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INTRODUCTION

Shelf areas such as the North Sea cover approxi-
mately 7.5% of the total ocean area (Wollast 2003) and
70% of the shelf is covered by sandy deposits (Emery
1968). This comparably small area has a very high bio-
logical productivity, which amounts to 30% of the total
oceanic primary production (Jørgensen 1996). Despite
this, sandy-shelf sediments contain a low amount of
organic matter (Shum & Sundby 1996) and low bacter-
ial standing stocks (Llobet-Brossa et al. 1998). The low
organic carbon content may be a result of high turn-
over rates, rather than low activity; the high perme-
ability of most sands is thought to allow advective per-
colation of the upper sediment layers. Advection,
however, has been shown to result in an effective
exchange of pore water (Huettel et al. 2003), to rapidly
transport particulate organic matter (POM) into perm-

eable sediments (Huettel & Rusch 2000), and to
enhance the remineralisation and nutrient release in
comparison to non-permeable sediments (Ehrenhauss
et al. 2004b). 

In addition, the activities of macrofauna can signifi-
cantly affect the transport of solutes and particulates
across the sediment–water interface (Graf & Rosen-
berg 1997). For example, bioirrigation by tube-build-
ing worms is responsible for rapid water pumping;
bioturbation is well known to enhance the particle
transport within the sediment (Forster & Graf 1995,
Ziebis et al. 1996). The macrofauna community of the
North Sea shelf consists mainly of bivalves, poly-
chaetes, crustaceans and echinoderms (Salzwedel et
al. 1985). The infaunal suspension and (surface) deposit-
feeders in particular, such as the bivalve Fabulina fab-
ula and the polychaete Lanice conchilega, both com-
mon at our study site, may have immediate access to a
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fresh organic carbon source and may be responsible
for fast transport of this POM into deeper sediment
layers by bioirrigation, bioturbation or defecation. This
matter is thus available for other benthic organisms,
living in deeper sediment layers. Carnivorous macro-
fauna organisms are expected to have a delayed
access to a fresh carbon source but can nevertheless
contribute to sediment mixing by bioturbation due to
hunting activities. 

In recent years, pulse-chase experiments with iso-
topically labelled substrates have been established as
a useful tool for following and quantifying the process-
ing and remineralisation of fresh organic carbon in a
variety of marine sedimentary habitats (e.g. Levin et al.
1997, Middelburg 2000, Aberle & Witte 2003, Witte et
al. 2003a). However, information on the benthic pro-
cessing of fresh POM in sandy-shelf environments is
still scarce. We therefore carried out a series of on-
board and in situ pulse-chase experiments in North
Sea sandy sediments and followed the entrainment,
processing and degradation of algal carbon by the
benthic community. Within the project, not only the
macrofauna but also bacterial carbon processing was
studied (Bühring et al. 2004) as well as the entrainment
and degradation of diatoms into the sediment (Ehren-
hauss et al. 2004a,b). 

This contribution focuses on the importance of
macrofauna for carbon transport processes in a fine-
grained, sandy North Sea sediment. We investigated

the composition, abundance and biomass of the macro-
fauna community as well as the processing of added,
labelled diatom carbon by the different macrofauna
taxa. We report on the potential of Fabulina fabula, the
dominant macrofauna organism, for POM subduction,
and discuss the relative importance of bioturbation and
advective transport. 

MATERIALS AND METHODS

Area of investigation. The study site was situated in
the southern German Bight (North Sea), seaward
of the East Frisian island Spiekeroog (53° 51’ N,
007° 44’ E) (Fig. 1). The water depth in this area was
19 m with a tidal range about 2 m. Salinity was 31 to 32
and the mean water temperature was 9°C in April and
13°C in June. The sediment type is fine sand with a
grain size of 163 ± 20 µm and a permeability of 3.0 ±
1.7 × 10–12 m2 (Janssen et al. 2005).

The experiments and sampling took place during
Expeditions HE 145 in April 2001 (on-board and labo-
ratory experiments) and HE 148 in June 2001 (in situ
experiments) of the RV ‘Heincke’.

Cultivation of labelled phytoplankton. Ditylum bright-
wellii (Bacillariophyceae: Biddulphiales) was cultured
with F/2 medium (Guillard & Ryther 1962) in sterile
artificial seawater (Grasshoff et al. 1999) with a salinity
of 33. The diatoms were labelled with 13C by replacing
25% of the NaHCO3 in the formula by NaH13CO3

(99%; Cambridge Isotope Laboratories). The algae
were incubated for 10 d at 25°C under a light:dark
cycle of 16:8 h and a light intensity of 34.9 µmol pho-
tons m–2 s–1. The algal carbon produced consisted of
15 at.% 13C (on-board experiments) and 9 at.% 13C (in
situ experiments).

For the laboratory experiments we used Chlorella sp.
(Chlorophyceae: Chlorococcales). The algal carbon of
Chlorella sp. consisted of >60 at.% 13C.

