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Abstract

We investigated tolerance to, and activity of, nematodes in hypoxic and anoxic/partially sulphidic conditions and their ability
for recovery after reoxygenation of anoxic sediment. To this end, sediments from an intertidal flat were incubated under oxic,
suboxic and anoxic/partially sulphidic conditions for a 14-day period and the final density of nematodes, as a group, and of the
most abundant species were assessed. In one treatment, oxygen was restored after anoxic incubation. The incorporation of '*C,
originating from labeled algae added on top of the sediment, was taken as an indication of nematode activity.

Short-term suboxic and anoxic/partially sulphidic conditions had similar structuring impact on the nematode community,
reducing total densities by about one third. Survival in suboxic and anoxic/partially sulphidic conditions was species-specific.
Daptonema setosum, D. tenuispiculum and Chromadora macrolaima, dominant in the oxic incubation, disappeared when the
oxygen level was reduced. The density of the other dominant species was slightly reduced (Sabatieria pulchra), similar
(Terschellingia communis) or even increased in the suboxic and anoxic conditions (Metachromadora vivipara). The activity level
of these three species was, however, reduced under oxygen limitation. Our results are discussed in terms of the life-history
strategies of these species.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Estuarine sediments; Experiment; Isotopes; Nematodes; Oxygen deficiency; Sulphide

1. Introduction to oxygen stress is probably related to exposure history,
phylogenetic constraints and life history. Within a given

The oxygenation status of sediments is a well studied habitat, specific species of foraminiferans and nema-
determinant for the distribution of marine benthic todes are typically most tolerant to hypoxia/anoxia, and
organisms. Conditions where oxygen is limiting have members of these groups are found in sediments where
a great impact on the benthic communities including suboxic or anoxic conditions prevail (Moodley et al.,
meiofauna (Diaz and Rosenberg, 1995; Gamenick et al., 1997; Modig and Olafsson, 1998). In addition, nema-
1996; Moodley et al., 1997; Modig and Olafsson, 1998; todes and foraminiferans may reach high abundances in
Rosenberg et al., 2002). Tolerance of benthic organisms marine Oxygen Minimum Zones (OMZ), where they
presumably benefit from the abundant food supply and

* Corresponding author. Tel.: +32 09 264 85 16; fax: +32 09 264 85 the release from predation (Neira et al., 2001; LeV}n’
98. 2003). The nematode, and more generally the meio-
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substantial attention (e.g. Fenchel and Riedl, 1970;
Bernhard et al., 2000; Thiermann et al., 2000; Ott et al.,
1991, 2004; Van Gaever et al., 2006).

Free-living nematodes are an important component
of marine suboxic, anoxic and sulphidic benthic
habitats. Sulphidic habitats occur whenever an excess
of organic material leads to exhaustion of the available
electron acceptors O,, nitrate, iron oxides and manga-
nese oxides by bacterial respiration. In these environ-
ments, not only is oxygen lacking, but the resident
higher organisms have to avoid the toxic effects of
hydrogen sulphide. Switching to an anaerobic metabo-
lism, excluding sulphide from sensitive tissues, or
oxidizing sulphide to more benign forms are physio-
logical adaptations that organism have to cope with the
presence of sulphide (Somero et al., 1989). In marine
nematodes, the formation of oily viscous inclusions in
the epidermis consisting of elemental sulphur has been
demonstrated for Oncholaimus campylocercoides when
exposed to sulphidic conditions (Thiermann et al.,
2000).

Field studies (Coull, 1969; Josefson and Widbom,
1988; Murell and Fleeger, 1989; Hendelberg and
Jensen, 1993) following hypoxic episodes typically
demonstrate a reduction in overall meiofaunal abun-
dance and in species and higher taxon diversity, as well
as an increase in the relative abundance of nematodes.
All meiofaunal organisms are sensitive to permanent
anoxia, but some may tolerate extended periods of low-
oxygen or anoxic conditions that range from hours to
several months. In addition, migration into the water
column until normoxic conditions are re-established is
recognized as a strategy to survive hypoxic and/or
sulphidic events (Wetzel et al., 2001). Depending on the
local conditions, re-colonisation of sediments disturbed
by various processes, including hypoxia/anoxia, may be
a fast (Sherman and Coull, 1980; Colangelo and
Ceccherelli, 1994) or a slow process (Austen and
Wibdom, 1991; Wetzel et al., 2002). Recovery of a

Air 3%
pump Oxy“rgen

nematode community after re-establishment of normal
oxic conditions can happen either through immigration
and/or through reproduction of surviving individuals,
but it is difficult to assess the importance of these two
processes under field conditions.

