174.2 5.377.5 5.975.2 – 0.671.8 0.270.8 1.373.4
3–4 304.17132.3 5.976.3 3.073.7 – 0.471.6 0.671.3 0.671.3
4–5 208.37219.0 1.172.0 – – – 1.773.6 0.471.1

2500 0–1 526.77173.0 8.675.6 13.279.3 1.872.1 0.571.2 1.672.4 5.074.3
1–2 293.97119.8 2.574.7 2.573.3 0.270.8 0.270.8 1.472.4 2.073.4
2–3 150.1767.5 0.972.0 0.270.8 – 0.270.8 0.270.8 0.571.2
3–4 127.6764.0 – 0.571.2 – – 0.571.2 1.672.4
4–5 83.9763.6 0.571.2 – – – 0.270.8 1.172.0

3000 0–1 338.27107.9 8.176.8 11.278.5 1.172.9 3.674.3 3.873.0 4.973.8
1–2 102.6749.4 0.871.5 1.374.1 – – 2.773.1 2.378.2
2–3 51.2729.7 0.871.9 1.372.3 – – 0.672.5 0.671.3
3–4 39.1725.0 0.871.5 1.975.1 – – – 0.270.8
4–5 29.3716.0 0.270.8 0.672.5 0.270.8 0.270.8 – –

3500 0–1 372.67108.4 4.273.3 4.577.2 1.372.0 2.573.4 5.374.8 5.372.6
1–2 133.6754.2 0.270.8 0.671.8 – – 1.572.0 1.172.0
2–3 43.1726.1 1.172.9 – – – 1.172.9 1.973.4
3–4 30.1724.7 0.471.1 0.671.3 – – – 1.172.9
4–5 17.4710.3 0.270.8 0.270.8 – – 0.270.8 0.270.8

4000 0–1 223.5788.0 3.273.0 2.673.0 0.872.0 0.571.8 6.176.6 1.672.1
1–2 41.1723.8 0.571.2 1.172.8 – – – 1.172.8
2–3 18.0712.0 – 2.175.6 – – – 0.370.9
3–4 9.378.2 – – – – – –

4–5 4.572.9 – 1.973.7 0.370.9 – 0.370.9 0.370.9

5000 0–1 341.97130.7 6.476.4 3.270.0 – 3.275.5 1.171.8 2.171.8
1–2 183.5773.6 3.274.5 2.573.5 – 0.671.4 – 0.671.4
2–3 68.8770.4 1.9172.8 0.671.4 – – – –

3–4 9.676.4 0.671.4 0.671.4 – – – 3.277.1
4–5 – – – – – – –

5500 0–1 235.3776.6 5.774.4 6.772.5 – 1.171.6 0.771.4 –

1–2 170.1759.4 4.275.0 5.375.0 – 0.370.9 0.571.2 0.370.9
2–3 95.3726.0 2.473.9 0.571.2 – – – 0.571.8
3–4 99.87117.6 0.370.9 0.571.2 – – – 0.370.9
4–5 124.27151.7 0.370.9 0.370.9 – – – –
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strength of this relationship generally increased along the bathy-
metric gradient. The exception was at station 4000 where the
strength of the correlation was much lower compared to the other
stations below depths of 2500 m. Correlations with other environ-
mental variables (e.g., FDA) were less consistent across the
stations. Kendall-Tau correlations between the number of taxa
and environmental parameters were also highly dependent on
water depth. Stronger correlations were documented at deep
stations than at shallow ones for both Chl a and CPE, except at
station 4000 where the strength of the correlations were compar-
able to those at the shallower stations (Appendix Table 5).

The results of DistLM analyses (Table 5) showed that Chl a
explained 56% of the variation observed in the meiofauna community,

while the other main contributors included CPE (51%) and sediment
water content (37%). Five variables were included by the DistLM
procedure to construct the best fitting model, together explaining 64%
of total variation. However, only three variables were statistically
significant in the model. Bacterial activity (FDA) and phospholipids
(PL) did not achieve significant p values (p40.05) when forward
selection procedures were applied.

