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Dispersal processes are known to influence dynamics of marine benthic communities. It has been argued that
as a result of nematodes being small in size and lacking pelagic larvae, it is unlikely that they are able to dis-
perse actively over wide geographical ranges. Nematode dispersal is therefore assumed to be predominantly
driven by water currents entraining resuspended sediments containing nematodes. Three different types of
substrates combined with sediment (algae, bacteria, and sulphides) and two different controls (empty and
azoic sediment) were offered to a nematode community sinking through the water column in three indepen-
dent, simultaneously running replicated experiments. Selective settlement of nematodes was observed
whilst descending in the water column under ex-situ experimental conditions using samples collected in
the Whittard canyon at 812 m of water depth. Significant differences in nematode community structure be-
tween treatments suggest that different nematodes are attracted by different substrates. They may colonise
suitable patches selectively when descending in the water column, but whether they are attracted by food
or by other attractants, such as pheromones or other chemical signals, is still unclear. High abundances of
the chemosynthetic, mouthless nematode Astomonema found in the canyon study area over medium-scale
distances (10–100 m) contribute to the idea that resuspension events enable dispersal of nematodes over
larger distances, after which active settlement can occur through chemical attraction.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The scale of ecological events that affect organisms has important
implications for their population and community dynamics. In order
to interpret spatial distribution patterns of organisms, information is
needed on their life history strategies, colonisation potential and local
adaptation and tolerance to environmental changes (Schratzberger et
al., 2008). Recent studies (Gallucci et al., 2008; Ullberg and Olafsson,
2003) have demonstrated that water-column processes that impinge
on the seafloor form important disturbance events that stimulate en-
hanced recruitment and dispersal ofmarinemeiofaunaby enabling pas-
sive entry of themicroscopic organisms into thewater column (Palmer,
1988). Subsequently, they may easily be carried over short (metres) to
large distances (kilometres) by oceanic currents after which settlement
can take place.

Nematodes are the most abundant and diverse taxon within the
metazoan meiofauna and display a wide distribution in the deep sea,
but little is known about its geographic distribution at species level
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(Zeppilli et al., 2011). Nematodes are considered to disperse easily
given their position in the sediment surface layers and their minute
size, although adult nematodes are expected to have limited dispersal
capabilities and thus a reduced gene flow, making restricted species
distribution more likely (Fleeger et al., 1984; Zeppilli et al., 2011). Ap-
plying the same logic, species favouring habitats that are regularly af-
fected by intense hydrodynamic conditions, are therefore more likely
to be dispersed through sediment resuspension and current flow
(Zeppilli et al., 2011).

In the deep sea, storm-induced and spatial heterogeneity can
affect the near-bottom flow regime and influence shelf-slope ex-
changes (Boeckner et al., 2009; Ulses et al., 2008), biogeochemical
processes, and organism dispersal (Lambshead et al., 2001; Thistle,
1988; Woodgate and Fahrbach, 1999). Submarine canyons have
been recognised as very heterogeneous environments, both in terms
of topography and the provision of different habitats for benthic or-
ganisms (Tyler et al., 2009) including nematodes (Vanreusel et al.,
2010b). They are also characterised by high levels of organic matter
accumulation and transport, as well as intense hydrographic regimes
and disturbance events (e.g. de Stigter et al., 2007; Tyler et al.,
2009). The high organic loads, sedimentary trophic conditions and fre-
quency and intensity of disturbance events (e.g. gravity and turbidity
flows) observed in canyons may induce intense resuspension and the
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exchange of colonisers. These processes will further support more
complex biological assemblages through the creation of new patches
which are suitable for colonisation (Ingels et al., 2011b; McClain and
Barry, 2010). Benthic communities are considered to play a central
role in these post-disturbance, newly-created benthic habitats
(Schratzberger et al., 2004). Moreover, the increase in aerobic respira-
tion as a consequence of accumulation of organicmatter (OM) in these
habitats, in turn leading to greater levels of reduced products such as
sulphides, can lead to shoaling of the Redox-potential discontinuity
layers (Kiriakoulakis et al., 2011) and may be linked to the presence
of sulphide-dwelling species (Ingels et al., 2011b), in addition to the
creation of meso- and micro-patchiness.

