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INTRODUCTION

Macrozoobenthic activity plays an important role in
sediment organic matter decomposition and pro-
foundly affects the geochemistry and microbial pro-
cesses in coastal sediments (e.g. Andersen & Kris-
tensen 1988, Aller & Aller 1998, Banta et al. 1999).
Experimental work has shown that macrofaunal activ-
ity stimulates total system metabolism in excess of the
respiration of the macrofauna. In most cases, the stim-
ulation is caused by increased heterotrophic microbial
metabolism. Much research has been conducted to
understand the underlying mechanisms for that stimu-
lation, and it is thought they occur through a variety of
direct and indirect mechanisms such as burrow irriga-
tion, particle reworking, redox oscillation, excretion

and grazing of microbes. The main impacts are proba-
bly subduction of labile organic matter from the sur-
face to deeper layers, exposure of new surfaces for
microbial colonization (Kristensen 2001), and an
enhancement of solute exchange between overlying
and pore waters supplying dissolved reactants from
the water column to the deeper sediment layer (Aller &
Aller 1998, Furukawa et al. 2000). However, the parti-
tioning of carbon diagenesis into aerobic and anaero-
bic decomposition is less clear. Increased oxygen expo-
sure of sediment due to burrow walls clearly increases
overall oxygen penetration into the sediment, but since
oxygen is used in reoxidation of metabolites from
anaerobic organic matter decomposition, it is still
uncertain to what extent aerobic metabolism is
stimulated. Anaerobic degradation pathways are also
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known to be affected, and heterotrophic dissimilative
sulfate reduction, iron reduction, and nitrification/
denitrification have all been shown to be altered due to
bioturbation (Kristensen et al. 1985, Kostka et al. 2002).
Of these, dissimilatory sulfate reduction is considered
the most important for carbon mineralization in marine
coastal areas (Mackin & Swider 1989). Early reports of
enhanced sulfate reduction in bioturbated sediments
were explained by the introduction of labile organic
matter to deeper sediment layers by reworking (Aller &
Yingst 1978, Hines & Jones 1985), a contention sup-
ported by Hansen et al. (1996), who observed en-
hanced sulfate reduction in sediment surrounding the
organic-rich burrow walls of Mya arenaria. However,
subsequent studies both on natural sediments and in
experimental work (Hines et al. 1997, Banta et al. 1999,
Kostka et al. 2002) have indicated that infaunal activity
decreases the importance of dissimilative sulfate
reduction, probably due to enhanced dissimilative
Fe(III) reduction and/or aerobic respiration. Solid evi-
dence of partitioning between sulfate and amorphous
Fe(III) as electron acceptors in natural sediments is still
lacking, primarily due to methodological limitations in
Fe-reduction measurements.

The sediment dweller Arenicola marina, which com-
monly inhabits the intertidal regions of Northern
Europe at densities of 50 to 150 ind. m–2, profoundly
alters the sediments wherein it lives through particle
transport and irrigation activity (Reichardt 1988,
Retraubun et al. 1996). It is a head-down deposit feeder
situated at 20 to 30 cm depths in J-shaped and mucus-
lined burrows. Deep subsurface sediment is ingested
from the feeding pocket in front of the lugworm and
excreted on the surface, displacing sediment at rates
substantially faster than sedimentation from the water
column (Cadeé 1976). The burrow is connected to the
sediment surface through a vertical tail shaft through
which peristaltic movements of the body drive oxy-
genated surface water in a tail-to-head direction, forc-
ing the irrigated water to exit by percolation in front of
the lugworm. Irrigation and particle reworking in com-
bination generate oxidized conditions along the bur-
row wall, and create a characteristic oxidized feeding
funnel in front of the lugworm, which increases total
sediment metabolism, decreases permanent sulfide
burial, and probably induces electron acceptor parti-
tioning (Banta et al. 1999).

The aim of this study was to examine the relative
effects of Arenicola marina burrow structures on sedi-
ment sulfur biogeochemistry and to evaluate the
impact of bioturbation on sediment microbial meta-
bolism. Profiles of sulfate reduction rates and reduced
sulfur pools were measured on a mm scale around A.
marina burrows under in situ conditions, and com-
pared with experimental microcosm studies on single

burrows under controlled laboratory conditions. Artifi-
cially ventilated burrows in microcosms were studied
to investigate the specific effects of irrigation on sulfur
dynamics.