We found significant negative correlations (po0.05) between
the percentage of meiofauna individuals occurring in layer 1 and
concentration of Chl a in upper 5 cm of sediments (Fig. 9a).
In samples where higher concentrations of Chl a where observed,
more meiofauna were distributed to deeper layers and the lower
percentages of meiofauna were located in layer 1. Moreover, there

Table 4
Results of PERMANOVA tests for differences in univariate (dens – total density, no.taxa – number of taxa per sample, % Nem – relative abundance of nematodes, total biomass
of nematodes) and multivariate (comp – composition) meiofauna characteristics among sampling years (Ye), stations (St), sediment layers (Sl), and cores (Co). The factor with
the highest components of variation (VC) is underlined.

Source df Comp (multi) Dens No.taxa % Nem Source df Total biomass

ps-F VC ps-F VC ps-F VC ps-F VC ps-F VC

Ye 4 6.3nn 3.99 8.0nn 11.07 7.6nn 0.27 3.6n 1.09
St 8 27.2nn 17.41 27.2nn 46.46 24.3nn 0.90 1.4 1.02 St 8 16.4nn 31.85
Sl 4 92.0nn 18.60 39.9nn 39.19 173.8nn 1.43 2.3 0.88 Sl 4 3.9n 9.54
St� Sl 32 9.5nn 13.84 6.7nn 23.99 4.5nn 0.52 3.0nn 3.37 StxSl 31 1.6n 13.22
Ye� St 27 2.4nn 5.67 2.7nn 15.25 1.7nn 0.26 3.4nn 2.84
Ye� Sl 16 1.3 1.86 3.9nn 11.76 0.9 0.00 0.8 0.68
Co(Ye� St) 79 1.3n 4.16 1.8nn 13.48 1.1 0.18 0.8 1.42 Co(St) 18 1.2 5.29
Yr� St x Sl 107 1.1 3.60 1.1 8.27 0.9 0.05 1.2 1.89
Res 310 11.81 32.82 1.06 2.76 23.3

Note that the numbers of collected samples were not equal in each year, resulting in different degrees of freedom (df) for interaction terms. Information about missing
samples is reported in Table 1.
Significant effects:

n Po0.05.
nn Po0.001 are indicated next to values of PERMANOVA ‘pseudo’ F statistic (ps-F).

Fig. 2. Number of meiobenthic taxa per sample in 1-cm sediment layers at HAUSGARTEN stations between 2005 and 2009. The numbers shown represent the sediment
layers being compared in PERMANOVA pair-wise comparisons (StxSl) in order to assess differences in meiofaunal taxa number among sediment layers; statistically
significant different (po0.05) pairs are shown. Means7standard error are presented.
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were significant positive correlations (po0.05) between the
percentage of Chl a in layer 1 and the percentage of meiofauna
individuals occurring in layer 1 (Fig. 9b). This shows that when Chl
a was more evenly distributed within sediment meiofauna pene-
trated deeper into the sediments.

4. Discussion

4.1. Bathymetric gradients in metazoan meiofauna

Deep-sea meiobenthic standing stocks decrease with increas-
ing water depth and distance from the continental shelf (e.g., Rex
et al., 2006); this was confirmed by our results. At the HAUSGAR-
TEN observatory, depth is a very important factor in structuring
meiofauna abundance and total nematode biomass, as indicated
by the high value of the VC of station factor in the PERMANOVA
analysis (Table 4). Meiofauna densities generally decreased with
increasing water depth; however, the pattern observed was not
gradual. Stations located on the upper slope (1200–1500 m)
harbored comparable numbers of meiofauna organisms, while
the deepest station was characterized by higher meiofauna den-
sities than those at lower slope stations (4000–5000 m). The
increased meiofaunal standing stock at 5500 m presumably
reflects specific hydrographic conditions, strong fluxes, and the
higher accumulation of organic matter in the seafloor depression
that acts as a big sediment trap (Soltwedel et al., 2003, 2009) and
is a characteristic trait for deep-sea trenches (Glud et al., 2013).