Regardless the fact that nematodes lack pelagic larvae in their life
cycle (Fenchel, 1978), are poor-swimmers (Jensen, 1981), and possess
well-developed adaptations against resuspension (Schratzberger et
al., 2004), dislodgment, and passive entrainment along with sedi-
ments into the water column as results of resuspension events seem
to be an important factor contributing to their ubiquity, and high
abundance and diversity (Hagerman and Rieger, 1981; Palmer, 1983,
1988; Palmer and Brandt, 1981; Sherman and Coull, 1980). Contrary
to what was expected, nematodes are often encountered in the
water column (Boeckner et al., 2009) and are able to extend their
presence when resuspended far beyond what was previously predict-
ed when settling velocities and hydrodynamics were considered
(Palmer, 1983). When hydrodynamic forces diminish temporarily,
then active choice of settlement may play a dominant role in deter-
mining spatial structure for some meiofauna taxa, such as copepods
(Fleeger et al., 1995; Service and Bell, 1987). Whether this is the case
for nematodes in the deep sea has not been investigated until now.

After being transported, the settlement process of nematodes has
shown not to be merely of a passive nature (Palmer, 1988), implying
that their settlement cannot be described as a process of ‘sinking par-
ticles’. In an experimental study, Ullberg and Olafsson (2003) have
found that some shallow-water nematode genera settled selectively
as they descended through thewater column in treatments containing
algae. The fact that different genera settle selectively is likely caused
by the characteristic body shape differences between these genera,
but may also be evoked by chemical attraction. This implies that nem-
atodes can actively influence their horizontal movement when de-
scending. Moreover, it was also observed that nematodes are able to
form aggregates through species-specific chemical signalling using
pheromones (Braendle, 2012; Choe et al., 2012) in a process termed
population density-dependent dispersal (Yamada et al., 2010). These
pheromones may help the nematode to find a suitable spot to settle,
as they regulate also olfactory plasticity and behaviour. Whether
they can actively influence their vertical position (e.g. by delaying
their descent or active swimming) remains unproven. Also, the ques-
tion whether deep-sea nematodes are attracted by food or chemical
cues, or both, remains without clear answer.

Small-scale distribution of nematodes is assumed to be influenced
bymicrotopography and physical structure of the habitat, by the patchy
distribution of food sources, and biogeochemical characteristics as well
as by intra- and interspecific processes (Fabiano and Danovaro, 1999;
Ingels et al., 2009, 2010, 2011b). Chemical marine signalling studies
have emphasised that habitat colonisation occurs through trophic rela-
tionships (Zimmer and Butman, 2000) and it has been proven that
nematodes can chemically sense an array of compounds (Höckelmann
et al., 2004). In the sediment, nematodes may search actively for food
patches, although they may feed non-selectively once they find a suit-
able patch (Höckelmann et al., 2004; Moens et al., 1999a, 1999b).

In the deep sea, food input is dependent on the surface organic mat-
ter production provided through photosynthesis (Ramirez-Llodra et al.,
2010; Vanreusel et al., 2010a), and is subsequently largely controlled by
sedimentation and degradation rates in thewater column (Fabiano and
Danovaro, 1999). However, ecosystems depending on chemosynthetic
energy, such as hydrothermal vents and cold seeps, also play an
important role in biomass production (Vanreusel et al., 2010b). Coloni-
sation experiments have shown that nematodes are attracted by treat-
ments enriched with food, especially species which live deeper in the
sediment and can withstand hypoxic conditions (Gallucci et al., 2008),
although other studies detect no effect of enriched sediments in coloni-
sation processes (Guilini et al., 2011).

This study was conducted with samples from the upper Whittard
Canyon, which is located on the Celtic margin, Northeast Atlantic.
This canyon receives high loads of OM, and is very likely to experience
high rates of degradation of OM and production of reduced com-
pounds, which, in turn, favours the presence of chemosynthetic nem-
atode species, such as Astomonema southwardorum. This species was
described previously from a cold seep in the North Sea sediments,
where also a high meiofaunal and nematode diversity was exhibited
(Austen et al., 1993; Ingels et al., 2011b; Tchesunov et al., 2012). Our
main aim was to assess by means of settling experiments if nematode
communities (and more specific, the chemosynthetic nematode A.
southwardorum) from the Whittard canyon are able to actively select
specific substrates (including a sulphidic substrate) when descending
to the seafloor after a simulated resuspension event.