Sampling and determination of macrofauna for nat-
ural abundance and biomass. For the determination of
the natural abundance and biomass of macrofauna,
sediment samples were collected with a van Veen grab
(surface area 0.1 m2). Each haul (9 during the cruise in
April and 10 in June) was separately sieved (1.0 mm-
mesh aperture), and the sieve contents were preserved
in 4% formaldehyde buffered with sodium tetraborate
until taxonomic identification under a stereomicro-
scope. The wet weight (g WW m–2) for each taxonomic
group was determined in the laboratory in Bremen.

Sampling of macrofauna for natural isotope signa-
tures. The macrofauna samples for the measurements
of the natural isotope signatures (δ13C) were also taken
with a van Veen grab, but after sorting the individuals
were immediately frozen at –20°C, as fixation with
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Fig. 1. Area of investigation in the southern German Bight 
(North Sea)
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formaldehyde would change the natural isotope signa-
tures (Kaehler & Pakhomov 2001). Measurements of
δ13C were made with an isotope ratio mass spectro-
meter (IRMS) (see subsection ‘Measurements’). 

On-board and in situ experiments. The experiments
were conducted in cylindrical acrylic chambers (31 cm
high, 19 cm diameter) with a horizontally rotating disk.
The rotating water column generates a radial pressure
gradient of approximately 1.5 Pa cm–1 that induces
advective pore-water flows in permeable sediments
(Huettel & Rusch 2000). These chambers were at-
tached to a frame,  lowered to the seafloor (Fig. 2), and
carefully inserted approximately 15 cm deep into the
sediment by divers, with minimum disturbance of the
natural stratification of the sediment. For the in situ ex-
periments, labelled Ditylum brightwellii (0.31 gC m–2)
was immediately injected into 2 chambers by divers,
and incubated for 32 h. For the on-board experiments,
the chambers were brought back directly to the
research vessel after they were filled with the natural
sediment and incubated with labelled D. brightwellii
(0.36 gC m–2) for 12, 30 and 132 h, with 2 replicates
each. Incubation was conducted under in situ condi-
tions at a temperature of 8°C in the dark. After incuba-
tion, the macrofauna from 4 different horizons (0 to 2,
2 to 5, 5 to 10 and >10 cm) was sieved using a 0.5 mm-
mesh aperture to include juveniles, and then indivi-
dually frozen (–20°C). For taxonomic identification,
individuals were thawed and identified under a stere-
omicroscope in the laboratory in Bremen; throughout,
the samples were cooled to avoid decomposition. Sub-
sequently, bivalve shells and calcareous structures of
Echinocardium cordatum were removed and all indi-
vidual organisms immediately dried at a temperature

of 60°C. Before determination of the δ13C signatures,
the dry weights (DW) of each individual was deter-
mined (g DW ind.–1). Often the organisms had to be
homogenised, and a subsample (approximately 0.5 to
1.5 mg) was transferred into tin cups for measurement.
Organisms were pooled when their individual dry
weight was <0.5 mg.

Laboratory experiments. The experimental chambers
used for the laboratory experiments were similar to those
used for the in situ and on-board experiments. Sediment
and Fabulina fabula organisms were sampled with a van
Veen grab. The sediment was sieved to remove macro-
fauna organisms and stored at 4°C. F. fabula were kept
in an aquarium at in situ temperature (9°C).

Prior to the experiments, the chambers were filled
with the sediment (18 cm). The surface water from the
area of investigation was sampled with a water sam-
pler. Fabulina fabula were put into the sediment cores
in abundances of 0 and 14 individuals per core (2 repli-
cates each) and allowed to settle in the sediment for
1 wk. The experiments were initiated by injecting the
chambers with labelled Chlorella sp. (equivalent to
1 gC m–2), and ran for 132 h. After incubation, the sed-
iment of the chambers was sliced at 0.5 cm intervals for
the first 1 cm and at 1 cm intervals to a depth of 10 cm,
followed by a 10 to 12.5 cm and then a 12.5 to 18 cm
layer. F. fabula were picked out, and a carefully homo-
genised subsample of the sediment from each sedi-
ment horizon was frozen immediately at –20°C until
treatment. For determination of TO13C (total organic
13carbon) signatures, ~2 g of this sediment was thawed
and dried for 48 h at 60°C and pre-treated with approx-
imately 10 ml 2 M HCl overnight to remove inorganic
carbon compounds. Sediments were then centrifuged
(2800 × g, 10 min), washed 3 times with distilled water,
and then centrifuged and dried again. After this,
approximately 100 mg of the sediment was weighed
into tin cups for isotope ratio measurement.

Measurements. For measurement of the isotope
ratios, the carbon was combusted to CO2 in a CHN-
analyser (CE Instruments) connected via an interface
using the carrier gas He (ThermoFinnigan) to an iso-
tope ratio mass spectrometer (IRMS; ThermoFinnigan).
δ13C was determined relative to Vienna PDB
(13C/12CVPDB: 0.0112372) (Peterson & Fry 1987) and
calculated according to McKinney et al. (1950):

(1)

where R = isotope ratio (13C:12C). The specific uptake
of the 13C by macrofauna organisms (Δδ13C, ‰) was
calculated according to:

Δδ13C  =  δ13Csample – δ13Cnatural isotope signature of taxa (2)

δ13 1000C ‰sample
sample standard

standard

( ) =
−

×
R R

R
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Fig. 2. Experimental chambers within their frame
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The specific labelling of the 13C into the sediment
(ΔδTO13C) was calculated according to:

(3)
ΔδTO13C = δTO13Csample – δTO13Cnatural isotope signature of sediment

The natural isotope signatures used for the equations
are shown in Table 1.

