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Abstract

On six 400 m2 plots over 3 years, we excluded the sessile subduction and conveyer-belt feeding polychaete Arenicola marina
which generates a pit-and-mound topography at the sediment surface from intertidal sands near the island of Sylt, Germany. This
experiment was used to test whether other abundant deposit feeding polychaetes (the discretely motile and surface feeding ragworm
Nereis diversicolor and the subsurface-feeding, motile orbiniid polychaete Scoloplos cf. armiger) benefit from competitive release.
Ragworms took advantage from the absence of lugworms. Presumably they responded to a more stable and nutritious surface layer
at lugworm exclusion plots (relief from inhibitive bioturbation). Contrary to this, S. cf. armiger was negatively affected by the
exclusion of A. marina. It may have suffered from higher sulfide concentrations in the less irrigated and less permeable sediment
where lugworms were absent. For adult worms of both species these results were consistent in 2 out of 3 years examined.
Recruitment by N. diversicolor was highly variable between years and occurred either irrespective of experimental treatments or
the response was inconsistent. Juveniles of S. cf. armiger benefited from the presence of A. marina and aggregated near lugworm
tail shafts where inflow of oxygen rich water was high and sulfide concentrations were low. Biogenic habitat mediated effects of
lugworms on both deposit feeders were in the same order of magnitude as abundance variation in space and time. Thus, A. marina
was one of the key factors structuring the deposit feeding community. It is suggested that arenicolids modify the composition of the
associated polychaete assemblage primarily through habitat transformation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Benthic community structure in the intertidal zone is
governed by physical events and trends (Raffaelli and
Hawkins, 1996; Bertness, 1999), often mitigated by an
abundance of food (Beukema and Cadée, 1997;
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Warwick, 1982). While in this marginal zone of the
sea the supply of propagules may occasionally be
limiting (Underwood and Fairweather, 1989; Ólafsson
et al., 1994), biotic interactions often play a key role on
small spatial scales (e.g. Reise, 1985; Warwick et al.,
1986; Zajac, 2004). All factors act together and vary in
relative importance from time to time, place to place and
over different spatial scales (Zajac et al., 1998). Long-
term observations and meta-analyses over widely
spaced studies may reveal general patterns, while
experimental studies are needed to understand the
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underlying processes. Biotic interactions are best
studied by direct observation and field experiments.
However, experimental manipulation of benthic com-
munities has mostly been executed on a scale of b1 m2

(Hall et al., 1994) with only few exceptions of large-
scale total defaunation experiments (Beukema et al.,
1999; Dittmann et al., 1999). Some interactions like
predation may reveal itself rather readily, while indirect
effects may be easily modified by changing circum-
stances and may require an extravagant approach to
become visible. Therefore, we started a large-scale and
long-term field experiment to investigate the potentially
more subtle interactions between deposit feeding worms
in organic poor sand in a sheltered tidal area.
Polychaetes often dominate such environments and
allocate food resources with respect to particle size and
vertical feeding position (Whitlatch, 1980).

We here focus on the three largest and most abundant
deposit feeding polychaetes which coexist in a bay
called Königshafen, representative in habitats and biota
for the Wadden Sea which is a coastal stretch in the
northeastern Atlantic with the widest tidal zone in
the world. We experimentally test the hypothesis that
the removal of the largest of the three polychaetes, the
habitat-engineering lugworm Arenicola marina, results
in a competitive release for other deposit feeding
worms. A. marina builds an up to 20 cm deep J-shaped
semi-permanent burrow where it lives in a head-down
position (Reise, 1985). Lugworms ingest sediment at
depth which slides down from the surface through a
funnel. After microorganisms and organics contained in
the sediment have been digested, a string of sediment is
defecated back to the surface, coiled up into a
characteristic fecal mound above the tail shaft of the
burrow. Burrow ventilation for respiration is done by
piston-like movements in a tail-to-head direction
(Riisgård and Banta, 1998). This ventilation has been
shown to attract meiofauna and some macrofauna to
distinct sections of the burrows (Reise and Ax, 1979;
Reise, 1981, 1987; Lackschewitz and Reise, 1998), and
to influence pore water nutrient profiles (Huettel, 1990).
The pit-and-mound topography modifies flow and
particulate matter distribution in the permeable sand of
the upper layer (Huettel and Gust, 1992; Huettel et al.,
1996) and also affects the associated fauna (e.g. Brey,
1991; Flach, 1992; Lackschewitz and Reise, 1998;
Reise, 1985). At a density of 30 lugworms m−2, a
sediment layer of 15 cm is replaced annually and 3 l m−2