2. Material and methods

2.1. Sampling

The samples used in the experiment were collected from the
upper Whittard Canyon (Belgica cruise 2010/17b, 19–28 june/2010).
This canyon extends from the shelf break of the Celtic Shelf south
of Goban Spur to the abyssal plain. It contains deeply incised branches
with side walls occasionally larger than 500 m (Van Rooij et al., 2010)
and is influenced by strong tidal currents (Holt and Thorpe, 1997).
This canyon acts as a trap for organic material by semi-diurnal tides
and seems to be locally enriched compared to the open slope (Goban
Spur) (Cunningham et al., 2005). A multicorer (MUC) was used to col-
lect virtually undisturbed sediments (78.54 cm2) from a depth of
812 m (48°46.5009′N; 10°38.4987′W) and the first 5 cm from one
core was used in the experiment, which was conducted on board in
a temperature-regulated laboratory.

Themeiofaunawas separated from themacrofauna after retrieval by
sieving through a 1000 μm mesh and on a 32 μm mesh. The sample
from the 32 μm mesh was homogenised and separated in three
same-volume subsamples to use in each of the three replicated experi-
ments (the sample was placed into a jug filled with filtered (32 μm)
seawater and stirred to achieve a homogenous suspension. Thismethod
is considered efficient for splitting samples to use for non-quantitative
purposes.

2.2. Experiment

Three plastic vessels were used as the experimental settling cham-
bers (31 cm bottom internal diameter, 150 L). The total area of the
vessel bottom was approximately 3017 cm2. The vessels were filled
with filtered (32 μm) sea water and the settling distance from the
surface was approximately 50 cm (Fig. 1).

At the bottom of each vessel 5 Petri dishes were placed containing
different substrates: one with algae and azoic sediment (Sd), one with
bacteria and azoic sediment (Sb), one with a sulphidic medium (Su)
and two controls (one with (C) and one without (Cs) azoic sediment).
The algae treatment contained a fine layer of azoic sediment and 1.6 g
(dry weight) of Tetraselmis suecica, a dark green freeze-dried micro-
algae with 10–15 μm particle size after resuspension, 2–5×109 cell
density per gramme dry weight and percentages of carbon and ni-
trogen of 39.3% and 4.85%, respectively. The bacteria treatment
contained a fine layer of azoic sediment together with 20 mL uniden-
tified strains of bacteria solution (0.001537 g/1.5 ml dry weight) from
tidal flat samples cultured in ‘rich broth’ (2×2 L). ‘Rich broth’



Fig. 1. Design of the experiment.
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consisted of 0.4 g/L bactobeef and 0.66 g/L bactopeptone; a small ali-
quot of bacteria was added and left to grow for 36 h on a shaker
(120 rpm). Bacteria were subsequently centrifuged and washed sev-
eral times (5000 rpm, 15 min) to concentrate the microbial solution.
The sulphidic medium consisted of 50 mL of sulphidic agar. The
sulphidic medium was made with 1 L Artificial Sea Water (following
Moens and Vincx, 1998), 0.8% agar (8 g bactoagar/L), 2.5 g/L
Natriumthiosulfate (Na2S2O3), 2.5 g/L Natriumsulfide (Na2S). A Petri
dish containing the semi-solidified sulphidic medium was chosen be-
cause of the occurrence of sulphidic-dwelling nematodes in the
Whittard canyon, such as the genus Astomonema (Ingels et al.,
2011b; Tchesunov et al., 2012). The control dishes were filled with a
fine layer of azoic sediment or kept empty. The azoic sediment used
as substrate in the experiments was collected in the Whittard canyon
during an earlier campaign with the R/V Belgica in 2006 (Ingels et al.,
2006), and burned overnight at 500 °C to remove all organic material
and homogenised before experimental use. The Petri dishes were filled
up to the same level (except for the C treatment) and placed equidis-
tantly from each other on a perforated bottom in the plastic vessel
(Fig. 1). Migration of the nematodes to other treatments after settle-
ment had taken place, is highly unlikely. The fact that the Petri-dishes
secluded the treatments from each other meant that nematode mi-
gration through sediments was not possible. In a similar triplicated
experiment, whichwas run simultaneouslywith the here presented ex-
periment (unpublished data), nematodes were placed in a Petri dish
surrounded by Petri dishes containing the same treatments as in the
here presented experiment; there was no exchange of nematodes ob-
served, hence implying that nematodes were not being resuspended
in the water-column post-settlement and redistributed among the
treatments following ship movement and/or other disturbances.