RESULTS

Macrofauna abundance and biomass

The mean abundance of the macrofauna in the study
area varied between 771 ± 287 (SD) ind. m–2 in April
and 1531 ± 292 ind. m–2 in June (Table 2). During both
cruises the most frequently observed taxa were
bivalves, with 514 ± 188 and 1026 ± 82 ind. m–2 for

April and June, respectively (dominance in terms of
individuals was 67% during both cruises). In addition,
polychaetes, crustaceans and echinoderms were fre-
quently found. The dominant species in this area was
the bivalve Fabulina fabula with 311 ± 162 ind. m–2 in
April and 928 ± 101 ind. m–2 in June (dominance in
terms of individuals was 40% in April and 61% in
June). Furthermore the bivalves Montacuta bidentata
and M. ferruginosa (Montacutidae), the polychaetes
Nephtys spp. (Nephtyidae) and the crustacean
Urothoe poseidonis (Haustoriidae) were widespread in
the area of investigation (Table 2). 

The mean biomass of the macrofauna was 243.8 ±
236 g WW m–2 in April and 351.3 ± 73 g WW m–2 in
June (Table 2). The biomass of the bivalves increased
from 56.5 ± 35.6 g WW m–2 in April to 230.5 ± 30.4 g
WW m–2 in June. The biomass of the echinoderms
reached 156.0 ± 223.8 g WW m–2 in April and 97.6 ±
86.8 g WW m–2 in June. The large sea urchin Echino-
cardium cordatum (Spatangidae), which can be con-
sidered a megafaunal rather than macrofaunal organ-
ism, occurred at relatively high densities (approximately
16 ind. m–2) and accounted for >95% of echinoderm
biomass. The biomass of the polychaetes was 29.8 ±
35.4 g WW m–2 in April and 22.4 ± 5.2 g WW m–2 in
June. Crustacean biomass was low, as only small indi-
viduals occurred in this area. Again, Fabulina fabula
had the highest biomass of the bivalves (88% in April
and 97% in June); the biomass of other bivalves was
low. Within the polychaetes, Nephtys spp. reached the
highest biomass (80% in April and 88% in June).

Specific uptake of labelled algal carbon by macro-
fauna organisms (on-board and in situ experiments)

The mean specific uptake of 13C by the total macro-
fauna continually increased in the time series experi-
ments from 10.2 ± 12.8‰ after 12 h to 211.9 ± 288.9‰
after 132 h (Fig. 3; linear regression of averaged val-
ues, r2 = 0.98). However, strong differences in labelling
patterns occurred among the different taxa (Fig. 4).
The highest Δδ13C enrichment occurred within the
bivalves, the polychaete Lanice conchilega (Terebelli-
dae) and the echinoderm Echinocardium cordatum.
Fabulina fabula, found in all investigated cores,
showed a Δδ13C value of 16.6 ± 15.6‰ after 12 h, which
increased to 291.2 ± 323.0‰ after 132 h. L. conchilega
showed its highest value (376.5 ± 225.1‰) after 132 h.
The specific uptake of 13C by a single E. cordatum was
13.0‰ after 12 h. Low specific uptakes were found for
most of the other polychaetes, especially Nephtys spp.,
and for the crustaceans. Like F. fabula, Nephtys spp.
were found in all cores. The specific uptake of 13C by
Nephtys spp. increased from 0.4 ± 0.3‰ at 12 h to
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Table 1. Natural isotope signatures (δ13C). n: number of indi-
viduals pooled for 1 measurement. Natural δTO13C (total or-
ganic 13carbon) signature of the sediment was –21.67 ± 0.54‰
(Expedition HE 145) with no notable difference between 

sediment layers (S. Ehrenhauss unpubl. data). –: no data

Organism n δ13C (‰)
HE 145 HE 148

Fabulina fabula 100 –16.75 –17.63
Montacuta bidentata 9 –17.39 –
Montacuta ferruginosa 2 –17.65 –
Spisula spp. 2 –18.49 –
Nephtys spp. 100 –15.14 –15.19
Spionidae 1 – –17.73
Magelona mirabilis 1 –17.28 –
Lanice conchilega 5 –16.48 –16.31
Ophelia limacina 3 –15.90 –
Aphroditidae 1 – –15.86
Urothoe poseidonis 3 – –15.63
Gammaridea 2 –15.82 –
Echinocardium cordatum 1 –17.68 –
Actinaria 1 – –18.21
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Fig. 3. Mean (+SD) specific uptake of 13C after different incu-
bation times by all macrofauna organisms (Δδ13C) in on-board
and in situ (32 h) experiments (both replicates). High standard 

deviations reflect strong individual differences
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6.7 ± 8.0‰ at 132 h. The highest specific uptake of 13C
was found in a single individual of Spisula sp.
(Bivalvia: Mactridae) with 457.0‰ after 32 h (Fig. 4).