h−1 of seawater is pumped into the anoxic sediment
(Cadée, 1976; Riisgård and Banta, 1998). A. marina
qualifies as an ecosystem engineer in coastal sediments
where it occurs in abundance (sensu Jones et al., 1994;
Reise and Volkenborn, 2004). By inserting a mesh
horizontally at 10 cm depth into the sediment, we
permanently blocked lugworm burrows and thus
obtained plots without A. marina. This method was
previously used by Reise (1983) and Philippart (1994)
to reveal effects on meiofauna and seagrass, respective-
ly. However, to minimize confounding effects of lateral
sediment movement caused by tidal currents and waves,
a phenomenon recognized to be important in the study
area by Flothmann and Werner (1991) and Zühlke and
Reise (1994), we adopted a large-scale design: exclud-
ing lugworms from six plots of 20×20m each. This
scale of manipulation was assumed to be appropriate
when attempting to reveal effects of lugworm exclusion
on other deposit feeding worms. The most abundant
deposit feeding polychaetes and next to A. marina, the
most important in biomass at the site, are the ragworm
Nereis diversicolor and the orbiniid Scoloplos cf.
armiger (Reise et al., 1994). Ragworms dwell in Y-
shaped semi-permanent burrows and may switch
between suspension and deposit feeding (Riisgård and
Kamermans, 2001), but at the site are primarily deposit
feeders (Reise, 1985). S. cf. armiger is a free-burrowing
subsurface feeder without a persistent burrow system
(Jumars and Fauchald, 1979). Kruse and Reise (2003)
showed that populations in the intertidal with holo-
benthic development are reproductively isolated from
subtidal ones with pelagic larvae, and the taxonomic
position of the intertidal populations is currently being
revised (Albrecht and Kruse, in preparation). Hence,
we here provisionally refer to the intertidal population
as S. cf. armiger. While the early juveniles of N.
diversicolor are highly mobile swimmers (Volkenborn,
personal observations), those of S. cf. armiger hatch
from egg cocoons and directly enter the sediment
below the surface (Gibbs, 1968). With this study we
want to test if polychaetes show compensational
tendencies or if associated polychaetes respond
differently to the exclusion of A. marina due to their
different ecological traits concerning their feeding
guilds (Jumars and Fauchald, 1979) and sulfide
tolerance (Gamenick et al., 1996; Kruse et al., 2004).
We further test whether potential effects continue over
generations through differential recruitment. In partic-
ular, we speculate that the burrow building, surface-
feeding omnivore and sulfide-tolerant N. diversicolor
benefits from competitive release by lugworm exclu-
sion, while free-burrowing and subsurface-feeding
detrivore S. cf. armiger benefits from ameliorated
subsurface sediment properties in the presence of
bioirrigating A. marina. We further hypothesize that
species differences concerning their mobility (very
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mobile and active N. diversicolor vs. slowly subsurface
crawling S. cf. armiger) and their reproduction modes
and dispersal ability (pelagic larvae and swimming
juveniles in N. diversicolor vs. holobenthic develop-
ment in S. cf. armiger) cause differences in their
colonization success on experimental plots.