MATERIALS AND METHODS

Study sites. Sediment and specimens of Arenicola
marina were collected from Løgstør Grunde in Lim-
fjorden, Denmark (56° 58’ N, 9° 16’ E), in April 1995
and from the island of Rømø in the Danish Wadden Sea
(55° 05’ N, 8° 34’ E) in May 1996. Løgstør Grunde is a
sand flat which is usually water covered, but has pro-
longed periods of exposure due to wind direction and
stowage controlling the water level. The infauna is typ-
ical for Danish sand flats and is characterized by deep
burrowing filter- and surface deposit-feeding species
like A. marina, Mya arenaria, Nereis spp., Corophium
volutator and Cerastoderme edule. The salinity was
16‰ at sampling. The site at the island of Rømø is a
sandy tidal flat, which is air exposed twice daily with a
mean tidal range of ±0.85 m. The macrofauna is domi-
nated by A. marina (~60 m–2), but other burrowing
organisms (N. virens, M. arenaria and C. volutator) are
also observed. Salinity in the area is 32‰.

Time series. Since the sulfate reduction rate (SRR)
assay was done on small scales and in oxidized sedi-
ment, it was considered necessary to perform time
series on sediment from the 2 sampling areas to evalu-
ate the precision of the SRR measurements. Vertical
profiles of oxidized surface sediment were sampled
from both locations by cut-off syringes and immedi-
ately sealed with a rubber stopper upon removal. A
modified version of the 35SO4

2– injection technique
(Fossing & Jørgensen 1989) was used for radial SRR
determinations. Radiolabelled sulfate (150 kBq µl–1)
was injected through the rubber stopper as a trail
along the centre of the syringe core, which ensured
minimum exposure to oxygen. The syringe cores from
Løgstør Grunde were incubated for 30, 60 and 120 min
before termination and distillation, while sediment
from Rømø was incubated for 15, 20, 25, 30 and 40 min.
Cores from both locations were sliced into 3 sections of
increasing thickness with depth (5, 10 and 15 mm), and
transferred into 20% zinc acetate. Subsequently, the
sediment was distilled by the single-step distillation
procedure (Fossing & Jørgensen 1989). Aliquots of
labelled pore water and trapped sulfide were radio-
assayed on a scintillation counter (Packard 2200CA).
Pore water for sulfate analysis was obtained from the
sediment by centrifugation (1000 × g, 5 min) and pre-
served by addition of 0.1 M HCl. Sulfate was later ana-
lyzed on a HPLC-anion chromatograph with suppres-
sor (AMMS), with an IonPac AS4A-SC column and
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AG4A guard column after dilution (1:20). Sediment
was sampled and sliced as described for SRR analysis.

In situ measurements. Sediment sampling for in situ
measurements was carried out at Løgstør Grunde on
the air exposed sand flat by removing full burrow sys-
tems from the sediment. Radial sediment samples were
taken at 3 depths (2 to 3, 10 to 12 and >17 cm) on 7 bur-
rows by forcing tip-cut 5 ml syringes horizontally from
Arenicola marina burrow walls into the sediment. The
syringes were immediately sealed with a rubber stop-
per upon removal and brought back to the laboratory.
The modified version of the 35SO4

2– injection technique
(Fossing & Jørgensen 1989), described previously, was
used for radial SRR determinations. Cores were incu-
bated for 25 to 30 min at in situ temperature (~15°C) in
darkness, and terminated by placing the syringes in a
–12°C saturated saltwater-ice solution. Subsequently,
the sediment was sliced into 2 (0 to 12 mm) and 5 mm
sections (12 to 32 mm) and immediately distilled as
described previously. Subsamples of the trapped sul-
fide from the distillations were used for determination
of total reduced sulfur (TRS) and analyzed spectro-
photometrically by the methylene blue technique as
described by Cline (1969).

Sediment for vertical profiles of SRR and TRS were
collected from the sampling area in transparent sedi-
ment core tubes (2.8 cm inner diameter) with silicone-
filled injection ports (spacing 1 cm). Sediment cores for
ambient parameters were collected from areas that
appeared the least disturbed by the activity of Areni-
cola marina. For vertical SRR determination, 2 µl of
35SO4

2– tracer (60 kBq µl–1) was injected as a spot injec-
tion every cm. The cores were incubated for 4 h at 15°C
in darkness, and subsequently sliced into 1 (0 to 6 cm)
and 2 cm sections (6 to 16 cm). All sections were trans-
ferred into 20% (w/w) zinc acetate to terminate the
incubation and preserve them, and later distillation
and analysis occurred, as previously described.