Altogether, specific labelling patterns were deter-
mined for 83 individuals of Fabulina fabula, ranging
from 0.2 to 57.0 mg DW ind.–1 in biomass. A trend for
higher specific uptake of 13C by smaller individuals
was apparent (Fig. 5). 

The vertical distribution of macrofauna Δδ13C signa-
tures within the sediment is given in Fig. 6. Within 30 h,
macrofauna throughout the whole sampling column had
ingested tracer carbon, but signatures below 10 cm sed-
iment depth were lower than those above. In each sedi-
ment horizon, Δδ13C signatures increased over time. 

Subduction of PO13C into sediment 
(laboratory experiments)

As expected, ΔδTO13C signatures were highest at the
sediment surface (Fig. 7). Pronounced subsurface max-
ima between approximately 4 and 7 cm sediment
depth developed in the Fabulina fabula cores (Fig. 7B). 

DISCUSSION

The investigated increase in macrofauna abundance
and biomass from April to June (Table 2) is in accor-
dance with seasonal trends described for the German
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Table 2. Abundances (ind. m–2) and biomasses (g wet wt m–2; without shells) of taxa during Expedition HE 145 in April and 
Expedition HE 148 in June 2001. Data are averages ± SD

Organism                                                   —————— HE 145 —————— —————— HE 148 ——————
Abundance                        Biomass                  Abundance                        Biomass
Avg.       SD Avg.      SD                Avg.       SD                    Avg.        SD

Bivalviaa 514 188 56.5 35.6 1026 82 230.5 30.4
Fabulina fabula 311 162 49.8 33.4 928 101 224.7 28.7
Montacuta bidentata 167 109 0.9 0.6 26 30 0.2 0.3
Montacuta ferruginosa 19 16 0.3 0.3 62 69 0.4 0.5
Abra alba 12 15 4.6 5.4 3 5 0.9 1.5
Macoma balthica 1 3 <0.1 <0.1 6 7 4.2 12.1
Spisula spp. 2 4 0.9 2.6 1 3 >0.1 0.1
Nucula spp. 2 7 <0.1 0.1

Polychaeta 146 60 29.8 35.4 209 38 22.4 5.2
Nephtys spp.b 87 45 23.8 27.4 130 36 19.6 3.8
Spiophanes bombyx 7 7 <0.1 < 0.1 31 29 0.1 0.1
Magelona mirabilis 23 36 0.1 0.1 11 12 0.1 0.1
Lanice conchilega 19 19 2.4 2.5 4 5 0.8 1.4
Eumida bahusiensis 13 16 >0.1 0.1
Pygospio elegans 1 3 <0.1 < 0.1 10 11 >0.1 >0.1
Hediste spp. 2 4 3.0 7.4 2 4 1.2 3.4
Goniadidae 2 4 0.1 0.1 2 4 0.1 0.4
Cirratulidae 3 7 >0.1 >0.1
Capitellidae 2 4 0.2 0.6
Other Spionidae 1 3 <0.1 <0.1 1 3 >0.1 >0.1
Scoloplos armiger 1 3 <0.1 <0.1 1 3 >0.1 0.1
Harmothoe sp. 1 3 >0.1 >0.1
Rest of biomass 0.2 0.3 0.4 0.4

Crustacea 89 95 1.4 3.8 283 251 0.8 0.5
Urothoe poseidonis 61 95 0.1 0.2 249 239 0.5 0.4
Other Gammaridea 12 10 <0.1 <0.1 22 27 >0.1 >0.1
Diastylis rathkei 11 12 <0.1 0.1 7 8 0.1 0.1
Iphinoe trispinosa 4 10 >0.1 >0.1
Mysidacea 2 4 <0.1 <0.1
Processa edulis 1 3 0.1 0.3
Crangon crangon 1 3 1.2 3.5
Pinnotheres pisum 1 3 0.1 0.3

Echinodermata 22 21 156.0 223.8 13 11 97.6 86.8
Echinocardium cordatum 18 19 137.8 216.5 13 11 97.6 86.8
Ophiura ophiura 3 7 3.0 8.9
Ophiura juvenile 1 3 <0.1 <0.1

aIn addition, fragments of Ensis cf. americanus were found
bIn spot checks we were able to classify Nephtys spp. as N. caeca and N. hombergii
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Bight: in general, there is a minimum of abundance
and biomass in the late winter or early spring, and a
maximum in summer and autumn (Dörjes et al. 1986,
Michaelis & Reise 1994). Salzwedel et al. (1985) re-
ported a mean macrofauna abundance of 2377 ind. m–2

in October for an area of 24 000 km2, covering nearly
the whole sublittoral area of the German Bight. Fur-
thermore, Salzwedel et al. (1985) demonstrated that,
with respect to macrofauna community composition,
the German Bight could be divided into 4 to 5 macro-
fauna community areas. The macrofauna community
of the largest of these regions (12 000 km2), in which
our area of investigation was located, is dominated by
the tellinid bivalve Fabulina fabula (former Tellina fab-
ula), and is accordingly named the ‘F. fabula associa-
tion’. 