The distribution of both the density and biomass of organisms
on the deep seafloor is strongly connected with the rate at which
food is supplied to the seabed (Wei et al., 2010). The high values of
sediment-bound chloroplastic pigments in the HAUSGARTEN area
reflect and confirm enhanced primary productivity in surface
waters, which is positively correlated with meiofauna abundances
and also the number of taxa (Appendix Table 5), despite the fact

that the majority of photosynthetically-produced carbon is
recycled within the upper water column (Bauerfeind et al., 2009;
Forest et al., 2010). Nonetheless, we found positive impacts of
potential food sources on meiofauna standing stocks, which were
illustrated by the significant correlations of meiofaunal density
and number of taxa with Chl a and CPE concentrations (Appendix
Table 5). The latter was especially important at the deepest
stations, where correlations with abundance and number of taxa
were the strongest. Interestingly, we found no significant correla-
tion between meiobenthic densities and bacterial activity (FDA)
at the shallowest stations, although correlations between these
parameters were significant at the deeper stations (Appendix
Table 5). This might indicate that deep-sea meiofauna distribution
is not necessarily driven by bacteria, and bacterial carbon is
probably not of prime importance in the diet of meiofauna
organisms, as has been already suggested by Guilini et al. (2010,
2011). Considerably higher pigment concentrations in HAUSGAR-
TEN sediments (up to five times higher than those reported in
other deep-sea studies, e.g., Soltwedel et al., 2000; Gutzmann
et al., 2004), support the notion that HAUSGARTEN receives
unusually high amounts of organic carbon derived from surface
production in comparison to other polar deep-sea areas. These
sediments are also inhabited by elevated numbers of metazoan
meiofauna (Hoste et al., 2007). Comparably high meiobenthic
standing stocks at similar water depths have only been observed
at deep-water biomass hotspots such as trenches, canyons, or
hydrothermal vents (Olu et al., 1997; Vanhove et al., 2004;
Van Gaever et al., 2009; Itoh et al., 2011).

4.2. Vertical patterns of meiofauna density and nematode biomass
in surface sediments

The highest densities of meiofauna were always found in the
uppermost centimeter of the sediments and, except for station
5500, densities generally declined with increasing sediment depth

Fig. 3. Density of meiofauna (ind. 10 cm-2) in 1-cm sediment layers at HAUSGARTEN stations between 2005 and 2009 (means7standard errors are presented). Results of
pairwise post hoc PERMANOVA tests between sediment layers are presented for each station; significant contrasts (Po0.05) are listed, numbers represent sediment layers
being compared in pair-wise comparisons.
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(Fig. 3). This agrees with the general pattern of meiofauna
distribution in deep-sea sediments described for other geographi-
cal regions (Vincx et al., 1994 and references therein). In most
cases, deep-sea meiofaunal standing stocks are concentrated in
the top 3 cm (Rex and Etter, 2010), and up to as much as 80% of the
meiobenthos in deep seafloors may be restricted to the surface
layer (Fonseca and Soltwedel, 2009). However, a closer inspection
of the vertical patterns at stations in the HAUSGARTEN area
revealed some striking differences. Stations on the upper slope
(1200–2500 m) with higher food availability generally showed
smoother vertical gradients in pigment contents indicating phy-
todetritus (food) availability. Consequently, meiofauna penetrate
deeper and are more evenly distributed within the surface sedi-
ments. This was not the case at the lower slope stations with
generally lower chloroplastic pigment concentrations, where
meiofauna densities strongly decreased below the uppermost

centimeter of the sediments. However, the presence of a relatively
high proportion of meiofauna in the deeper sediment layers at
shallower stations might not be explained by food availability
alone. Vertical patterns of meiofauna in the sediment layers can
also be shaped by closely interlinked abiotic and biotic factors such
as the physical properties of the sediment, oxygen availability,
microbiota density/biomass, and interactions with macro/mega-
fauna (e.g., predation, bioturbation, competition for food sources)
(Thiel, 1983; Gooday, 1986; Pfannkuche and Thiel, 1987;
Lambshead et al., 1995; Sommer and Pfannkuche, 2000; Grove
et al., 2006; Braeckman et al., 2011). The balance between food
availability and oxygen concentrations, which governs microhabi-
tat space for small-sized biota (Jorrisen et al., 1995; Soetaert et al.,
2002), seems of prime importance. Unpublished data from C.
Cathalot (IFREMER, France) and C. Rabouille (CEA, France) demon-
strate that gradients in oxygen concentrations in surface sediments