Microcosm studies. Sediment for the experimental
part of the study was collected at the island of Rømø,
sieved through a 1 mm mesh at the location, and
brought back to the laboratory where it was kept in
fully oxygenated seawater from the location (diluted to
16‰ with distilled water) and at a constant tempera-
ture (15°C). Experimental ‘sandwich’ chambers made
of transparent Plexiglas (30 × 25 × 0.8 cm) were used to
measure radial profiles of SRR, TRS, solid phase Fe
compounds, dissolved Fe2+ and porosity along the sed-
iment surrounding the tail shaft. From the same
chambers, vertical profiles were obtained in the feed-
ing funnel and in ambient sediment surrounding the
Arenicola marina burrows (Fig. 1). The chambers were
designed with silicon-filled injection ports (spacing
1 cm) on each side and with a detachable front,
attached to the chamber by screws. Prior to the exper-

iments, chambers were filled with sieved and homo-
genized sediment and left for compaction for 7 d at
15°C in diluted (salinity ~16‰) oxygen-saturated sea-
water from the location. Subsequently, 1 lugworm
(approximately 3 to 4 g wet wt) was added each
chamber and allowed 5 d to establish a burrow. Due to
limited sediment volume in each chamber, separate
chambers were used for each parameter. For later dis-
cussion and analysis, all used burrow systems were
considered comparable and equal.

Radial SRR in sediment surrounding the tail shaft
were measured by injecting 35SO4

2– tracer (240 kBq
per 45 µl) as a horizontal trail from the tail shaft into the
ambient sediment at 3 different depths (3, 7 and
14 cm). Vertical profiles were obtained by spot injec-
tion of 10 µl of radiolabelled tracer (10 kBq µl–1) for
every cm in the feeding funnel and in ambient sedi-
ment. The chambers were incubated for 30 min in
darkness and terminated by immersion in a cold
(–12°C) saturated saltwater solution, which froze all
parts of the chamber within 3 min. The front of the
chamber was subsequently detached and the radio-
labelled sediment was sampled while still frozen. Hor-
izontal profiles from the tail shaft were sectioned into
2 mm intervals from 0 to 6 mm, 3 mm intervals from 6
to 12 mm, 5 mm intervals from 12 to 22 mm and 10 mm
intervals from 22 to 32 mm, added into 10 ml of 50%
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Fig. 1. Illustration of ‘sandwich’ chambers used for experi-
ments with Arenicola marina and artificial tubes (ts = tail
shaft, ff = feeding funnel, fg = feeding gallery, fc = faecal cast,
am = ambient sediment). Arrows indicate injection sites
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ethanol, and distilled according to Fossing & Jør-
gensen (1989). Vertical profiles were cut into 1 cm
sections and transferred into 20% zinc acetate for
preservation. The sediment was later distilled accord-
ing to Fossing & Jørgensen (1989), and analyzed for
SRR and TRS as previously described.

Pore water for sulfate, free sulfide analysis and dis-
solved Fe2+ was extracted from the sediment in N2

atmosphere. To obtain a sufficient quantity of pore
water, sediment from each interval was pooled along
the tail shaft down to 15 cm and centrifuged (1000 × g,
5 min). Subsamples for free sulfide were immediately
transferred to 5% zinc acetate for preservation and
later analyzed according to Cline (1969). Extracted
pore water for Fe2+ was immediately added into Fer-
rozin and later analyzed spectrophotometrically. The
remaining pore water was added to 0.5 M HCl for
preservation and used for sulfate analysis.

Chambers for the determination of horizontal and
vertical profiles of HCl-extractable Fe(III), total Fe (tot-
Fe), dissolved Fe and porosity profiles were prepared
and sectioned as described for SRR determinations, but
without freezing. Particulate iron pools were measured
spectrophotometrically after the Ferrozine procedure
described by Lovley & Phillips (1987). Sediment sub-
samples from each interval were transferred to 1 M
HCl and extracted for 1 h. Samples of the extractant
were transferred to Ferrozine for Fe(II) determination
(Stookey 1970). The total reactive iron pool was deter-
mined by adding hydroxyl ammonium chloride to
aliquots of the sample extractions in order to reduce
Fe(III) pools, and subsequently analyzed by Ferrozine.
The difference between tot-Fe and Fe(II) was defined
as reactive Fe(III) (Kostka & Luther 1994).