In our study we describe 32 species or taxa. Salz-
wedel et al. (1985) detected a mean of 34 species for
the Fabulina fabula community, in good agreement
with our number. The community composition of our
investigation differs somewhat from the study from
Salzwedel et al. (1985), perhaps due to shifts in species
occurrence between the investigations. As is typical for

the F. fabula community and for the
German Bight in general, polychaetes
showed the highest diversity, with 14
different species or taxa (Salzwedel et
al. 1985, Dörjes et al. 1986).

Among the polychaetes, Nephtys spp.
comprised the most frequently observed
taxa in terms of both abundance and
biomass (approximately 10% of total
macrofauna). The tube-building poly-
chaete Lanice conchilega contributed
approximately 1% of the total biomass.
However, we found that many intact
tubes were empty, which may indicate
that L. conchilega successfully escaped
the sampling process, leading to an
underestimation of its biomass. 

With 8% of all individuals in April
and 16% in June, the crustacean
Urothoe poseidonis is important in
terms of abundance, but less so with re-
spect to biomass because of the com-
paratively small size of these Haustori-
idae. This is well in accordance with the
investigation of Salzwedel et al. (1985),
in which 7% of all individuals belonged
to U. poseidonis (former U. grimaldeii)
within the Fabulina fabula community.
The most important species within the
echinoderms is Echinocardium corda-
tum, with the highest individual bio-
mass in our study area. 

The rapid and continuous specific uptake of added,
fresh organic matter by benthic organisms in our study
(Fig. 3) has also been shown in other investigations
with isotopic labelled matter from a variety of marine
sedimentary habitats (Levin et al. 1997, 1999, Middel-
burg et al. 2000, Moodley et al. 2000, Aberle & Witte
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2003, Witte et al. 2003b). For a North Sea tidal flat,
Middelburg et al. (2000) showed very rapid label trans-
fers through the benthic food web. After only a few
hours, a predatory nematode was already significantly
labelled. Moodley et al. (2000) showed rapid label
transfer from algal matter to foraminiferans. At conti-
nental slope depths (800 m), maldanid polychaetes
were found to subduct fresh organic matter so rapidly,
that deep-dwelling meiofauna were able to ingest the
labelled matter after only 1.5 d (Levin et al. 1997); even
at abyssal depths (4800 m), 70% of the macrofauna
organisms accessed a labelled phytodetritus pulse
within 2.5 d (Witte et al. 2003b). In the latter study, the
macrofauna initially processed much more carbon than
the bacteria, and Witte et al. (2003b) speculated that
much of the fresh particulate organic carbon (POC)
reaching the deep-sea floor passes through the gut

systems of larger organisms before becoming available
to unicellular individuals. 

Within the macrofauna in our study, the very abun-
dant bivalve Fabulina fabula, the tube-building worm
Lanice conchilega and the sea urchin Echinocardium
cordatum most rapidly ingested the fresh carbon
source (Fig. 4). A study by Herman et al. (2000) in the
eulittoral of a Dutch estuary confirmed comparably
rapid specific uptakes of labelled carbon by the bivalve
Macoma balthica, which is very abundant in this area.
According to Meyer el al. (1994), M. balthica is able to
suck the surface to ingest detritus and phytoplankton,
and this ability was also observed during our labora-
tory experiments for F. fabula. Thus, both species are
(surface) deposit-feeders. Arruda et al. (2003) also con-
firmed this for both Macoma spp. and Fabulina spp.
However, bivalves that feed directly on deposits also

take up a good deal of suspended
matter with the inhalant flow (Ar-
ruda et al. 2003), and are thus more
accurately named facultative sus-
pension and (surface) deposit-feed-
ers, as reported by Herman et al.
(2000) for M. balthica and by Køie &
Kristiansen (2001) for Tellinidae in
general. Because of their feeding
habits, Tellinidae are among the pri-
mary consumers within the food
chain. The tube-building worm L.
conchilega was sampled only from
3 cores, most probably because of its
ability to escape (see above). How-
ever, those individuals collected
showed very high specific labelling
patterns (Fig. 4). L. conchilega is a
suspension-feeder (Buhr 1976), and
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this confirms the hypothesis that suspension-feeders
play a very important role in the initial processing of
fresh organic matter. Furthermore, this species is able
to grow to a length of up to 25 cm and lives in deep-
reaching tubes (Meyer et al. 1994), which renders it a
prime candidate for the rapid subduction of organics
by bioturbation and bioirrigation (Forster & Graf 1995).
The sampled (surface) deposit-feeder E. cordatum
(Hollertz et al. 1998) also showed an initial and high
specific uptake of 13C (Fig. 4), which underlines that
both feeding types (suspension- and deposit-feeding)
allow rapid ingestion of fresh organic matter. In addi-
tion, E. cordatum is very mobile, and thus probably
causes strong sediment mixing. 