The aims of this study were to identify experimen-
tally the response of intertidal nematodes (at species
level) to (1) oxygen conditions ranging from saturation
to deficiency, and (2) (traces of) sulphide, and to assess
(3) their ability to recover after reoxygenation of
anoxic sediments. We studied changes in the nematode
community composition after relatively short (2 weeks)
incubations.

2. Materials and methods

Surface (0—2 cm) sediment was collected from an
intertidal muddy site (51°32.0" N; 03°52.5" E) in the
Oosterschelde (The Netherlands) on June 03, 2003
during low tide. The sediment was homogenized and
wet sieved; the fraction passing through a 500 pm mesh
but retained on a 38 pum mesh was used for the
experiment. 1 cm layers of sediment were incubated in
perspex jars (i.d. 10 cm; height 10 cm). All jars were
directly filled with fresh Oosterschelde water and sealed
tightly (Fig. 1). The following treatments were estab-
lished, each in duplicate: T, control, suboxic, anoxic
and anoxic+reoxygenated. The T, were preserved
immediately after sieving and homogenization. In all
other treatments, a specific oxygen regime was
established by flushing the overlying water with air
(control) or gas mixtures. The controls were flushed
with air throughout the incubation. Suboxic conditions
were established through a connection to a gas cylinder
filled with a gas mixture containing 3% oxygen. In the
anoxic treatment, jars were flushed with N, gas until
0 umol/l oxygen was measured; hereafter the lids were
closed tightly. Control, suboxic and anoxic treatments
were incubated for 14 days. Finally, two jars were made

Oxygen added
after anoxia

<« water

T=0 Control

Suboxic

« sediment

Anoxic Reoxygenated

Fig. 1. Schematic drawing of the experimental set up.
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Table 1

P-levels for the one-way ANOVA tests (post-hoc Tukey HSD) for total nematode abundance and the six nematode species (df=4)

Treatments compared

To—control Control— Control— Control— Anoxic— Anoxic— Suboxic—
suboxic anoxic reoxygenated suboxic reoxygenated reoxygenated
Total nematode abundance 0.023 0.000 0.000 0.000 0.417 0.511 0.996
Chromadora macrolaima 0.294 0.000 0.000 0.000 1.000 1.000 1.000
Daptonema tenuispiculum 0.195 0.012 0.011 0.011 0.997 1.000 0.997
Daptonema setosum 0.633 0.000 0.000 0.000 1.000 1.000 1.000
Metachromadora vivipara 0.179 0.112 0.008 0.111 0.064 0.064 1.000
Sabatieria pulchra 0.966 0.057 0.035 0.479 0.914 0.127 0.233
Terschellingia communis 0.784 0.415 0.963 0.992 0.266 0.877 0.533

Figures in bold indicate significant (P < 0.05) different P-levels.

anoxic for 8§ days and subsequently reoxygenated with
air, as in the control treatment, for 11 days. All jars were
kept in the dark at 16 °C.

The oxygen concentration at the end of the
incubation was measured with a trace oxygen dripping
probe. An oxygen electrode was built into the lid of the
jars and connected to a dissolved oxygen meter
(dissolved oxygen accuracy+0.1 mg 1" ') (Moodley et
al., 1997). Dissolved oxygen was 0 umol 1" in the
anoxic treatment; 32—77 pumol 1" ! (or 1-2 mg 1" ') in the
suboxic treatment; and 179-249 umol 1! (or 6-8 mg 1™ )
in the control and reoxygenated treatments. Sulphide
concentration was measured spectrophotometrically with
the methylene blue method as described by Triiper and
Schlegel (1964). Sulphide concentrations at the end of the
14-day incubation ranged from 13—31 pmol 1" (or 0.41—
0.97 mg 1) in the anoxic treatments and were 0 pmol 1™
in all other treatments, including the reoxygenated one. We
have, however, no measurements on sulphide concentra-
tions in this last treatment at the end of the 8-day anoxic
incubation.