Artificially irrigated burrows were constructed to
determine the impact of irrigation on sulfur biogeo-
chemistry. J-shaped perforated PVC tubes covered by
an oxygen-permeable dialysis tube (Spectrapor#1)
were placed in the ‘sandwich’ chambers and covered
by sediment to create an artificial Arenicola marina
burrow without mucus lining. Oxygenated seawater
(salinity ~16 ‰, temperature 15°C) was pumped from a
reservoir and into the artificial burrow through a Pas-
teur pipette. The rate of irrigation was maintained at
2 ml min–1, which equals the ventilation rate of a 3 g
lugworm (Zebe & Schiedek 1996). The artificial bur-
rows were constructed 5 d before irrigation started,
which lasted for 4 d. During the pre-irrigation period
no changes in sediment color were observed, while a
distinct oxidized zone, similar to that of natural bur-
rows, was established within 1 d of irrigation. Determi-
nation of SRR and TRS was performed as described
above for A. marina burrows. Particulate and dissolved
iron was not determined in these chambers due to
methodological problems.

Sediment characteristics. Sediment characteristics
were measured on pooled sediment due to limited sed-
iment volume. Density was determined as weight of
known sediment volume, and sediment water content
was determined as water loss after drying for 12 h at
105°C. Subsamples of the dried sediment were used
for organic content determination following loss-on-
ignition (LOI) at 520°C for 6 h, in accordance with the
procedure of Kristensen & Andersen (1987).

RESULTS

General observations

Sediment cores collected at Løgstør Grunde showed
a brownish oxidized zone in the upper 1 to 2 cm over-
lying reduced and greyish sediment with irregular
black spots. The sediment appeared sandy with a
mean organic matter content (LOI) of 0.40 ± 0.04% dry
wt (n = 27) and a porosity of 0.35 to 0.41. Faunal activ-
ity was evident as local extension of the oxidized sur-
face deep into the sediment. Arenicola marina burrows
were clearly visible when removed from the sediment
as a thick reddish mucus lining followed by a thin
oxidized zone of brownish sediment.

Observations in the ‘sandwich’ chambers indicated
that Arenicola marina fed and defecated well through-
out the experimental period. A reddish/yellow color
the sediment surface appeared within 1 d, and the
feeding funnel became visible as light grey sediment
within 2 to 3 d after addition of the worm. The sedi-
ment used was sandy and homogeneous with a mean
LOI of 0.38 ± 0.05% dry wt (n = 27) and porosity rang-
ing from 0.30 to 0.35. Sediment in the vicinity of the tail
shaft was more porous than ambient sediment, with
values at 0.45 in the burrow wall gradually decreasing
to ambient values ca. 12 mm from the burrow (data not
shown).

The artificial irrigation system functioned flawlessly
and ventilated the system throughout the experiment.
A light-brown colored sediment developed around the
artificial burrow within 1 d, as observed around nat-
ural burrows.

Time-series incubations

Both time series showed decreasing rates with time,
indicating reoxidation of labelled sulfide (Fig. 2). The
mean SRR in sediments from Løgstør Grunde (Fig. 2a)
showed a significant (p < 0.005) 3-fold decrease from
60 to 120 min of incubation in all 3 investigated sec-
tions, but no significant differences were observed at
longer incubation times. Mean SRR in sediments from
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Rømø showed a 3-fold decrease from 10 to 40 min of
incubation in all analyzed intervals (Fig. 2b). However,
due to large variations in the small sampling sizes
(n = 3), the decreases were not significant (p > 0.05).

Vertical profiles

Vertical rates of sulfate reduction exhibited a dis-
tinct surface maximum of 690 nmol cm–3 d–1, follow
by a sharp decline to 330 nmol cm–3 d–1 at 2 cm
depth in sediment from Løgstør Grunde. Below this
depth, rates gradually decreased to become constant
at ca. 100 nmol cm–3 d–1 at 7 cm depth. TRS gradu-
ally decreased with depth from 9 µmol cm–3 in the
surface sediment to 5 µmol cm–3 at 16 cm depth
(Fig. 3).