Prior to the experiment, the Petri dishes were placed in a perforat-
ed plastic tray to allow the water to run off upon retrieval and the ves-
sels were filled with filtered sea water and left to acclimatise at in-situ
temperature (8–9 °C, according to CTD data at the sampling location).
At the start of the experiment, the nematodes which were retained in
the 32 μm sieve were transferred to a plastic vessel together with fil-
tered sea water and then were poured into the experimental vessel
and equally spread over its surface water by a gentle stirring action.
The vessels were left for 24 h after which the water was carefully
syphoned off. The Petri dishes were then collected and the content
of each Petri dish was immediately fixed with Borax-buffered 4% for-
malin (diluted with 32 μm filtered sea water). To avoid biassed results
or nematode concentration at particular sides of the experimental ves-
sels due to the ship motion the Petri dishes were positioned randomly
in each replicate vessel and thus subjected to the samemotion effects.

2.3. Meiofauna and nematode analyses

Upon return to the lab at theMarine Biology research group UGent,
the meiofauna samples were washed over a 1000 μm mesh size to
remove larger particles contained in the inorganic sediment and
sieved on a 32 μm mesh to retain the meiofauna and remove smaller
particles and diatoms and bacteria. The meiofauna was elutriated
and centrifugated three times (G-force=6056.12 g, RPM=5421)
with colloidal silicagel LUDOX HS40 Dupont (specific gravity 1.19) as
a flotationmedium (Heip et al., 1985). This method allows the separa-
tion of the meiofauna from the sediment following the density gradi-
ent, where the first floats and the second remain on the bottom. After
the centrifugation, themeiofaunawas stainedwith Rose Bengal (to fa-
cilitate their identification) and counted under a stereomicroscope
(50× magnification). The different meiofauna groups were identified
at higher taxonomic level followingHiggins and Thiel (1988). All nem-
atodeswere picked out from the samples. Theywere transferred grad-
ually to glycerine (De Grisse, 1969) and mounted on glass slides. All
nematodes were identified down to genus level following pictorial
keys (Warwick et al., 1998) and the NeMys Database (Deprez, 2005).
They were grouped in trophic levels according to Wieser (1953),
complementing the 2B group (predators) with the notion of ‘scaven-
gers’ (Jensen, 1987) and adding one additional feeding type (3) creat-
ed to accommodate the presence of the mouthless genus Astomonema
(following Ingels et al., 2011b) which cannot be grouped in any of
Wieser's feeding groups. Their life stage (juvenile/adult) and gender
(male/female) were determined. The length (excluding filiform tail
tips) and the maximum body width were measured for all nematodes
with the compound microscope Leica DMR and Leica LAS 3.3 imaging
software. Biomass was then calculated per genus through the volu-
metric method according to Andrassy's formula G=a2×b/1.6×106,
with G=wet weight in μg, a = maximum body diameter (μm) and
L = total length (μm) (Andrássy, 1956).

2.4. Data analysis

Nematode assemblages were analysed by means of non-parametric
multivariate permutational ANOVA (PERMANOVA; Anderson, 2005) to
assess differences between the different sample treatments: control
(C), controlwith azoic sediment (Cs), sulphide (Su), sedimentwith bac-
teria (Sb) and sediment with diatom (Sd), and between the different
replicates (the latter to assess replicate effects). Therefore, a two-way
PERMANOVA randomised block design (treatment: Fixed; replicate:
random, nested in treatment) with five fixed treatment levels (Factor
treatment), 9 contrasts (Cs×C; Cs,C×Sd, Sb, Su; Sb,Su×Sd; Sb,Su×Cs,
C; Cs×Sb, Sd, Su; Sb×Sd; Sd×Su; Sb×Su; C×Sb, Sd, Su), and three ran-
dom replicates (Factor replicate) was performed. PERMANOVA tests
were favoured over traditional ANOVA procedures, because ANOVA
assumes normal distributions and uses Euclidean distance as a resem-
blance measure, whilst PERMANOVAworks with any distance measure
that is appropriate for the data (in this case Bray Curtis). Contrasts
were used to compare mainly differences between the controls and
the treatments (to observe “food” effect) or between the sulphide treat-
ment and the other groups (to observe if Astomonema individuals had a



Table 1
Average (n=3) percentage contribution to total nematode abundance in each experi-
mental sample (Cs = control with sediment; C=control without sediment; Sb = bac-
teria treatment; Sd = diatom treatment; Su = sulphide treatment).