Prior to preservation, samples were examined for
living nematodes under an inverted microscope. This is
a qualitative verification of the staining method as dead
nematodes will also stain with Rose Bengal; dead
nematodes were excluded from further analysis. After
the live-check was performed, samples for nematode
identification and enumeration were preserved in 4%
formaldehyde. Nematodes were stained with Rose
Bengal and extracted from the sediment by centrifuga-
tion with Ludox (Heip et al., 1985). All nematodes were
enumerated and a subsample (150 ind.) was mounted on
Cobb slides for identification.

In order to establish whether nematodes remained
active (feeding) during the experimental incubation,
13C-labeled diatoms (~2 mg C) were added on top of the
sediment in all jars after one week of incubation. Frozen
diatoms were thawed and injected through the lids of the

microcosms. Details on the identity, cultivation,
labeling and harvesting of the diatoms are described
by Moodley et al. (2002). After fixation (4% formalin),
juvenile and adult nematodes were hand-picked in
duplicate samples for isotope analysis. Uptake of
diatom carbon would be reflected in '*C-enrichment
in nematodes. Nematode carbon isotopic ratios were
measured according to Moens et al. (2002) and are
reported in the ¢ notation relative to the conventional
Vienna Peedee Belemnite standard. Results are reported
as specific uptake (A8'">C), i.e. the difference in 6'°C
of nematodes before and after enrichment.

Absolute abundances of nematodes and of six
abundant nematode species were compared using a
one-way ANOVA. Since variances were usually het-
erogeneous (tested with Cochran’s C-test, Sokal and
Rohlf, 1995), they were square root transformed. The
Tukey HSD post-hoc test was used in pairwise
comparisons of controls and treatments. Univariate
analyses were performed using the software package
Statistica 6.0.
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Fig. 2. Total nematode abundance for the Ty, the control and the three
treatments (mean values=s.e.).
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Fig. 3. MDS plot for the T, the control, the suboxic, the anoxic and the
reoxygenated treatment.

Non-parametric multidimensional scaling (MDS)
ordination with the Bray—Curtis similarity measure
was performed (PRIMER version 5.2.9., Clarke and
Warwick, 1994) on non-transformed species abundance
data to determine the response of nematode assemblages
to the different oxygen conditions. In order to determine
the contribution of individual species to the average
Bray—Curtis dissimilarity between samples, the similar-
ity percentages program (SIMPER) was applied using
the same software.

Table 2
Summary of SIMPER results

3. Results

Nematodes were the most abundant (>67%) meta-
zoan meiofauna taxon in all treatments. Total nematode
abundances in the T, and the control treatment were of
similar magnitude, but were nevertheless significantly
different (Table 1). Nematode abundances in the suboxic,
the anoxic and the reoxygenated treatments were
comparable to each other but much lower than in the
T, and the control treatment (Fig. 2, Table 1).

In total 44 nematode species were identified. The
total number of species in the Ty and the control
treatment ranged from 23 to 27, whereas it dropped to
12, 9 and 11 in the suboxic, anoxic and reoxygenated
treatments, respectively. The MDS analysis revealed the
largest distinction in community composition between
the T, and the control treatment on the one hand and the
suboxic, the anoxic and the reoxygenated treatments on
the other (Fig. 3). The results from SIMPER analysis
revealed that differences between the control and the
three low-oxygen treatments resulted from changes in
the abundances of dominant species including Chro-
madora macrolaima, Daptonema setosum, D. tenuispi-
culum, Metachromadora vivipara, Sabatieria pulchra
and Paracanthonchus heterodontus. These species
occurred in markedly higher numbers in the control
compared to the low-oxygen treatments (Table 2).