Considerable variations in vertical SRR were
observed in the ambient sediment from the chamber
experiment. SRR was 3 to 10 times lower than in situ

rates, and almost constant with depth (26 and 55 nmol
cm–3 d–1), with no subsurface peaks (Fig. 4a). The vari-
ability among replicates in SRR in the feeding funnel
was also large, but rates were constantly lower than in
ambient sediment. Rates were almost constant with
depth (12 to 19 nmol cm–3 d–1), although a small sub-
surface peak of 31 nmol cm–3 d–1 was evident from 2 to
7 cm depth. Ambient TRS content remained almost
constant with depth at 13 to 17 µmol cm–3, while TRS
content in the feeding funnel was 16% lower than
ambient levels, on average varying between 10.5 and
16 µmol cm–3 (Fig. 4b).

The vertical pools of total HCl extractable iron (tot-
Fe) in the chamber experiments were constant with
depth (~5.5 µmol g–1 wet wt), except for a surface peak
of 6.6 µmol g–1 wet wt (Fig. 4c). Reactive Fe(III) in
ambient sediment was high in the upper sediment
layer (2.6 µmol g–1 wet wt), but rapidly decreased with
depth to <1 µmol g–1 wet wt at 2 cm and below. Fe(III)
content was enriched in the upper 6 cm of the feeding
funnel relative to ambient sediments, with a pool of
3.9 µmol g–1 wet wt in the top 1 cm that gradually
decreased to the background level (<1 µmol g–1 wet
wt) at 6 cm and below. The background Fe(III) mea-
sured at depth is probably due to extraction of non-
reactive iron (crystalline) employed by the HCl extrac-
tion procedure (Canfield 1989).

Dissolved pore-water Fe2+ was present at all depths
and increased from 20 µM at the surface to 200 µM at
2 cm and below (Fig. 4d).
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Fig. 2. Time course series of sulfate reduction rates (SRR) at
3 depths in oxidized surface sediment from (a) Løgstør
Grunde, and (b) Rømø. Values are presented as (a) mean ±

SE (n = 4) and (b) mean ± range (n = 2)

Fig. 3. Vertical profiles of sulfate reduction rates (SRR) and to-
tal reduced sulfur (TRS) in sediment from Løgstør Grunde. 

Values presented as mean ± SE (n = 4)
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Radial profiles

Radial profiles of SRR in the sediment surrounding
Arenicola marina burrows were relatively consistent
between in situ and chamber experiments (live worms
and artificially irrigated burrows) (Fig. 5), showing
depressed SRR in the sediment nearest the burrow
gradually increasing with distance. In situ measure-
ments showed depressed rates in a 2 to 12 mm zone,
followed by a gradual 3.5- to 4-fold increase towards
the levels observed in the vertical profiles (Fig. 5).

Radial SRR profiles in chamber experiments with
live Arenicola marina increased 2- to 4.5-fold with dis-
tance, with a peak at 7.5 to 17.5 mm. Rates gradually

decreased after the peak (Fig. 5). It is
noticeable that radial rates were always
larger than ambient levels, although rates
seemed to reach a stable level before
30 mm. However, this difference is not
believed to be real, but is probably due to
methodological inconsistencies between
the injection and distillation procedure
used. The distance to which the burrow
wall affected SRR was independent of
vertical depth in the sediment, in both the
in situ and chamber experiments.

Radial SRR profiles obtained from 7 and
17 cm in the artificial burrow experiment
were similar to SRR profiles with Areni-
cola marina. Rates peaked at 5 to 12 mm,
with 4- to 5-fold higher rates than those
near the burrow (Fig. 5). However, the
profile at 3 cm did not follow the general
pattern of depressed rates in the burrow
wall. A closer look revealed a large varia-
tion in the sediment data juxtaposed to
the burrow, probably reflecting irregular-
ities and interference in the transition
between the artificial burrow wall and
surface sediment.

Radial TRS profiles were generally con-
sistent with the SRR profiles, and showed
low pools near the burrow wall, which
gradually increased with distance. This
pattern was least pronounced in the in
situ measurements, where a large varia-
tion disturbed the general trend, although
reduced pools were always evident near
the burrow wall (Fig. 6). Lower TRS pools
near the burrow walls were more distinct
in the chamber experiments, where the
pools were reduced by 30 to 60% (Fig. 6).
An ambient level was reached 7.5 to
15 mm from the burrow wall, indepen-
dent of the sediment depth. The artifi-

cially irrigated burrows were affected similarly, with
reduced pools in a 7.5 to 15 mm zone surrounding the
burrow, with no evident effect of depth (Fig. 6).