Genera CS C Sb Sd Su

Acantholaimus 7.5±2.1 3.7±3.1 5.6±2.7 5.6±1.9 4.9±0.5
Actinonema 4.7±2.9 3.3±4.9 4.0±0.9 4.0±0.7 3.8±2.0
Amphimonhystrella 4.0±4.4 5.7±1.5 4.8±1.2 4.8±1.0 5.1±1.7
Astomonema 9.0±1.0 11.0±4.0 10.0±1.4 10.0±1.0 10.3±1.6
Daptonema 4.0±2.0 7.7±6.7 5.8±2.6 5.8±1.8 6.4±2.5
Halalaimus 4.3±2.3 10.0±10.6 7.2±4.0 7.2±2.8 8.1±4.4
Leptolaimus 4.0±2.0 1.7±1.2 2.8±1.6 2.8±1.2 2.4±0.4
Molgolaimus 1.0±1.0 5.7±4.5 3.3±3.3 3.3±2.3 4.1±1.8
Sabatieria 2.0±1.7 2.0±2.0 2.0±0.0 2.0±0.0 2.0±1.1

Table 2
Results from the two-way blocked design PERMANOVA analysis for differences in
treatments and contrasts from the experimental samples based on community struc-
ture noted in relative abundances of genera. (df = degrees of freedom; SS = sum of
squares; MS = mean square; P(perm) = permutation values; Unique perms = unique
permutations; P(MC) = Monte Carlo permutation values). Significant results (pb0.05)
are denoted in bold italics (Cs = control with sediment; C= control without sediment;
Sb = bacteria treatment; Sd = diatom treatment; Su = sulphide treatment).

Source df SS MS Pseudo-F P(perm) P(MC)

Treatment 4 6520.1 1630 1.34 0.0218
Cs×C 1 2292.8 2292.8 16.025 0.3053 10
Cs,c×sd,sb,su 1 1002.7 1002.7 0.82079 0.8513 20
Sb,su×sd 1 1850.3 1850.3 17.103 0.0519 20
Sb,su×cs,c 1 1247.5 1247.5 1.001 0.5051 10
Cs×sb,sd,su 1 1718.7 1718.7 14.722 0.1559 20
Sb×sd 1 1796.9 1796.9 16.546 0.1001 10
Sd×su 1 1665.7 1665.7 15.358 0.0982 10
Sb×su 1 1374.3 1374.3 13.086 0.2046 10
C×sb,sd,su 1 1254.4 1254.4 0.99002 0.4521 20
Replicate(treatment) 10 12,165 1216.5 No test
Total 14 18,685
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preference for this medium). The PERMANOVA tests were performed
on the multivariate genera relative abundance, total biomass and total
nematode length data, and the multivariate feeding-type and gender-
life-stage relative abundances. Genera abundance data was standard-
ised and dispersion weighting was applied to stabilise the quality of in-
formation from each genus that is input to the multivariate routine
(Clarke et al., 2006). In this case, downweighting is desirable because
of the ‘erratic’ abundance of the genus Astomonema in different repli-
cates of a treatment group and also due to the aggregation pattern com-
monly found in nematodes,which adds noise rather than “signal” to the
data and should be removed (Clarke et al., 2006). In all cases, data was
standardised and the Bray–Curtis similarity index was used to calculate
resemblance, to take into account relative abundance differences be-
tween genera (Bray and Curtis, 1957).When the number of unique per-
mutations was lower than one hundred, the Monte Carlo p values were
used (Anderson and Robinson, 2003). Principal Coordinates Ordination
(PCO) plotswere used to visualise the resemblance of nematode genera
assemblages from different experimental treatments in multivariate
space. PCO was preferred over non-metric Multi-Dimensional Scaling
(nMDS), because it preserves the original dissimilarity distances be-
tween samples in amultivariate Bray–Curtis space and provides a better
representation of the distance between samples within a treatment
when distances between different treatment groups of samples are
greater. nMDS uses rank order information rather than actual dissimi-
larity distances (Anderson et al., 2008).

Diversity indices of Hill (N1, N2 and N∞), Shannon-Wiener diversity
index and Pielou's evenness (Heip et al., 1998) index were calculated
for the samples to obtain a quantitative estimate of the biological vari-
ability in terms of diversity and evenness within the communities
(Heip et al., 1998; Hill, 1973). A two-factor randomised block-design
PERMANOVA (treatment: Fixed; replicate: random, nested in treatment)
using themultivariate diversity datawas performed to assess differences
of diversity and evenness indices between treatments and replicates.