The response was further evaluated for 6 species,
accounting for 59 to 90% of the total nematode com-

Species Control ~ Suboxic Contribution Control ~ Anoxic  Contribution Control ~ Reoxygenated Contribution
% % %
Average dissimilarity % 60 60 65 65 56 56
Daptonema setosus 691+32 0£0 16 691+32 0+£0 15 691+32 0+0 17
Chromadora macrolaima ~— 629+11 0+0 15 629+11 0+0 14 629+11 0+0 16
Paracanthonchus 433+21 0+0 10 433421 0+0 10 433+21 0+0 11
heterodontus
Sabatieria pulchra 536+102 195+42 8 536+102 140+54 9 536+£102 399+1 3
Daptonema tenuispiculum  371+82 12+12 8 371+82 0+0 8 371+82 0+0 9
Metachromadora vivipara 124+41  262+1 3 124+41  429+41 7 124+41  262+23 4
Anoplostoma viviparum 248+62 0+0 6 248462 0+0 5 248+62 0+0 6
Hypodontolaimus balticus  227+62 0+0 5 227462 0+0 5 227462 0+0 6
Daptonema normandicus ~ 175+31 0+0 4 175+31 0+0 4 175+31 0+0 4
Desmolaimus zeelandicus ~ 155+93 1111 3 155+93 0+0 3 155493 14+14 4
Viscosia viscosa 124+62 0+0 3 124+62 0+0 3 124+62 0+0 3
Ptycholaimellus ponticus ~ 134+72 1+£11 3 134+72 21+£21 3 134472 0+0 3
Terschellingia communis ~ 815+53 9567 3 815+£53 778494 2 815+£53  838+38 1
Terschellingia sp.1 62+0 79+8 62+0 75£75 2 62+0 42+15
Prooncholaimus sp.1 62+0 0+0 62+0 0+0 1 62+0 0+0 2
Spirinia parasitifera 72+£10 13746 2 72+10 67+18 72+10 55+2

Average abundance of nematode species contribution to Bray—Curtis dissimilarities (%) for the control—anoxic, the control-suboxic and the control—

reoxygenated treatment. A cut-off of 90% was used.
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Fig. 4. Nematode species abundance (ind. 10 cm™ ) for the Ty, the control and the three treatments (mean values=+s.e.).

munity: C. macrolaima, D. setosum, D. tenuispiculum,
M. vivipara, S. pulchra and Terschellingia communis.
The three most abundant species in all treatments always
belonged to this selection of 6 species, with 7. communis
being dominant in all treatments.

In general, the variance in density of individual
species was much larger than the variance in total
nematode densities, so that, in contrast to total nematode
abundances, the abundances of the individual species
were not significantly different between the T, and the
control treatment (Table 1). Density of 7. communis was
overall high and did not differ significantly among
treatments (Fig. 4). In contrast, C. macrolaima, D.
setosum and D. tenuispiculum were (nearly) absent in
the suboxic, the anoxic and the reoxygenated treatment
(Fig. 4). Consequently, their high abundance in the
control treatment was significantly different from that in
the other treatments (Table 1). The abundance of S.
pulchra was high in the control treatment, lower in the
suboxic and anoxic treatment, and intermediate in the
reoxygenated treatment (Fig. 4). Abundances were
significantly different only between the control and the
anoxic treatment (Table 1). In contrast to the other
species, M. vivipara showed lowest abundances in the
Ty and in the control treatment, highest in the anoxic
treatment and intermediate in the suboxic and the
reoxygenated treatment (Fig. 4). Only the abundances in
the control and anoxic treatment were significantly
different (Table 1).

Concerning juvenile/adult ratio, no clear difference
between control and oxygen limited treatments was
found for S. pulchra (Table 3). A higher juvenile/adult
ratio (x4) in the anoxic treatment was found for M.
vivipara compared to the control treatment; while for 7.
communis a lowered ratio was found in the oxygen
limited treatments (Table 3).