Radial profiles of total Fe and reactive Fe(III) mea-
sured in experimental chambers containing Arenicola
marina are shown in Fig. 7. Burrow irrigation only
affected reactive Fe(III) in a thin 2 mm zone adjacent to
the burrow wall, where the pool was enriched from
background levels at <1 to 2.0–2.8 µmol g–1 wet wt.
Total extracted Fe only varied slightly with distance,
remaining at a level comparable to ambient level. Due
to limited amounts of pore water, radial profiles of dis-
solved Fe2+ could not be specified to defined depths.
Instead, pore water was pooled along the burrow to
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Fig. 4. Vertical profiles of (a) sulfate reduction rates (SRR), (b) total reduced
sulfur (TRS), (c) particulate Fe pools and (d) dissolved Fe2+ in sediment from

‘sandwich’ chambers (mean ± SE, n = 4)
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Fig. 5. Radial profiles of
sulfate reduction rates (SRR)
in sediment surrounding the
tail shaft of natural and
artificial Arenicola marina
burrows. Top row repre-
sents profiles from Løgstør
Grunde, middle row from
‘sandwich’ chamber experi-
ments with live A. marina,
and lower row from artificial
burrows in chambers. Sam-
ples are taken from 3 depths
(3, 7 and >17 cm). Values
are presented as mean ± SE
(n = 5, n = 4 and n = 4, re-
spectively). tot-Fe = total Fe

Fig. 6. Radial profiles of to-
tal reduced sulfur (TRS) in
sediment surrounding the
tail shaft of natural and
artificial Arenicola marina
burrows. Top row repre-
sents profiles from Løgstør
Grunde, middle row from
‘sandwich’ chamber experi-
ments with live A. marina,
and lower row from artificial
burrows in chambers. Sam-
ples are taken from 3 depths
(3, 7 and >17 cm). Values
are presented as mean ± SE
(n = 5, n = 4 and n = 4,

respectively)
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represent a mean concentration. Fig. 8 shows that Fe2+

was present at all distances from the burrow, and
increased rapidly from 25 µM near the burrow to 150 to
250 µM at 5 mm, and remained constant at the ambient
level (Fig. 8).

DISCUSSION

Comparison of sediments and sediment metabolism
from different locations can be difficult due to their
unknown history and heterogeneous structure. Fur-
thermore, mixing and homogenization of sediment
clearly destroys the natural chemical, physical and bio-
logical structure of sediments (Kristensen & Blackburn
1987, van Duyl et al. 1992). Although the 2 locations
used in this study were chosen for their similarities,
they were evidently 2 different sediments with differ-
ent biogeochemical activities, solid particulate sulfur
and reactive iron pools. It was also obvious that our
experimental approach ‘flattened’ vertical profiles in
ambient sediment from ex situ experiments compared
to natural profiles, hence not allowing us to compare

absolute rates and pool sizes obtained from in situ and
ex situ experiments. However, microcosm studies with
homogenized sediments have, in previous studies,
proven useful in illustrating general principles in sedi-
ment biogeochemistry, as natural variability is mini-
mized, reproduction is easy, and the initial conditions
can be described (Meyers et al. 1988, Kampichler et al.
2001). The high similarity between profiles obtained in
situ and ex situ indicates that relative changes in rates
and pools sizes were comparable between the 2 sedi-
ments used, and that microcosm studies were useable
tools in describing the impact of Arenicola marina on
the cycling of sulfur.

A major obstacle often associated with measure-
ments of sulfate reduction rates in oxidized sediments
is reoxidation of produced radiolabelled sulfide, and
hence rate underestimation. As the investigated bur-
row walls were directly affected by oxygen, measure-
ments in this compartment were especially subjected
for underestimation, since produced radiolabelled sul-
fide easily reacts with oxygen and is reoxidized back to
sulfate. While SRR decreased significantly from 1 to 2 h
of incubation in the in situ measurements, and hence
showed fast reoxidation rates, the artefact was appar-
ently avoided in the chamber experiment, where mea-
surements of SRR were independent of incubation
times between 10 and 40 min. However, it was evident
that the transfer rate of 35SO4