Fig. 4. Vertical profiles of relative abundance (i.e., percentage of the total number of individuals recorded at a station) of meiofauna found in 1 cm sediment layers (large
figure) and percentages of Nematoda and the sum of all other taxa (inset figure).
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at HAUSGARTEN show clear differences with increasing water
depth, but that the uppermost sediment layers down to 5 cm were
always well oxygenated (Gallucci et al., 2008; Soltwedel et al., 2013).
These reports, together with studies documenting the capability of
nematodes to withstand low oxygen concentrations (Modig and
Ólafsson, 1998; Cook et al., 2000; Steyaert et al., 2007), suggest that
oxygen was not a controlling factor for the vertical distribution of
meiofauna in HAUSGARTEN sediments.

Meiofauna distribution patterns at the deepest station probably
indicated that interactions with other benthic biota could be more
important. The occurrence of a peak in meiofauna abundance in
the deepest layer cannot be explained by higher food availability
in the deeper sediment layers, since the amount of phytodetrital
matter at this station was the highest in the 1 cm layer, and
gradually decreased with increasing sediment depth. The peak in
meiofauna densities in deeper sediment layers may be partly
explained by higher predation pressure by holothurians, since dense
herds of sea cucumbers (Elpidia glacialis) colonize the deepest parts of

station 5500 (Soltwedel et al., 2003). Metazoan meiofaunal inverte-
brates are able to avoid predation pressure by vertical migration to
deeper sediment layers (Braeckman et al., 2011), what could result in
subsurface maxima in meiofaunal densities.

Vertical distribution patterns of total nematode biomass were
inconsistent along the bathymetric gradient and showed substan-
tial differences among water depth zones. The vertical zonation of
both total nematode biomass and individual biomass resembled,
but did not match, the patterns documented for nematode
densities. This means that the patterns described for density do
not necessarily reflect the variability in biomass, and the use of
density as a sole indicator of standing stocks must be treated with
caution.

The vertical penetration of nematodes into deep-sea sediments
was shown to be directly impacted by the food supply (Soetaert
et al., 1997), which is reflected by positive correlations between
their biomass and sediment-bound pigment concentrations (e.g.,
Leduc et al., 2012). The station 2000 showed clear deviations from
the general trend. At this site, the maximum total nematode
biomass was in layer 3 and 5, although both meiofauna density
and/or Chl a concentration were no higher than in other layers.

Shifts in individual nematode biomass were clear and increased
in a downward direction in the cores at stations located between
1200 m and 2500 m. Shifts towards larger nematode specimens
in deeper sediment layers have already been observed by other
authors (e.g., Hasemann, 2006; Neira et al., 2013). In contrast, at
stations located between 3000 m and 5500 m, individual biomass
decreased toward the deepest sediment layer. Differences in nema-
tode biomass gradients in deep-sea surficial sediments can be
caused by changes in nematode community composition, different
morphometric characteristics of particular genera, and their occur-
rence (e.g., decreasing numbers of larger and thicker nematodes,
such as Sabatieria, at greater water depths). The evidence that
nematode morphometry may vary considerably along bathymetric
gradient and vertical profiles in sediments has been shown in
several studies (Vanaverbeke et al., 1997; Soetaert et al., 2002) and
importance of local factors, e.g., sediment grain size, in shaping
nematode size should be underlined (Soetaert et al., 2009).

4.3. Patterns of meiofauna diversity and community composition

The number of meiofauna taxa exhibited a decreasing trend
with increasing water depth and was positively correlated with
organic matter input, especially at the deepest stations where
correlations with both Chl a and CPE were the highest. A pattern of
diversity decrease with water depth has been observed as a result
of decreasing food availability (Gambi and Danovaro, 2006;
Trebukhova et al., 2012). In spite of significant changes along the
bathymetric gradient, the most important factor structuring meio-
fauna diversity was sediment depth (Table 4). The highest number
of taxa was observed at all stations in the uppermost centimeter of
the sediments, indicating that the reduced availability of organic
carbon can induce the strong impoverishment of meiofauna
inhabiting the deeper sediment layers in both numbers of indivi-
duals and taxonomic richness.