2. Materials and methods

2.1. Study area and experimental design

The lugworm exclusion experiment was conducted
on an intertidal sand flat in Königshafen, a tidal bay at
the northern end of the island of Sylt in the North Sea
(55°02′N; 8°26′E). Unvegetated sand of low organic
content (b1%) and densely populated by A. marina
comprises 76% of the tidal area (Reise et al., 1994).
Sediment at the experimental site is dominated by
medium and fine sand. Salinity varied between 27 PSU
in spring and 31 PSU in summer. Mean tidal range is 1.8
m. A detailed description of the tidal embayment is
given by Reise (1985) and Reise et al. (1994). Exclusion
of lugworms was achieved by inserting a 1-mm meshed
polyethylene net at 10 cm depth into the sediment in
March 2002. To test the effect of excavating surface
sediment with a small bulldozer, sediment was dredged
in the same way without inserting a net on control plots.
 500 mete
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Ambient 
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(disturbed, 
without net) 

 20 me

Fig. 1. Experimental set-up in a 2-factori
Ambient plots were left untouched to represent natural
conditions. The experiment was created in a 2-factorial
(3×2 levels) nested block design (Fig. 1). One block
thus consisted of three plots differing in treatment:
Exclusion=buried net, Control=similarly dug up but
left without a net, Ambient=untouched plot. Each plot
was 20×20=400 m2 in area. This large size was
chosen to minimize effects of lateral sediment transport
when sampling in the middle of the plots. Six
experimental blocks were nested with respect to tidal
height: three blocks around mid-tide level (emersion
period 6–7 h per tide) with medium sand (grain size
median 330–340 μm) and three blocks near low tide
level (emersion period 3–4 h) with a finer sediment
(grain size median 200–220 μm).

2.2. Sampling of polychaetes

Densities of lugworm fecal mounds were estimated
approximately monthly between March 2002 and
September 2004 with 10 randomly chosen quadrates
of 0.25 m2 within each experimental plot. Number of
fecal castings varies with feeding activity but may serve
as a proxy for abundances of A. marina at least in
summer (Reise et al., 2001). Casts were categorized into
those of juveniles (fecal string b2 mm in diameter) and
adults (N2 mm in diameter). Counts were done during
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the second half of tidal emergence and only on calm
days with no rain drops destroying emerging casts.

Sampling of the macroinfauna on the experimental
plots was done in August 2002, 2003 and 2004 by
counting animals retained on a 1-mm mesh sieve from
8 pseudo-replicated cores of 100 cm2 within each
experimental plot. Sampling was done randomly exclud-
ing the outer 2mof each plot in order tominimize possible
plot edge effects. Sampling depth was 20 cm and samples
were divided in upper and lower 10 cm sediment fractions.
At the exclusion site only the upper layer could be
sampled due to the net at 10 cm depth. Since worms were
encountered only occasionally below 10 cm (mainly adult
N. diversicolor), results are presented as individuals m−2

with upper and lower core sections combined for the plots
without a net. Sampling was generally completed within 1
week and was done block-wise in order to include the
effect of consecutive sampling into the block effect.
Individuals of N. diversicolor and S. cf. armiger were
divided into juveniles and adults by their size (N.
diversicolor b1 mmN prostomium width; S. cf. armiger
b20 mmN body length). Scoloplos egg cocoons were
counted from late winter to early spring in 2003 and 2004
on 10 randomly chosen quadrates of 0.25 m2 within each
experimental plot. Counts were done weekly from first
appearance of egg cocoons around February until
abundances began to decrease in April. Maximum egg
cocoon densities occurred in March in both years.
Abundances of juvenile S. cf. armiger at lugworm
mounds, funnels and interspaces were estimated by
counting individuals from six cores of 10 cm2 to a depth
of 5 cm. These samples were taken in between the tidal
zones of the experiment in July 2002. Sediment was
sieved through a 250-μmmesh and juvenile S. cf. armiger
were counted under a stereo microscope.

2.3. Statistical analyses

Monthly counts of lugworm casts were analyzed by
two-factorial repeated measures (RM) nested block
ANOVA to control treatment success and analyze
lugworm population dynamics. Two-factorial repeated
measures (RM) nested block ANOVA was used to test
for inter-annual population dynamics of N. diversicolor
and S. cf. armiger and effects of lugworm treatment and
tidal height on abundances of juveniles and adults.
Additionally, treatment and tidal height effects on both
polychaetes and Scoloplos egg cocoons were tested
separately for each year by two-factorial nested block
ANOVA. Fixed-factor ANOVA was used to test for
differences in abundances of juvenile S. cf. armiger at
lugworm casts, funnels and interspaces. For ANOVA
results, relative effect sizes were calculated as percentage
variance explained (Howell, 1992). Post-hoc multiple
means comparisons were performed using the Tukey–
Kramer procedure at α=0.05 significance level. Prior to
analysis data were tested for homogeneity of variances
(Cochran's Test) and log-transformed if required.