2– to H35S– only
approached linearity at incubation times longer than
~10 min (Fig. 9). According to the model by Moeslund
et al. (1994), transfer initially occurred at faster rates (0
to 10 min), which indicates rapid reoxidation of radio-
labelled H35S– even at short incubations times, show-
ing the initial gross SRR to be 4 to 8 times higher than
the measured net SRR (Table 1). The underestimation
suggests that SRR is more important for organic carbon
diagenesis in both sediments than the measured
values indicate. Hence, comparison of absolute SRR
between in situ and ex situ experiments must be
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Fig. 7. Radial profiles of particulate Fe pools in sediment surrounding the tail shaft of Arenicola marina burrows in ‘sandwich’ 
chambers. Samples are taken from 3 depths (3, 7 and >17 cm). Values are presented as mean ± SE (n = 4)

Fig. 8. Radial profile of pore-water Fe2+ from tail shaft of
Arenicola marina burrow. Each point represents pooled 

sediment from 3 chambers with A. marina
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avoided due to this large uncertainty. However, reoxi-
dation occurred with equal rates in all investigated
sediment layers. The impact on the relative changes in
SRR is probably limited, which makes it possible to
compare profiles from all depths and between in situ
and ex situ experiments.

Effect of Arenicola marina on sulfur dynamics

Infaunal activity is generally known to stimulate
both total benthic and microbial metabolism through
irrigation, particle reworking, excretion and grazing of
microbes (e.g. Aller 1988, Kristensen 2001). How bio-
turbation affects aerobic and anaerobic metabolism
separately is only partly investigated, but it is clear that
important physio-chemical parameters like diffusion
affect aerobic and anaerobic metabolism differently.
Irrigation in particular promotes conditions for aerobic
degradation through an increased sediment-water sur-
face, across which oxygen can diffuse (Binnerup et al.
1992, Furukawa et al. 2000), although Aller & Aller
(1998) recently found experimental evidence for
increased anaerobic metabolism with increased den-
sity of burrowing infauna (decreasing diffusion dis-
tances), the reasons for which are still unknown. The
present in situ study clearly demonstrated that burrow-
ing activity by Arenicola marina introduced oxidized
microniches along the burrow walls and into the other-
wise anoxic sediment, which on average reduced SRR
by 27 to 45% in a 5 to 15 mm-thick zone. Aller & Yingst
(1980) and Hines & Jones (1985) claimed that flushing
and introduction of labile organic matter deep into the

anaerobic sediment increase sediment metabolism by
increasing SRR, but from our experiment this seems
not to be the case. On the contrary, our observations
indicate suppressed importance of SRR in total sedi-
ment metabolism, despite the fact that the burrow
walls were rich in carbon due to a thick mucus lining.
This supports studies by Banta et al. (1999) and Holmer
et al. (1997), who showed decreased SRR in sediment
inhabited by A. marina and dense populations of
Capitella capitata, respectively.

Decreased SRR along the burrow wall as a conse-
quence of Arenicola marina activity was confirmed by
the ‘sandwich’ chamber approach. The artificially irri-
gated burrows replicated the profiles obtained by A.
marina, and although the set-up ignored crucial para-
meters for oxygen consumption and diffusion (piston
pumping, rhythmical ventilation and wall permeability
for oxygen diffusion), it was evident that organic load-
ing from the mucus lining had no significant impact on
the level of SRR. The reduction appeared to be caused
by an introduction of oxygenated surface water by irri-
gation, which indicates that irrigation and oxidized
conditions reduce the sulfate reducer’s competitive
ability. Depressed SRR due to increased competition
for reduced organic carbon by iron reducers has been
shown in slurries and indicated by several studies on
natural sediment (Sørensen 1982, Roden & Wetzel
1996). The decreased SRR was, however, counterbal-
anced by a suboxic enhancement ca. 5 to 15 mm from
the burrow wall, and resulted in a zero net impact of
burrow irrigation on SRR. This peak was not observed
in situ, but is often found in surface sediments where
they are attributed to optimized conditions with high
loading of labile organic matter, low microbial compe-
tition and low concentrations of metabolites (Sørensen
& Jørgensen 1987, Hines et al. 1991, Canfield et al.
1993).