Vertical patterns in the proportion of nematodes in surface
sediments showed clear differences along the bathymetric transect.
A lower proportion inhabited the surface sediment (0–1 cm) at
shallower stations compared to those at deeper stations. The rela-
tively smooth vertical gradients in other meiofauna taxa at shallower
stations probably reflect more favorable environmental conditions,
which enabled a considerable number of harpacticoids and copepod
nauplii to accompany nematodes in deeper sediment layers. The
vertical segregation of meiobenthic taxa can also be explained by
differences in feeding strategies and preferred food sources of
relatively fresh, recently sedimented organic matter versus older
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Fig. 5. Mean total Nematoda biomass [upper plot, mg � 10 cm-2] and individual
Nematoda biomass [lower plot, mg] in 1 cm layers in samples collected at stations in
2005. White dots indicate the actual data points.

Fig. 6. nMDS plot based on average distances between groups of samples
representing stations, sediment layers, and years. Sizes of multivariate variance
components at each of four spatial scales are also plotted (obtained from the
PERMANOVA results in Table 4.).
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sedimentary carbon reservoirs (Rudnick, 1989). Shimanaga et al.
(2000) demonstrated that deep-sea harpacticoids and kinorynchs
were more responsive to seasonal pulses of organic matter than
nematodes or polychaetes. Vertical patterns in the proportion of
nematodes have been examined only rarely. Vincx et al. (1994)
suggested that the contribution of nematodes to the total metazoan
meiofauna community generally increases with increasing sediment
depth. This could be related to the ability of this group to utilize
buried reservoirs of older detritus (Rudnick, 1989).

Multivariate analyses of the meiofaunal assemblages at the
HAUSGARTEN observatory clearly illustrated that differences
between sediment layers were stronger than differences among
stations (i.e., water depths). Similar patterns of spatial variability
were documented for parameters indicating food availability
(especially phytodetrital matter) at the seafloor. The results of
the PERMANOVA showed that these parameters varied most at
smaller scales, as was indicated by the highest VC of the sediment
layer factor, while water contents or bacterial enzymatic activities,
for example, were more variable among samples collected at
different water depths. This observation suggests that spatial
meiofauna patterns on the scale of centimeters can be related to
the patchy distribution of potential food. Other deep-sea studies
suggest that biogeochemical gradients in the sediment are more
important than bathymetrical or latitudinal gradients in structur-
ing meiofauna communities (Vanaverbeke et al., 1997; Fonseca

and Soltwedel, 2007; Fonseca et al., 2010). The results of our study
also suggested that the impact of the spatial variability of organic
matter quantity and quality on meiofaunal community structure
increased with declining levels of food availability. The response
of meiofauna to environmental variables was more pronounced at
deeper stations, as well as in deeper sediment layers.

Even though this study shows that small-scale variability is of
major importance in structuring deep-sea meiofaunal communities,
large spatial scales, which can reflect broader oceanographic con-
ditions, certainly also play a significant role. Our results showed that
the vertical gradients of meiofauna in deep-sea sediments are
generally shaped by large-scale processes that are responsible for
the levels of food supply on the deep seafloor. The gradients in food
availability (e.g., bathymetric gradients in the HAUSGARTEN area)

Table 5
Results of DistLM procedure for fitting environmental variables (CPE – chloroplastic
pigment equivalents, Chl a – chlorophyll a, PL – phospholipids concentration in
sediments, FDA – Fluorescein-di-acetate) to the meiofauna community data. % Var,
percentage of explained variance; % Cum, cumulative percentage explained by the
added variable.