3. Results

3.1. Lugworm exclusion

Adult A. marina were effectively excluded by the
buried net and did not recolonize exclusion plots. On
control and ambient plots fecal mound densities were
high (mean 18 and 22 casts m−2, respectively) and
similar to each other (Fig. 2). Slightly but not statistically
significant (F1,4=3.24; p=0.15) lower cast densities on
control plots may be due to mortality and migration
caused by the initial dredging. In early summer of 2003
and 2004 juvenile A. marina also settled on the exclusion
plots but left again after a few weeks (Fig. 2). In both
years recruitment by juvenile A. marina was signifi-
cantly higher on the exclusion plots in the high intertidal
zone indicated by significant time× tidal height interac-
tion (Table 1; 2003: F2,16=14.13; pb0.01; 2004:
F2,16=4.71; pb0.05). Adult lugworms showed seasonal
variability in cast production with highest activity during
spring and summer and lowest activity in autumn and
winter. High month-to-month variability (e.g. in winter
2002/2003) presumably indicates variation in feeding
activity rather than lugworm immigration and emigra-
tion. The third year was unusual with relatively low
numbers of fecal mounds (b10 casts m−2 compared to
∼30 casts m−2 in the first 2 years). Population size of A.
marina in the entire bay had generally decreased in 2004
(Reise, unpublished data).

3.2. Effects on Nereis

Overall, lugworm treatment and tidal height had
significant effects on abundances of adult N. diversicolor,
while responses of juveniles to lugworm treatment were
significantly different between years, indicated by a
significant time×treatment interaction (Table 2). AdultN.
diversicolor invaded lugworm exclusion plots in the first
year and reached densities of almost 500 adults m−2

averaged over all plots. The densities were about 10 times
the ambient abundance (Fig. 3). This invasion only
occurred once and in the following 2 years abundances
gradually declined until densities on exclusion and
lugworm plots were not significantly different in 2004.
However, over the 3 years the significant treatment effect
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from March 2002 to September 2004. On each experimental plot 10 quadrants of 0.25 m2 were counted (note differences in y-axis scales).
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explained more than 30% of the total variance (Table 2).
Responses of juvenile ragworms were inconsistent (Fig.
3). When ragworm recruitment was high in 2003, no
effect of treatment could be detected. Experimental plots
were recruited by 1500 juveniles m−2 averaged over all
Table 1
Two-factorial ANOVA results on treatment and tidal height effects on abun
juveniles of A. marina (x for significant effect)

Date Treatment T

N. diversicolor
Adults Aug. 02 x (E)

Aug. 03 x
Aug. 04 x

Juveniles Aug. 02 x (E/C)
Aug. 03 x
Aug. 04 x (C) x

S. cf. armiger
Adults Aug. 02 x (C/O)

Aug. 03 x
Aug. 04 x (C/O) x

Juveniles Aug. 02 x (E)
Aug. 03
Aug. 04

Egg cocoons March 03 x (C/O) x
March 04 x

A. marina
Juveniles May 03

May 04

Treatment with significant higher abundances are indicated in parentheses (
exclusion; C: control; O: ambient; M: mid-intertidal; L: lower intertidal).
plots. With densities of more than 4000 juveniles m−2

recruitment at mid-intertidal was significantly higher than
at low intertidal. This was the reverse of the invasion by
adults in 2002, which occurred preferentially in the low
intertidal. In 2002 and 2004, recruitment was low with
dances of N. diversicolor, S. cf. armiger, Scoloplos egg cocoons and

idal height Treatment×Tidal height Block

(L)
(L)

(M) x
(M) x (C/O, M)

(L) x
(M)

x

x
(M)
(L) x

x (E, M) x
x (E, M)

Tukey post-hoc). Prior to analysis data were (log+1)-transformed (E:



Table 2
Repeated measures ANOVA on treatment and tidal height effects on the abundances of adult and juvenile N. diversicolor and S. cf. armiger

Nereis adult Nereis juvenile

df MS F p % V MS F p % V

Treatment 2 2.57 5.77 0.028 30.6 1.00 6.40 0.022 41.0
Tidal height 1 3.82 8.58 0.019 22.7 0.36 2.31 0.167 7.4
Treatment×Tidal height 2 0.72 1.61 0.259 8.5 0.03 0.19 0.833 1.2
Block (tidal height) 4 0.72 1.61 0.262 17.1 0.30 1.94 0.197 24.8
Residuals 8 0.45 21.2 0.16 25.6
Year 2 0.45 1.49 0.254 5.9 19.74 107.33 0.000 72.2
Year×Treatment 4 0.52 1.76 0.187 13.8 1.15 6.24 0.003 8.4
Year×Tidal height 2 1.26 4.23 0.034 16.6 1.35 7.35 0.005 4.9
Year×Treatment×Tidal height 4 0.85 2.85 0.058 22.4 0.35 1.92 0.157 2.6
Year×Block (tidal height) 8 0.19 0.64 0.735 10.0 0.45 2.42 0.063 6.5
Residuals 16 0.30 31.4 0.18 5.4

Scoloplos adult Scoloplos juvenile

df MS F p % V MS F p % V

Treatment 2 2.20 7.00 0.017 42.5 0.32 1.86 0.218 5.9
Tidal range 1 0.10 0.33 0.583 1.0 0.00 0.00 0.997 0.0
Treatment×Tidal height 2 0.16 0.51 0.619 3.1 0.15 0.85 0.464 2.7
Block (tidal height) 4 0.75 2.39 0.137 29.1 2.14 12.31 0.002 78.6
Residuals 8 0.31 24.3 0.17 12.8
Year 2 7.31 45.93 0.000 50.8 9.16 69.95 0.000 60.5
Year×Treatment 4 0.59 3.73 0.025 8.2 0.82 6.27 0.003 10.8
Year×Tidal height 2 2.80 17.56 0.000 19.4 0.35 2.69 0.099 2.3
Year×Treatment×Tidal height 4 0.02 0.10 0.982 0.2 1.83 0.173 3.2
Year×Block (tidal height) 8 0.45 2.82 0.037 12.5 0.62 4.72 0.004 16.3
Residuals 16 0.16 8.8 0.13 6.9

Data were log-transformed (n=6). Bold p values indicate significant effects (% V=variance explained calculated as: (SSfactor /SS total)×100).
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average densities below 200 juveniles m−2 (Fig. 3). In the
first year juveniles were significantly less abundant on
ambient plots (Tukey–Kramer, pb0.05; Table 1) where
lugworms were most abundant. In 2004 the significant
treatment×tidal height interaction (Table 1) was mainly
generated by lowN. diversicolor recruitment on exclusion
plots in the low intertidal zone while abundances were not
affected by lugworm presence/absence at mid-intertidal
where most of the juveniles recruited.

3.3. Effects on Scoloplos

Exclusion of A. marina negatively affected S. cf.
armiger (Fig. 3). In repeated measurement ANOVA,
lugworm treatment explained more than 40% of total
variance (F2,8=7.0; pb0.05; Table 2). Abundances of
adult S. cf. armiger were significantly higher at control
and ambient plots in 2002 and 2004, but remained
indifferent in 2003 (Table 1), when overall abundance of
S. cf. armiger was low. Responses of juvenile S. cf.
armiger were inconsistent. In the first year juveniles
were significantly more abundant on the exclusion plots,
while they were not significantly affected by treatment
in the following years (Table 1). However, abundances
were doubled on the plots with lugworms in 2003 (Fig.
3). With up to 20,000 juveniles m−2 S. cf. armiger
showed highest densities around lugworm fecal mounds
(Fig. 4). Abundances at lugworm pits and at interspaces
were much lower (3000 to 8000 juveniles m−2). Due to
the aggregated distribution of juvenile S. cf. armiger,
abundances in lugworm plots might have been under-
estimated in randomly taken samples. Scoloplos egg
cocoons were more abundant in control and ambient
plots in 2 years (Fig. 5), but were significantly facilitated
by lugworm presence only in 2003, when lugworms
were most abundant (Table 1). On plots with lugworms
15–20 egg cocoons m−2 were found compared to 5 egg
cocoons m−2 on exclusion plots. Egg cocoons were
mainly found in low tide puddles of irregularly
occurring sediment depressions. On lugworm plots
egg cocoons occurred in addition at lugworm funnels.