3. Results

3.1. Community structure in experimental samples

A total of 101 nematode genera were identified. Combining all
treatments, the five most abundant genera accounted for 36% of the
total community (Astomonema 12%, Halalaimus 9%, Daptonema 6%,
Amphimonhystrella 5% and Acantholaimus 4%). Leptolaimus,Molgolaimus,
Sabatieria and Actinonema each accounted for 3% of the total (Table 1).
The other genera were less abundant (b2%).

The two-way PERMANOVA based on nematode genera composi-
tion showed significant differences between treatments (pb0.02)
but not between the contrasts (Table 2). A PCO plot showed a clear
separation of the three food source treatments, but the controls
were dispersed among the other treatments. The X axis explained
19.1% of total variation, followed by 14.7% for the Y axis (Fig. 2A).
The abundant genera which had Spearman correlations (>0.8) with
the PCO axes were Sabatieria, Amphimonhystrella and Astomonema.
Sabatieria and Amphimonhystrella were correlated with the Sb treat-
ment (bacteria) and Astomonema with the Su treatment (sulphides).

3.2. Nematode biomass and nematode length

The two-way PERMANOVA for the total nematode length showed
no significant results (pb0.56), as well as the total biomass per genus
(pb0.22) (Fig. 2B). There were no significant differences observed for
the contrasts.

3.3. Trophic structure and gender/life stage

Regarding the trophic diversity and gender/life stage (male, fe-
male and juveniles) patterns no significant differences were observed
between treatments for the two-way PERMANOVA (pb0.47 and
pb0.52, respectively). The PCO plot (not shown) shows no difference
among the treatments, with all of them clustered together. There was
a dominance of selective (1A) and non-selective deposit feeders (1B)
(Table 3).

4. Discussion

4.1. Community patterns and selective settlement/colonisation

The reasons why nematodes are successful in colonising different
environments are very poorly understood. It is known that some spe-
cies of nematodes are considered to have a wide distribution as a re-
sult of trans-oceanic dispersal (Decraemer et al., 2001; Zeppilli et al.,
2011) and the cosmopolitan distribution of a range of meiofauna
taxa is probably the result of a variety of dispersal mechanisms
(Zeppilli et al., 2011). A possible important contributor to the dispersal
processes may be the capacity of organisms to choose a suitable spot
to colonise after resuspension and their transport with currents. The
significant nematode community differences between treatments in
the present study suggest that, once nematodes have entered the
water column and the currents/disturbance subside, they seem able
to settle selectively, depending on the patches and food resources
available. Some studies have already shown that nematodes can ac-
tively colonise empty patches bymoving through the sediment, there-
by determining to an extent the small-scale heterogeneity of the
environment (Lee et al., 1977). Such migration through the sediment
is assumed to occur through the nematodes' ability to both chemically
sense their biochemical environment and food resources (Choe et al.,
2012; Höckelmann et al., 2004). Chemical sensing is widely acknowl-
edged to be present in nematodes, both for parasitical as for free-living



Fig. 2. PCO plots for the experimental samples. The treatments represented are: Cs = control with sediment (▲). C = control without sediment (▼); Sb = sediment with bacteria
( ); Sd = sediment with diatom ( ); Su = sulphide treatment ( ). A) Nematode community. The most abundant highly-correlated genera with the PCO axes are plotted
(Amphimonhystrella, Sabatieria and Astomonema); B) Nematode biomass.
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nematodes, a capacity that has developed and diversified throughout
the evolution of the different nematode lineages (Braendle, 2012).
Due to this chemical sensing ability, it is highly likely that nematodes
may actively choose their potential settlement site (Höckelmann et al.,
2004) after being passively resuspended to the water-column, by
directing themselves towards the source they are attracted to.

Moens et al. (1999a) proposed that nematodes can actively choose
their food source but feed rather non-selectively once they find a suit-
able patch. In this context, the optimal foraging theory would imply
strategic localisation and migration to a suitable food patch, followed
by exploiting the variety of available nutritious food resources present
in the new patch instead of investing energy in selecting and exploit-
ing the food sources available in the immediate vicinity which may be
of lesser quality. Such a strategy may be especially rewarding for
free-living nematodes which are descending in the water column fol-
lowing resuspension, because even though their motility in water is
considered limited, swimming movements towards a suitable source
is likely to be energetically less demanding than active movements
through the more rigid sediment particle matrix over the same dis-
tances; and likely much more rewarding. Another argument support-
ing the possible importance of ‘migration before exploitation’ is the
limitation of food resources; in food-poor environments such as the
deep sea, migration towards suitable patches must be favoured in
order to fulfil energetic and nutritional requirements. The differences
between treatments found in our experiment imply that different spe-
cies are attracted by different substrates, supported by the correlation
of Astomonema with the sulphide direction in the PCO plot. In this
particular context the sulphide can be seen as an indirect food source,
i.e. it would serve the endosymbiotic bacteria in performing chemo-
synthesis. Astomonema is a deep-dwelling nematode which lives in
Table 3
Trophic group distribution for each treatment (average±standard deviation). Cs =
control with sediment; C = control without sediment; Sb = bacteria treatment; Sd =
diatom treatment; Su = sulphide treatment.