In contrast, the polychaetes Nephtys spp. showed a
contrasting labelling pattern: initial 13C uptake was
almost negligible and the label then continually accumu-
lated throughout the time series. This pattern is in good
agreement with the data of Herman et al. (2000) and has
been shown for predators in general by Aberle & Witte
(2003). Our results confirm the classification of Nephtys
spp. as mainly carnivores (Hartmann-Schröder 1996)
and a fast carbon transfer between trophic levels.

The investigated trend for higher specific uptake of
13C by smaller Fabulina fabula individuals (Fig. 5)
could be due to different feeding attributes of juveniles
and adults. Such ontogenetic variation was reported
for the tellinid bivalve Macoma balthica by Rossi et al.
(2004). Juvenile M. balthica feed entirely on micro-
phytobenthos, while there is a gradual tendency for
larger sized individuals to feed more on microphyto-
plankton.

During our on-board and in situ experiments, the
pathway of settling POC through the benthic food web
was also investigated with respect to bacterial commu-
nity and remineralisation rates (Bühring et al. 2004).
Bühring et al. (2004) showed that initial carbon process-
ing (12 h) was dominated by the bacteria, but after
longer incubation times (30 and 32 h in situ) the macro-
fauna gained in importance until, after 132 h, the great-
est fraction of the added 13C was mineralised to CO2.
The initial uptake of fresh organic matter by bacteria
could have been due to the specific uptake of dissolved
organic carbon (DOC), which was already present in
the added algal matter (Ehrenhauss et al. 2004a). Mid-
delburg et al. (2000) also found fast uptake by bacteria,
during an experiment at an intertidal site in an estuary,
where they sprayed 13C-bicarbonate on the surface and
followed its pathway through the benthic food web.
Middelburg et al. (2000) found evidence for photosyn-
thetically fixed 13C entering the microbial food web
within hours and maximum labelling of bacteria after 1
d. In this regard, it is probable that our macrofaunal de-
posit-feeders also ingested some labelled bacteria dur-
ing incubation.

The quaternary sandy deposits at our study site
have a permeability of 3.0 ± 1.7 × 10–12 m2 (Janssen et
al. 2005). According to Huettel & Gust (1992), trans-
port processes down to 2 cm sediment depth can
be expected to be dominated by advection at this
permeability. This hypothesis was confirmed by our
laboratory experiments with pre-sieved sediments,
where our particulate tracer was mixed down to 2 cm
into the sediment even in those cores with no macro-
fauna present (Fig. 7A). For the upper 2 cm, no dis-
tinction between advective and bioturbative particle
transport could be made. Below this depth, however,
particle transport clearly depends on macrofauna
activity. Mixing into deeper layers occurred only in
those cores with Fabulina fabula present. Here, clear
subsurface maxima developed at approximately 4 to
7 cm sediment depth, the actual burrowing depth of
F. fabula in the cores, indicating non-local mixing by
the bivalves. Sun et al. (1999), who carried out similar
laboratory experiments with the (surface) deposit-
feeder Yoldia limatula (Bivalvia: Nuculanidae), also
found a penetration of POC into deeper sediment lay-
ers when Y. limatula was abundant, but a penetration
into the uppermost sediment layers only, when physi-
cal processes alone were involved. Ehrenhauss et al.
(2004a) found that in our on-board and in situ experi-
ments, the labelled algal carbon was mixed into the
sediment down to 6 cm; here, it could not be easily
distinguished between advective and organism-medi-
ated mixing. In another in situ chamber study at the
same station, Janssen et al. (2005) did not detect sig-
nificant changes of sediment community oxygen con-
sumption in the presence and absence of horizontal
pressure gradients, and concluded that, due to the
relatively low permeability of the fine sand, advective
solute transport is of minor importance compared to
molecular diffusion and bioirrigation. Therefore, the
subduction of particulate carbon into the sandy sedi-
ment of the study area would be almost exclusively
due to bioturbation. The advective entrainment of
tracer particles into the upper sediment layer during
our laboratory experiments would then be a result of
the disruption of the natural sediment texture during
sediment treatment (sampling, sieving and storing).
In any case we can conclude that the transport of
POM down to more than 2 cm sediment depth is a
result of macrofauna activity. The importance of this
bioturbative transport is confirmed by investigations
of microbial activity: both the incorporation of 13C
into bacterial biomarkers and the concentration of
13CO2 in the pore water show subsurface peaks at the
respective sediment depths (Bühring et al. 2004).
Macrofauna thus rapidly supply deep-dwelling, small
organisms (bacteria, meiofauna) with fresh organic
matter.
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CONCLUSIONS

In conclusion we investigated the relative impor-
tance of different macrofauna species for carbon pro-
cessing and subduction in a fine sandy sediment. To
date, sandy sediments have been poorly studied
marine habitats, and our on-board and in situ experi-
ments give the first insights into the macrofaunal
response to a fresh carbon source in this particular
environment. We found strong interspecific differ-
ences in the rates of specific uptake of labelled organic
matter related to the feeding types of the macrofauna.
The most rapid ingestion of freshly deposited organic
carbon was observed in suspension- and deposit-feed-
ers, but mainly predatory organisms also quickly
became labelled. Additional laboratory experiments
with the dominant facultative (surface) deposit- and
suspension-feeder Fabulina fabula demonstrated the
ability of macrofauna for the fast subduction of organic
matter into deeper sediment layers. Because of its high
abundance and feeding type, F. fabula is able to
subduct large amounts of fresh organic matter, and
thus pronouncedly affects carbon transport processes
in fine sandy sediments.