4. Discussion

A competitive equilibrium between deposit feeding
worms in intertidal sand may not exist. High between-
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year variability of adult and recruit densities of the
polychaetes A. marina, N. diversicolor and S. cf.
armiger showed no compensational tendencies. These
species differ in feeding mode: lugworms are head-
down subduction and conveyer-belt sediment swal-
juvenile Scoloplos
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Fig. 4. Abundances of juvenile S. cf. armiger at mid-intertidal in
samples from lugworm pits, mounds and the sediment in between not
directly affected by A. marina in July 2002 (mean and S.D.; n=6).
lowers, ragworms are head-up bulk feeders of organic
matter at the sediment surface, and the orbiniid is a
head-straight selective feeder on small organic particles
at the oxic/anoxic boundary layer in the sediment
(Jumars and Fauchald, 1979; Reise, site specific
observations). Although all species exploit dead and
alive organic carbon in the sediment, overlap in
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resources is mitigated by differential use of particle size
and vertical position (Whitlatch, 1980). Hence, removal
of lugworms may not immediately be followed by
increasing numbers of the other two deposit feeders as a
consequence of competitive release. Nevertheless, this
was the case with adult ragworms and juvenile A.
marina while the orbiniid decreased in abundance. We
assume that the experimental results cannot be suffi-
ciently explained by competition for food. Facilitation
and inhibition of associated polychaetes induced by
lugworm habitat transformations seem to overshadow
trophic interactions.

4.1. Lugworms inhibit ragworms

Exclusion plots were conspicuous by their smooth
sediment surface contrasting with the pit-and-mound
topography of the lugworm flat. Because of sheltered
position, ripple marks were generally absent, at least in
summer. Pits and mounds became leveled during tidal
flooding but reappeared during low tide exposure. This
indicates stability of the surface layer to be higher at
lugworm exclusion plots than on the lugworm flat, as
was reflected in smaller median grain size, higher silt
fraction, higher particulate organic carbon and chloro-
phyll content compared to plots where lugworms were
present (Table 3; Volkenborn unpublished data). These
biogenic effects of A. marina were more pronounced in
the finer sediments of the low intertidal zone where
ragworms invaded the exclusion plots. Thus, the
invasion of adult N. diversicolor in the first summer
may have been triggered by a combination of sediment
stability and food availability. Nereids dwell in vertical
burrows and were observed to feed on the sediment
surface in the vicinity of burrow openings. Out of
burrows, they readily crawl across the sediment or may
actively swim to change locality (Lambert et al., 1992)
which enabled adult N. diversicolor the fast initial
Table 3
Habitat properties of lugworm flats and lugworm exclusion plots at mid and

Lugworm tid

Lower interti

Grain size median (μm) Upper 8 cm 221
Fraction b63 μm Upper 8 cm 0.96%
POC Upper 5 cm 0.18%
Chlorophyll content (μg g−1) Upper 1 cm 14.2
Sulfide in pore water (μmol L−1) 10 cm depth 83
Permeability k (m2) Upper 7.5 cm 2.7×10−12