Trophic
group

Cs C SB SD Su

1a 19.7±6.1 26.3±17.1 21.0±5.6 23.3±14.0 23.7±5.5
1b 20.0±9.5 26.7±14.4 25.7±9.6 15.7±7.6 23.0±4.0
2a 19.7±12.3 18.0±13.1 12.3±5.8 15.7±9.1 15.3±4.5
2b 5.7±3.2 4.0±0.0 6.3±5.5 5.0±3.0 7.3±3.8
3 9.0±1.0 11.0±4.0 7.7±0.6 5.7±0.6 17.7±14.6
anoxic/hypoxic environments and possible advantages of choosing a
specific suitable patch – besides food availability – could be to find
mates and copulate, probably as a result of density-dependent migra-
tion (Palmer, 1988). In addition, nematode intra- and inter-specific in-
teractions may be influenced by the presence of pheromones (Choe
et al., 2012; Jensen, 1982). Although a chemical attraction over me-
dium and large distances (metres to kilometres) would be improba-
ble, pheromones could act as an attractant in the settling process of
nematodes. In this experiment, the offered Petri-dish substrates did
not contain any nematodes, but chemical signalling by the first set-
tlers cannot be excluded as an aid to selective settlement (Choe et
al., 2012). Patterns in chemotaxis are already clear for some groups,
such as the annelid Protodrilus rubropharyngeus, which is positively
attracted to bacteria (Gray, 1967) and blue crabs (Callinectes sapidus),
which employ their chemical senses to forage, but for the meiofauna
this is still unclear (Zimmer and Butman, 2000). More recent evidence
for nematodes, however, suggests that nematode-specific pheromone
attraction may be a powerful mediator for migration processes.

Hitherto, some studies have shown that the relationship between
nematode and food sources can be species-specific (Höckelmann et
al., 2004; Jensen, 1987; Moens and Vincx, 1997; Moens et al., 1999a,
1999b), whilst others report uncertainty on whether nematodes
are really limited by specific food- or energy-source requirements
(Giere, 2009). Benthic ecosystems in the deep sea are generally
sustained by micro-algal detritus associated with bacterioplankton
which settles to the sea floor (Gooday, 2002). Nevertheless, experi-
ments conducted in the deep sea or with deep-sea samples in the lab-
oratory are equivocal as towhether nematodes feed predominantly on
bacteria (Ingels et al., 2010, 2011a), on microalgae (Gallucci et al.,
2008) or either (Guilini et al., 2011). Apart from diatoms and bacteria
as a food source, labile OM liberated from the particulate pool by ex-
tracellular enzyme activity, viral infection and metazoan feeding pro-
cesses is considered as material readily available for organisms and
could be an important factor regulating meiofauna and specifically
nematodes communities (Danovaro et al., 1995; Gontikaki et al.,
2011; Neira et al., 2001; Rowe and Deming, 2011). Which deep-sea
free-living nematodes are attracted to what types of food, however,
remains to be elucidated, as well as the specific mechanisms behind
the selection processes.

Total nematode length and biomass did not differ significantly be-
tween treatments, and hence selective settlement does not occur on
the level of nematode length or biomass. This contradicts previous
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studies, which stated that only the smallest nematodes are able to
swim in the water due to their sinusoidal movement (Ullberg and
Olafsson, 2003) or that only the big nematodes could swim faster
(Gallucci et al., 2008). Our results suggest that the choice of a habitat
could be influenced just by the nematodes' ability to distinguish the
chemical attractant and not by their size. Due to the lack of planktonic
larvae or juvenile stages in nematodes, the active and passive trans-
port of both juveniles and adults are very important to the perfor-
mance of the population (Commito and Tita, 2002). Although
different patterns in erosion (removal of nematodes from the sedi-
ments) have been observed for different trophic groups, the lack of
differences in settlement following trophic structure differences in
our study suggests that a higher erosion rate is not related to settle-
ment efficiency (Commito and Tita, 2002).