Acknowledgements. Many thanks to B. B. Jørgensen and W.
Hagen for support of this work. S. I. Bühring, S. Ehrenhauss,
F. Janssen and T. Wittling are gratefully acknowledged for so
many valuable discussions and help during the cruises. S. I.
Bühring and S. Ehrenhauss are also thanked for algal cultiva-
tion. We thank the captain and crew of RV ‘Heincke’ as well
as our divers for their splendid help at sea. R. Knust from the
Alfred Wegener Institute for Polar and Marine Research in
Bremerhaven invited us to his laboratory and provided
invaluable support with the macrofauna taxonomy, and we
gratefully thank him and his work group. U. Struck from the
University of Munich is thanked very much for the isotope
measurements. S. Sommer from the GEOMAR in Kiel pro-
vided Chlorella sp. The manuscript was improved by the crit-
ical comments of P. M. J. Herman and 2 anonymous review-
ers. This study was funded by the Max Planck Society.

LITERATURE CITED

Aberle N, Witte U (2003) Deep-sea macrofauna exposed to a
simulated sedimentation event in the abyssal NE Atlantic:
in situ pulse-chase experiments using 13C-labelled phyto-
detritus. Mar Ecol Prog Ser 251:37–47

Arruda EP, Domaneschi O, Amaral ACZ (2003) Mollusc feed-
ing guilds on sandy beaches in São Paulo State, Brazil.
Mar Biol 143:691–701

Buhr KJ (1976) Suspension-feeding and assimilation efficiency
in Lanice conchilega (Polychaeta). Mar Biol 38:373–383 

Bühring S (2004) Microbial carbon processing in marine sedi-
ments: case studies in North Sea sands and oligotrophic
deep-sea sediments. PhD thesis, University of Bremen

Dörjes J, Michaelis H, Rhode B (1986) Long-term studies of
macrozoobenthos in intertidal and shallow subtidal habi-
tats near the island of Norderney (East Frisian coast, Ger-
many). In: Heip C, Keegan BF, Lewis JR (eds) Develop-
ments in hydrobiology, long-term changes in coastal

benthic communities. W Junk, Kluwer, Boston, MA
p 217–232

Ehrenhauss S, Witte U, Bühring SI, Huettel M (2004a) Effect
of advective pore water transport on distribution and
degradation of diatoms in permeable North Sea sedi-
ments. Mar Ecol Prog Ser 271:99–111

Ehrenhauss S, Witte U, Janssen F, Huettel M (2004b) Decom-
position of diatoms and nutrient dynamics in permeable
North Sea sediments. Cont Shelf Res 24:721–737

Emery K O (1968) Relict sediments on continental shelves of
the world. Bull Am Assoc Pet Geol 52:445–464 

Forster S, Graf G (1995) Impact of irrigation on oxygen flux
into the sediment: intermittent pumping by Callianassa
subterranea and ‘piston-pumping’ by Lanice conchilega.
Mar Biol 123:335–346

Graf G, Rosenberg R (1997) Bioresuspension and biodeposi-
tion: a review. J Mar Syst 11:269–278

Grasshoff K, Kremling K, Ehrhardt M (1999) Methods of sea-
water analysis, 3rd edn. Wiley, Weinheim

Guillard RRL, Ryther JH (1962) Studies of marine planktonic
diatoms. Can J Microbiol 8:229–239

Hartmann-Schröder G (1996) Annelida, Borstenwürmer, Poly-
chaeta, 2nd edn. Gustav Fischer, Jena

Herman PMJ, Middelburg JJ, Widdows J, Lucas CH, Heip
CHR (2000) Stable isotopes as trophic tracers: combining
field samples and manipulative labelling of food resources
for macrobenthos. Mar Ecol Prog Ser 204:79–92

Hollertz K, Skold M, Rosenberg R (1998) Interactions between
two deposit feeding echinoderms: the spatangoid Brissop-
sis lyrifera (Forbes) and the ophiuroid Amphiura chiajei
(Forbes). Hydrobiologia 376:287–295

Huettel M, Gust G (1992) Impact of bioroughness of inter-
facial solute exchange in permeable sediments. Mar Ecol
Prog Ser 89:253–267 

Huettel M, Rusch A (2000) Transport and degradation of
phytoplankton in permeable sediment. Limnol Oceanogr
45:534–549

Huettel M, Røy H, Precht E, Ehrenhauss S (2003) Hydrody-
namical impact on biogeochemical processes in aquatic
sediments. Hydrobiologia 494:231–236