All species showed uptake of labeled diatoms (Fig.
5). The uptake of the three species that survived the
anoxic treatment, M. vivipara, S. pulchra and T.
communis, was on average higher in the control
compared to the suboxic and the anoxic treatments,
but none of these differences proved statistically
significant. Natural (i.e. unenriched) 8'>C for all species

Table 3
Average juvenile/adult ratio for the six nematode species

Treatments To Control Suboxic Anoxic Reoxygenated
Chromadora 2.08 1.61
macrolaima
Daptonema 16.99 14.06
setosum
Daptonema 39.23 41.88
tenuispiculum
Metachromadora 4.00  5.55 7.00 2250 16.50
vivipara
Sabatieria 27.48 22.05 1541 20.03 16.58
pulchra

Terschellingia 16.08 10.33 6.02 5.01 6.69

communis
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Fig. 5. "*C-incorporation (specific uptake, Ad'*C, in %o) in the control
(C) and the three treatments (suboxic (S), anoxic (A), reoxygenated
(R)) for Chromadora macrolaima, Daptonema setosum, Metachro-
madora vivipara, Sabatieria pulchra and Terschellingia communis.

ranged between —12.8 and —17.9%o for C. macrolaima,
M. vivipara and D. setosum, and between —31.8 and
—34.0%o for S. pulchra and T. communis.

4. Discussion

Before discussing the results of our experiment in
detail, we draw attention to some implications of the
experimental design. The first pertains to the pretreat-
ment of sediments, i.e. mixing and wet sieving. It is
likely that this procedure affected the nematode
communities inside our microcosms compared to the
natural field situation, which we did not analyse.
However, the community and its dominant species
present at Ty (i.e. after wet sieving and mixing) were
highly representative for mud-dwelling nematode com-
munities in a wide range of marine and estuarine areas
and habitats. Genera like Daptonema, Sabatieria,
Terschellingia, Metachromadora, Chromadora, Para-
canthonchus and others are all very widespread and
often highly abundant (e.g. Heip et al., 1985), hence our
experimental community provides a highly relevant case
study.

A second issue of the experimental design concerns
the addition of diatoms halfway through the experimen-
tal incubation, which could potentially have interfered
with the effects of the different oxygen treatments by
selectively favouring some species over others, partic-
ularly those that can feed directly on diatoms over those

that cannot. However, we have good reasons to believe
that the addition of the diatoms did not selectively affect
nematode population development or survival. First, all
dominant nematode genera incorporated diatom carbon
to very similar extents relative to their body mass. This
implies that both nematodes capable of grazing on
diatoms (C. macrolaima, M. vivipara and D. setosum)
and nematodes incapable of doing so (but probably
capable of utilizing bacteria that were assimilating the
diatom carbon) utilized and incorporated the added
source to a very similar extent. Second, Ad'">C of
nematodes were consistently low, showing that uptake
of the added diatom carbon was very low and could
have contributed only very little to nematode growth or
activity. This is probably because the amount (~2 mg C)
of diatom carbon added to the sediment was small
compared to what was already present in the sediment,
and/or because the diatom species used here was too
large for most nematodes to directly graze upon it.
Nematode densities in the control treatment were
about 10% lower than at T,. This suggests that the
experimental incubation negatively affected the nema-
tode community, albeit to a limited extent, irrespective
of oxygen treatment. However, the effect of establishing
suboxic and anoxic conditions was much more spectac-
ular than that of ‘incubation’ per se, with densities
dropping to less than half to about one third of those
found in oxic conditions. This confirms that nematodes
as a taxon may tolerate oxygen deficiency, although their
densities are impaired, as previously reported in field
surveys across several habitats as well as in experimental
work (e.g. Murell and Fleeger, 1989; Hendelberg and
Jensen, 1993; Moodley et al., 1997; Cook et al., 2000;
Gooday et al., 2000; Neira et al., 2001; Levin, 2003).
In addition, the species composition changed dras-
tically when nematodes were exposed to suboxic or
anoxic conditions. The lowering of oxygen in the three
oxygen limited treatments resulted in an altered
dominance pattern and favoured species as S. pulchra
and 7. communis, both typical inhabitants of the deeper
sediment horizons (Hendelberg and Jensen, 1993;
Modig and Olafsson, 1998; Boyd et al., 2000; Wetzel
et al., 2002). Moreover S. pulchra, and also its congener
S. punctata, is often the dominant species in species-
poor assemblages of (very) disturbed environments
(Steyaert et al., 1999; Boyd et al., 2000). Only about half
the number of species remained in the oxygen limited
treatments, and multivariate analysis clearly separated
the control and T, from the other treatments. Notewor-
thy are the similarity of nematode density and
assemblage composition in the suboxic and anoxic/
sulphidic treatment. This was not expected, as for
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macrobenthic invertebrates it is generally assumed that
the presence of (traces of) sulphide reinforces the
harmful effects of oxygen limitation (Diaz and Rosen-
berg, 1995; Gamenick et al., 1996).