Since the burrowing activity decreased SRR and pro-
moted conditions for dissimilative iron reduction by
enriching deeper sediment layers with reactive Fe(III),
it is likely that the net result of bioturbation on anaero-
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0 to 5 mm 5 to 15 mm 15 to 30 mm
(nmol cm–3 d–1)

Net SRR 44 48 30
Gross SRR 205 221 245
H2S reoxidation rate 161 173 215

Table 1. Calculations of net and gross sulfate reduction rates
at 3 sediment depths in sediment from Rømø (model accord-
ing to Moeslund et al. 1995). H2S reoxidation rates are esti-
mated as the difference between gross and net sulfate reduc-
tion rates. Values are calculated from Fig. 9. SRR: sulfate 

reduction rate

Fig. 9. Development in relative activity (H2
35S/35SO4

2–) at 
3 depths in oxidized surface sediment from Rømø. Fitted
curves represent best fit to the equation: F = a + bx + ae–kt,
where F = TRI35S/35SO4

2–, a = or/(o + p)2, b = pr/(o + p), k =
o + p, r = gross 35SO4

2– reduction rate, o = H2
35S oxidation rate

and p = precipitation rate (see Moeslund et al. [1994] for a
presentation of the model). Values are presented as mean ±

range (n = 2)
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bic carbon degradation is the partitioning of metabolic
pathways towards increased importance of dissimila-
tive iron reduction and depressed SRR. So far, micro-
bial Fe(III) reduction in relation to bioturbation has
been quantified in few studies, e.g. in mangrove areas
(Kristensen et al. 2000) and salt marshes (Gribsholt et
al. 2003), which all support the hypotheses of
decreased importance of SRR and increased dissimila-
tive Fe(III) reduction due to bioturbation. However,
partitioning of the electron acceptor has not been mea-
sured directly in sediment bioturbated by Arenicola
marina, but Banta et al. (1999) observed elevated
metabolism and reduced importance of SRR in A.
marina sediments, suggesting dissimilative Fe(III)
reduction to be important. Our results, with 50%
decreased SRR along the burrow wall and in the feed-
ing funnel combined with elevated Fe(III) concentra-
tions, support the research by other authors (Hines et
al. 1997, Banta et al. 1999, Kristensen et al. 2000, Grib-
sholt et al. 2003), although we did not measure dissim-
ilative Fe(III) reduction. Direct evidence of increased
dissimilative Fe(III) reduction near burrow walls by
100% was, however, given by Gribsholt et al. (2003),
who also calculated dissimilative Fe(III) reduction to
account for 54 to 86% of total carbon oxidation in the
burrow walls. No such measurements have been taken
in feeding funnels, but the elevated organic carbon
content, increased redox potential and ‘flattened’ pore
water metabolic profiles (Hüttel 1990, Retraubun et al.
1996), combined with increased Fe(III) content and low
SRR, most certainly indicate conditions for dissimila-
tive Fe(III) reduction. However, future research is still
needed to support the hypothesis of increased parti-
tioning of electron acceptors due to bioturbation.

Effect of Arenicola marina on the burial of sulfide

Sediments inhabited by burrowing infauna gener-
ally have limited burial of reduced sulfides, due to irri-
gation and reworking of sediment particles by the
infauna (Thamdrup et al. 1992). In spite of the large
variation for in situ TRS, it was clear that sulfide had
been oxidized along the burrow wall, leading to disso-
lution of solid sulfur and subsequent loss from the sed-
iment surrounding the burrow wall. This tendency was
confirmed by the chamber experiments, where TRS
was reduced by up to 28% near the burrow wall and
17% in the feeding funnel. The chamber experiments
also revealed that sulfide reoxidation was restricted to
the sediment in the vicinity of the tail shaft and the
feeding funnel and was mediated through irrigation
and sediment reworking. The consequence of biotur-
bation on bulk sediment sulfide burial is a loss of
reduced sulfide from the bioturbated zone, since reox-

idation surpasses sulfide production. This is typical for
microcosm studies and has formerly been observed in
laboratory experiments with sediments inhabited by
Arenicola marina (Banta et al. 1999). However, sulfide
loss is only temporary until a new, but lower, more bal-
anced level is reached. In natural conditions, as in
Løgstør Grunde, net sulfide loss from bulk sediment is
expected to occur after events with high sulfide pro-
duction, e.g. increased organic loading at the surface
and high temperature, or due to increased biomass of
the bioturbating population with season.

In conclusion, the feeding and ventilation activity of
Arenicola marina decreases sediment SRR in a narrow
5 to 15 mm zone along the tail shaft and in the feeding
funnel, suggesting that bioturbation in general
depresses the importance of SRR for total sediment
metabolism. As the same zones were sites of intense
reoxidation with reduced solid sulfide content and
increased particulate Fe(III), and were rich in organic
carbon, it was suggested that a consequence of biotur-
bation was the increased importance of dissimilative
Fe(III) reduction. However, this hypothesis needs
further research.
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