Janssen F, Huettel M, Witte U (2005) Pore-water advection
and solute fluxes in permable marine sediments. II. Ben-
thic respiration at three sandy sites with different perma-
bilities (German Bight, North Sea). Limnol Oceanogr
50:779–792

Jørgensen BB (1996) Material flux in the sediment. In:
Jørgensen BB, Richardson K (eds) Coastal and estuarine
studies. American Geophysical Union, Washington, DC,
p 115–135

Kaehler S, Pakhomov EA (2001) Effects of storage and preser-
vation on the δ13C and δ15N signatures of selected marine
organisms. Mar Ecol Prog Ser 219:299–304

Køie M, Kristiansen A (2001) Der große Kosmos Strandführer:
Tiere und Pflanzen in der Nord- und Ostsee. Kosmos,
Stuttgart

Levin L, Blair N, DeMaster D, Plaia G, Fornes W, Martin C,
Thomas C (1997) Rapid subduction of organic matter by
maldanid polychaetes on the North Carolina slope. J Mar
Res 55:595–611

Levin LA, Blair NE, Matin CM, DeMaster DJ, Plaia G, Thomas
CJ (1999) Macrofaunal processing of phytodetritus at two
sites on the Carolina margin: in situ experiments using
13C-labeled diatoms. Mar Ecol Prog Ser 182:37–54

Llobet-Brossa E, Rossello-Mora R, Amann R (1998) Microbial
community composition of Wadden Sea sediments as
revealed by fluorescence in situ hybridization. Appl Envi-
ron Microbiol 64:2691–2696

69



Mar Ecol Prog Ser 297: 61–70, 2005

McKinney CR, McCrea JM, Epstein S, Allen HA, Urey HC
(1950) Improvements in mass spectrometers for the mea-
surement of small differences in isotope abundance ratios.
Rev Sci Instrum 21:724–730

Meyer HU, Twenhöven FL, Kock K (1994) Lebensraum Wat-
tenmeer. Quelle & Meyer, Wiesbaden

Michaelis H, Reise K (1994) Langfristige Veränderungen des
Zoobenthos im Wattenmeer. In: Lozán JL, Rachor E, Reise
K, von Westernhagen H, Lenz W (eds) Warnsignale aus
dem Wattenmeer. Blackwell, Berlin, p 106–116

Middelburg JJ, Barranguet C, Boschker HTS, Herman PMJ,
Moens T, Heip CHR (2000) The fate of intertidal micro-
phytobenthos carbon: an in situ 13C-labeling study. Limnol
Oceanogr 45:1224–1234

Moodley L, Boschker HTS, Middelburg JJ, Pel R, Herman
PMJ, de Deckere E, Heip CHR (2000) Ecological signifi-
cance of benthic foraminifera: 13C-labelling experiments.
Mar Ecol Prog Ser 202:289–295

Peterson BJ, Fry B (1987) Stable isotopes in ecosystem stud-
ies. Annu Rev Ecol Syst 18:293–320

Rossi F, Herman PMJ, Middelburg JJ (2004) Interspecific and
intraspecific variation of δ13C and δ15N in deposit- and sus-
pension-feeding bivalves (Macoma balthica and Cerasto-
derma edule): evidence of ontogenetic changes in feeding
mode of Macoma balthica. Limnol Oceanogr 49:408–414

Salzwedel H, Rachor E, Gerdes D (1985) Benthic macrofauna
communities in the German Bight. Veröff Inst Meeres-
forsch Bremerhav 20:199–267

Shum KT, Sundby B (1996) Organic matter processing in
continental shelf sediments—the subtidal pump revisited.
Mar Chem 53:81–87

Sun MY, Aller RC, Lee C, Wakeham SG (1999) Enhanced
degradation of algal lipids by benthic macrofaunal activ-
ity: effect of Yoldia limatula. J Mar Res 57:775–804

Witte U, Aberle N, Sand M, Wenzhöfer F (2003a) Rapid
response of a deep-sea benthic community to POM en-
richment: an in situ experimental study. Mar Ecol Prog Ser
251:27–36

Witte U, Wenzhöfer F, Sommer S, Boetius A and 7 others
(2003b) In situ experimental evidence of the fate of a
phytodetritus pulse at the abyssal sea floor. Nature 424:
763–766

Wollast R (2003) Continental margins—review of geochemi-
cal settings. In: Wefer G, Billett D, Hebbeln D, Jørgensen
BB, Schlüter M, van Weering T (eds) Ocean margin sys-
tems. Springer-Verlag, Heidelberg, p 15–31

Ziebis W, Forster S, Huettel M, Jørgensen BB (1996) Com-
plex burrows of the mud shrimp Callianassa truncata
and their geochemical impact in the sea bed. Nature 382:
619–622

70

Editorial responsibility: Otto Kinne (Editor-in-Chief), 
Oldendorf/Luhe, Germany

Submitted: August 1, 2004; Accepted: March 15, 2005
Proofs received from author(s): July 21, 2005