MARGINAL TESTS

Variable ps-F Var%

Porosity 24.83nnn 36.6
Chl a 53.81nnn 55.5
CPE 44.28nnn 50.7
FDA 24.49nnn 36.2
PL 7.71nnn 15.2

SEQUENTIAL TESTS

Variable R2 ps-F Var% Cum%

þChl a 0.55 53.81nnn 55.5 55.8
þCPE 0.58 2.55n 2.5 58.1
þPorosity 0.62 4.26nn 3.9 62.0
þPL 0.63 1.23 ns 1.1 63.2
þFDA 0.63 0.74 ns 0.7 63.8

Significant effects:
nnn Po0.001.
nn Po0.01.
n Po0.05;

ns, not significant, are indicated next to values of ‘pseudo’ F statistic (ps-F).

Fig. 7. nMDS plot of centroids for groups of samples collected from the same stations and sediment layers. The sediment layers for each station are connected by a line with
the shallowest (1) and deepest (5) layer indicated.

Fig. 8. nMDS plot based on Bray–Curtis similarities of log transformed meiofaunal
community data; symbols represent sediment layers.
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define the spatial differences in the vertical penetration of meio-
fauna into the sediments. Since climate change induced shifts in
marine productivity at the high latitudes are to be expected (e.g.,
Reid et al., 2007; Wassmann, 2011), we can assume that small-scale
patterns in the distribution of metazoan meiofauna in deep-sea
sediments are likely to be modified accordingly.

5. Conclusions

Small-scale patterns of deep-sea meiofauna are still poorly under-
stood (Snelgrove and Smith, 2002) and more studies are needed in
this field. A deeper insight into the small-scale heterogeneity in
meiofaunal communities and its structuring forces could be achieved,
for example, by identifying taxa to lower taxonomic levels. Most
recent studies have already provided important information about
the functioning of deep-sea nematode communities and the func-
tional and structural characteristics of nematode species that reflect
environmental conditions (Ingels et al., 2009, 2011; Hasemann and
Soltwedel, 2011, Guilini et al., 2013; Pape et al., 2013). Therefore,
insight into nematode community structures have great potential to
provide the information required to understand the driving forces of
many aspects of the deep-sea meiofauna community, including
small-scale vertical distribution patterns in sediments.
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Fig. 9. Correlations between percentage of meiofauna individuals occurring in
uppermost sediment layer (0–1 cm) and concentration of chlorophyll a in upper
5 cm (upper plot) and percentage of chlorophyll a in layer 1 in the total amount of
chlorophyll occurring in upper 5 cm of sediments.

B. Górska et al. / Deep-Sea Research I 91 (2014) 36–49 47

http://dx.doi.org/10.1016/j.dsr.2014.05.010
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref1
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref1
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref2
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref2
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref2
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref3
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref3
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref4
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref4
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref4
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref4
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref4
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref5
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref5
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref5
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref5
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref6
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref6
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref7
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref7
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref8
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref8
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref8
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref9
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref9
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref10
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref10
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref10
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref10
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref11
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref11
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref11
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref12
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref12
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref13
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref13
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref14
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref14
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref14
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref15
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref15
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref15
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref15
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref16
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref16
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref16
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref17
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref17
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref18
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref18
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref18
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref19
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref19
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref19
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref19
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref20
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref20
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref20
http://refhub.elsevier.com/S0967-0637(14)00083-1/sbref20


Grove, S.L., Probert, P.K., Berkenbusch, K., Nodder, S.D., 2006. Distribution of bathyal
meiofauna in the region of the Subtropical Front, Chatham Rise, south-west
Pacific. J. Exp. Mar. Bio. Ecol. 330, 342–355.

Guilini, K., van Oevelen, D., Soetaert, K., Middelburg, J.J., Vanreusel, A., 2010.
Nutritional importance of benthic bacteria for deep-sea nematodes from the
Arctic ice margin: results of an isotope tracer experiment. Limnol. Oceanogr. 55
(5), 1977–1989.

Guilini, K., Soltwedel, T., van Oevelen, D., Vanreusel, A., 2011. Deep-sea nematodes
actively colonise sediments, irrespective of the presence of a pulse of organic
matter: results from an in-situ experiment. PLoS One 6, e18912.
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