The dominant nematode species reacted differently to
deteriorated oxygen conditions. Our results suggest that
D. setosum, D. tenuispiculum and C. macrolaima are
very sensitive to oxygen depletion as they totally
disappeared during the two weeks of suboxic and
anoxic exposure. These three species are surface-
dwellers, typically found in intertidal or subtidal mud
and sands (e.g. Vincx, 1987; Platt and Warwick, 1988;
Warwick et al., 1998; Schratzberger et al., 2000a, 2002;
Commito and Tita, 2002; Steyaert et al., 2005). Surface-
living species are often very sensitive to hypoxia or
anoxia, and they may cope with episodic oxygen
limitation by migrating to nearby aerated patches in
the sediment or by emerging into the water column
(Wetzel et al., 2002). Earlier research has demonstrated
that both D. setosum and D. tenuispiculum successfully
migrate in upper sediment layers (Schratzberger et al.,
2000a; Steyaert et al., 2001). Moreover, several Dap-
tonema species as well as Chromadorita tenuis, a
species that is morphologically closely related to C.
macrolaima, can emerge into the water column and can
colonise sediment after disturbance (e.g. anoxia)
through active swimming (Jensen, 1981; Wetzel et al.,
2002).

The other dominant species either demonstrated
moderate tolerance (S. pulchra), or no response (7.
communis), or even seemed to profit from the suboxic
and anoxic conditions (M. vivipara).

S. pulchra is a typical mesohaline species which
inhabits all types of sediment but with highest densities
in mud. It lives from the very shallow down to deeper
waters. In anoxic and strongly reduced sediment it is
often the only remaining species. It dwells deep into the
sediment, and is often found in high densities near the
RPD layer (Jensen, 1984; Modig and Olafsson, 1998;
Boyd et al., 2000; Wetzel et al., 2002; Steyaert et al.,
2003; Ullberg and Olafsson, 2003; Steyaert et al., 2005).
The very depleted natural 6'*C of S. pulchra in our
study indeed suggests a contribution of thiobiotic
bacteria to their diet (Spiro et al., 1986; Ott et al.,
2004). In our experiments, survival rate of S. pulchra
was less than 50% in the oxygen limited treatments,
confirming some — albeit limited — degree of tolerance,
at least for the 14-day duration of the experiment. The
similar survival rates encountered in the anoxic,
sulphidic treatment suggest that mortality can mainly
be ascribed to oxygen limitation rather than to any
toxicity of sulphide. Detoxifying mechanisms for

hydrogen sulphide have already been suggested for
nematodes, e.g. O. campylocercoides, which have oily
to viscous inclusions in the epidermis (Thiermann et al.,
2000). Such intracellular inclusions have been reported
for S. pulchra as well (Vincx, 1987; Smol unpubl.).
Remarkably, S. pulchra was the only species for which
the data indicate that abundance was, at least partly,
restored within 11 days after an anoxic event of § days,
since average abundances in the reoxygenated treatment
were twice those in the anoxic treatment. However, this
difference was not statistically significant. Such a
restored abundance could not result from an enhanced
reproduction as this would suggest an extremely short
life cycle, which is at odds with life cycle estimates
based on field studies (Juario, 1975; Vincx, 1987).
Moreover, no difference in adult/juvenile ratio was
found (Table 3). It could, however, be explained by the
comparatively shorter period of anoxia in the reoxyge-
nated treatment (8 days compared to 14 days in the
anoxic treatment), suggesting that the duration of anoxia
is a crucial factor determining the survival potential of
S. pulchra. We conclude that S. pulchra requires oxygen
for its metabolism, but has developed adaptation
mechanisms that allow this species to survive episodes
of anoxia.