It is very likely that the bottom currents in theWhittard canyon are
themost important factor influencing passive transport of nematodes,
as once suspended they can be transported at rates close to the water
velocity (Ullberg and Olafsson, 2003). Studies have already shown
that meiofauna individuals can rapidly colonise defaunated areas
that aremetres away from each other, which is unlikely through active
migration through the sediments (Palmer, 1988). Our results suggest
that, once the strong currents or sediment flows that have entrained
the nematodes have subsided, and the nematodes are descending in
the water column, that they are able to direct themselves to suitable
patches to fulfil their energetic requirements.

4.2. Astomonema's capacity to choose sulphidic patches and notes on its
distribution

The symbiosis between A. southwardorum species and their endo-
symbiothic bacteria has been established (Austen et al., 1993;
Tchesunov et al., 2012), and has been observed in other Astomonema
species (Musat et al., 2007; Ott et al., 2004). These nematodes depend
on the energy available through their endosymbionts which thrive on
sulphides or methane available in the sediments. The ability to mi-
grate actively or settle selectively in patches of sediments that contain
high sulphide levels is likely imperative to the survival of the species
and the persistence of its populations.

Nematodes are not mobile enough to explain medium-scale (10–
100 m) heterogeneity by active dispersal through the sediments, but
they can be responsible for small-scale patterns, such as vertical distri-
butions in the sediment or horizontal movement on a microscale
(Gallucci et al., 2008; Heip et al., 1985). Astomonema's bacterial endo-
symbionts require sulphides from deeper/anoxic layers where these
sulphides are available, but also oxygen from the superficial or more
oxygenated layers. For this reason, Astomonema nematodes need to
be able to cover the distance between these different sediment layers
and hencemigrate vertically and/or horizontally, but on a limited spa-
tial microscale. Their slender body, although not enabling them to
migrate over large distances, proves to be ideal for covering dis-
tances between deeper and superficial sediment layers. However,
the same species of Astomonema was found in high abundances
600 m further away from our sampling location (Ingels, pers. Comm.)
and in the Gollum Channels (about 200 km north of the Whittard
Canyon) (Ingels et al., 2011a), and this species was originally described
from seep pockmarks in the North Sea, off the east coast of Scotland
(Austen et al., 1993). In this case, passive dispersal(s) during water col-
umn processes followed by settlement as ‘particles’ is the likely expla-
nation for their currently observed distribution. Such dispersal is likely
enhanced by shelf-slope exchange processes at the continental margin,
which are particularly active at the Irish Margin (Cunningham et al.,
2005). Our experimental results, based on the spatial and temporal
scales studied, might indicate that Astomonema individuals likely
choose where they settle after resuspension whenever there is an envi-
ronment rich in sulphides to sustain their energetic requirements close
by (over a distance of centimetres to metres). The high hydrodynamic
activity in theWhittard canyon, together with the possibly anoxic envi-
ronment and hence availability of sulphides in deeper layers of the sed-
iment (Ingels et al., 2011b) favours Astomonema individuals to disperse,
settle and establish patchy populations in this environment. The domi-
nance of Astomonema was also observed in the background samples
(unpublished results) of the study location and in samples collected at
the same location in 2006, where they represented more than 10% of
the total community (Ingels et al., 2006, 2011b).

Our results bear important implications for the dispersal of deep-
sea nematodes and their resulting distribution patterns. The preva-
lence of A. southwardorum in the sulphide samples of our experiment
and their recovery from non-seep sediments in the Whittard Canyon
is particularly relevant in the context of dispersal of seep organisms.
If organisms that are usually associated with seep (or other chemo-
synthetic) environments are able to thrive in high-sulphide spots in
non-seep environments, then this sheds new light on the dispersal
of seep organisms. Their ability to reach far-away seep habitats may
be mediated by medium to large distance passive transport and
small scale active settlement, using suitable stepping stones along
the way. This seems to be the case at least for A. southwardorum, and
perhaps other chemosynthetic nematodes.

5. Conclusions

Our results suggest that some nematode taxa can actively choose
between different food sources when settling after resuspension into
the water-column. Correlation results suggest that the chemosynthet-
ic nematode Astomonema can actively choose for sulphidic substrates
when descending through thewater column close to the sea floor. This
may have implications for our understanding of dispersal of chemo-
synthetic nematodes in general. Nevertheless, whether nematodes
are attracted by food or by other chemical signals (e.g. attractants re-
leased by the first settlers) is still not clear.
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