Given are means from 3 experimental plots. For lugworm flats values of contr
was done in August 2003, sulfide and permeability in July 2004. Data from
response to experimental lugworm exclusion. Adjacent
to the experimental site, natural patches with a smooth
sediment surface similar to the exclusion plots occurred
in the upper tidal zone, also contrasting with the pit-and-
mound topography of the surrounding lugworm flat
(Zipperle and Reise, 2005). These are patches with
discrete freshwater seepage, are avoided by A. marina
but are densely populated by nereids (up to 1000 ind.
m− 2). This constitutes a natural analogue to the
experimental removal of lugworms using a horizontal
net. The response of nereids is the same, and supports
the generality of the experimental results. Apparently,
ragworms seek refuge from unstable conditions in
bioturbated sediments. When a strong recruitment
event occurred in summer 2003, juvenile nereids settled
irrespective of experimental treatments. In contrast to
the adults, juveniles are freely crawling on or just below
sediment surface, they frequently swim, and do not yet
establish permanent burrows (Bartels-Hardege and
Zeeck, 1990; Volkenborn, unpublished data). Conse-
quently, juveniles are not affected by sediment instabil-
ity inflicted by the lugworms as are the discretely motile
adults of N. diversicolor. The amensalism only operates
between adult lugworms and adult ragworms, and it
should be noted that adult N. diversicolor may bite
juvenile A. marina to occupy their burrow shafts (Witte
and de Wilde, 1979).

Continuous decrease of adult ragworm abundances
on lugworm exclusion plots following fast initial
response may have been caused by bird predation.
Investigations on bird foraging in autumn 2003 from an
observation tower build up in between the experimental
plots revealed higher foraging efficiency of oystercatch-
ers (Haematopus ostralegus) on exclusion than on
lugworm plots and N. diversicolor as the principal prey
item (Volkenborn and Schiek, unpublished data).
Infaunal predation, on the other hand, was presumably
minor and not affected by lugworm presence/absence.
low intertidal zone

al flats Lugworm exclusion

dal Mid-intertidal Lower intertidal Mid-intertidal

340 209 334
0.43% 1.86% 0.47%
0.13% 0.38% 0.16%
14.9 24.1 17.5
15 170 78
10×10−12 0.6×10−12 7.7×10−12

ol and corresponding ambient plots were averaged. Solid phase analysis
Volkenborn (unpublished data).
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Abundances of the predacious polychaete Nephtys
hombergii (Schubert and Reise, 1986) and the nemer-
tean Lineus viridis (Nordhausen, 1988) were generally
low (b10 ind. m−2) in all years and their abundances
were not affected by lugworm presence/absence.

4.2. Lugworms facilitate orbiniids

Juveniles and adults of S. cf. armiger stay perma-
nently below the sediment surface, and freely move
without establishing burrows. While juveniles are only
found a few millimeters below surface, adults may
retreat to 10 cm depth or more (Reise, 1979). Tolerance
against hypoxia and sulfide is low (Kruse et al., 2004),
and worms may ascend into the oxic layer during low
tide (Schoettler and Grieshaber, 1988). Consequently,
the orbiniid may benefit from irrigation and bioturbation
activity of lugworms, which is known to lower the level
of total sulfide in the sediment (Nielsen et al., 2003).
The observed high density of juveniles at fecal mounds
is similar to observations by Lackschewitz and Reise
(1998) on the amphipod Bathyporeia sarsi which also
aggregates at lugworm mounds on shoals with clean
sand. These responses may be explained by enhanced
advective pore water flow around the fecal mounds
(Huettel and Gust, 1992; Huettel et al., 1996; Reise,
2002) and enhanced water inflow due to bioirrigation by
A. marina. Sulfide concentration in pore water had
strongly increased in the absence of lugworms, and
permeability of the sediment had decreased (Table 3).
Thus, we assume that irrigation and bioturbation by the
lugworms create subsurface conditions beneficial to S.
cf. armiger on the intertidal sand flat, with more oxygen,
less sulfide, and possibly more bacteria in the subsurface
layer due to burrow ventilation and enhanced advective
pore water flows (Huettel, 1990; Huettel and Gust,
1992; Huettel et al., 1996; Reichardt, 1988). This
engineering of subsurface biogeochemistry by the
lugworms may be less relevant to juvenile S. cf. armiger
outside fecal mounds because they reside close to the
sediment surface. However, higher densities of egg
cocoons on lugworm plots and aggregation of juveniles
near lugworm tail shafts indicate a facilitation process
by creating the pit-and-mound topography forming low
tide puddles and by enlarging the oxidative zone. The
effect of lugworm presence on the abundance of
juveniles S. cf. armigermight have been underestimated
due to their aggregated distribution and under-represen-
tation of samples from lugworm casts when sampling
randomly. Interestingly, differences of Scoloplos egg
cocoon abundances between exclusion and lugworm
plots were most obvious in 2003, when lugworm
abundance was high and the sediment micro-topography
was dominated by lugworm casts and pits. In 2004,
when the sediment surface was less structured due to
lower lugworm abundances, egg cocoon abundances in
the presence of A. marina were only slightly and not
significantly higher.