T. communis, the most abundant nematode species in
the community, survived the reduced oxygen conditions
and presence of sulphide very well as no significant
differences in densities between treatments were ob-
served. This species is a typical inhabitant of estuarine,
intertidal and subtidal areas with highest abundances in
muddy sediments (Warwick and Gee, 1984; Austen and
Widdicombe, 1998; Warwick et al., 1998; Schratzberger
etal., 2000b; Steyaert et al., 2005). Like S. pulchra it has
a long and slender body form, well adapted to its deep-
dwelling life style. In general, 7. communis occurs
vertically within the sediment down to 10 cm, and it is
typically more dominant in deeper sediment layers than
at the surface (Steyaert unpubl.). Like in S. pulchra, the
stable carbon isotopic signatures of 7. communis were
significantly more depleted than those of the other
nematode species. The 6'°C of C. macrolaima, D.
setosum and M. vivipara matched closely with that of
microphytobenthos (Moens et al., 2002), in line with
observations and/or mouth-morphology based predic-
tions on their diatom-feeding behaviour (Moens and
Vinex, 1997). The strongly negative 6'>C values of 7.
communis and S. pulchra, however, fall outside the
range of typical end member carbon isotopic ratios in
this area (Middelburg and Nieuwenhuize, 1998; Moens
et al., 2002; Moens unpubl.), and resemble the isotopic
composition of many thiobiotic micro-organisms (Spiro
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etal., 1986; Ott et al., 2004), suggesting at least a partial
dependence of these nematodes on thiobiotic organisms,
either through grazing or through some symbiotic
relationship. We have not found any evidence of
ectosymbiosis. Records of endosymbiosis in marine
nematodes are so far restricted to 5 mouthless species
which belong to the family Siphonolaimidae (Ott et al.,
2004).

M. vivipara is an ovoviviparous nematode, common
in estuarine intertidal muddy and sandy environments
(Platt and Warwick, 1988; Schratzberger and Warwick,
1999; Schratzberger et al., 2000a). While it is typically
most abundant in surface sediment layers (0—2 cm; pers.
obs.), it also occurs deeper down (down to 5 cm or
deeper). In contrast to the other nematode species in this
study, M. vivipara reached highest densities in the
anoxic/sulphidic treatment. The higher juvenile/adult
ratio (x4) compared to the control treatment clearly
demonstrated reproduction in the experimental micro-
cosms (Table 3). The ovoviviparous reproductive
strategy of M. vivipara can be considered as an
advantage of life in reduced environments (Allgén,
1953) in the sense that parents secure the survival and
development of their brood in the anoxic/sulphidic
environment (Van Gaever et al.,, 2006). Keeping the
juvenile stages in the adult body may guarantee a better
oxygen supply if adult M. vivipara migrate in between
oxic and sulphidic layers. The enhanced hatching of M.
vivipara juveniles under anoxic/sulphidic conditions
may be linked to a potentially higher resistance to
anoxia in juveniles, as demonstrated for Theristus
anoxybioticus (Jensen, 1995).

5. Conclusion

We have shown that different nematode species are
differentially adapted to living and/or surviving in low-
oxygen environments. Some of our findings were
expected. For a number of species, the sensitivity to
oxygen limitation is consistent with the habitat in which
they are found: this is so for surface-dwelling C.
macrolaima, D. setosum and D. tenuispiculum, which
did not survive anoxia, while deep-dwelling organisms
such as S. pulchra and T. communis, were moderately to
very tolerant to episodic oxygen limitation. Other
findings were unexpected. First of all, nematodes as a
group as well as the different species responded
similarly to the suboxic and sulphidic treatment,
suggesting that the presence of sulphide did not have a
discernable effect over that of low-oxygen concentra-
tion. Secondly, the ovoviviparous nematode M. vivipara
showed an increased reproduction in the anoxic

treatment. This finding was especially surprising as
this species is usually associated with oxic conditions.
Apparently, conditions that negatively affect other
nematode species trigger the hatching of juveniles of
M. vivipara. Finally, the two species that are common
in suboxic and anoxic sediments showed strongly
depleted natural carbon isotopic signatures, and there-
fore clearly rely on other food sources than M. vivipara
and the surface-dwelling C. macrolaima and D. setosum.
These depleted signatures point to a dependence on
thiobiotic organisms, either via grazing or symbiosis.
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