5. Conclusions

The negative effects of A. marina on N. diversicolor
and its own juveniles by destabilizing the sandy surface
layer resemble trophic group amensalism between
bioturbating deposit feeders inhibiting suspension
feeders by producing easily resuspended mud (Rhoads
and Young, 1970). The positive effect of A. marina on S.
cf. armiger by ameliorating the subsurface layer
corresponds to promotive or facilitating processes
between large tube or burrow builders and deep
burrowers shown to be prevalent in estuarine macro-
benthic communities (Schaffner, 1990). Large-scale
experimental defaunated intertidal sands in the Dutch
Wadden Sea were only slowly recolonized by adult A.
marina (full recovery after 4 years; Beukema et al.,
1999) and thus resemble a lugworm exclusion experi-
ment. Settlement of several species was thought to be
favored by initial low abundances of lugworms on these
plots and recolonization was much faster by juvenile
stages of macrofauna and small opportunistic species
than by adults of long-lived species. In general we found
the same colonization patterns in our study, but
responses were clearly not limited to juvenile stages.
Furthermore, we could show that both facilitative and
inhibitive mechanisms play an important role in
structuring benthic intertidal assemblages on a meso-
scale (1 m2–1 ha; see Zajac et al., 1998). For adult N.
diversicolor subsurface habitat modifications by lug-
worms may be less relevant because ragworms create
their own oxic burrow environment by ventilation and
remove sulfide (Davey, 1994; Miron and Kristensen,
1993a,b) while S. cf. armiger is directly exposed to
sediment and pore water conditions. The opposite effects
of lugworms on associated polychaetes contribute to the
maintenance of deposit feeder diversity, and demonstrate
the importance of a habitat-mediated interaction web
bioengineered in marine sediments (Reise, 2002).
Furthermore, the experimental evidence for inhibition
of juvenile A. marina is consistent with density
dependence of recruitment in the A. marina population
in this area (Reise et al., 2001). However, responses of
other polychaetes to the removal of lugworms showed
considerable variability during 3 years of experiment
and variance explained by lugworm treatment was
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generally below 50%, implying the importance of other
factors for observed patterns. Several Time×Factor
interactions in repeated measurement ANOVA on
polychaete abundances (Table 2) indicate high temporal
variability in species abundances in combination with
spatial factors, which presumably operate on larger
scales (Zajac et al., 1998). Only in the first summer did
adult N. diversicolor invade the exclusion plots in high
numbers but then declined in the subsequent years,
possibly caused by predation. Sediment disturbance
caused by lugworms was found to initiate emigrations of
Corophium volutator which exposed them to epibenthic
predators (Flach and de Bruin, 1994). Juvenile recruit-
ment was highly variable between years and responses to
experimental treatments were either inconsistent or not
significant in both species. This suggests that differential
abundances of adults mainly result from immigration of
adults as response to actual conditions on the plots.
However, in spring 2003 more egg cocoons of S. cf.
armiger were found in the presence of lugworms
compared to exclusion plots. Correspondingly, higher
juvenile densities were recorded in the following
summer and higher adult densities in the next year on
plots with lugworms than without. This causal chain
resembles the slow recovery of long-lived species on
defaunated plots (Beukema et al., 1999) and stresses the
need of long-term experiments (N1 year) to reveal
possible effects. Response of deposit feeding poly-
chaetes to experimental lugworm exclusion was of a
similar magnitude as the variability of abundances in
space and time on the ambient sand flat. Therefore we
suggest that the influence on the dynamics of the
associated polychaete assemblage by A. marina is
similar to other key factors in the tidal zone and that
consequences of the presence of lugworm for other
species are not limited to disturbing activities but also
include more subtle biogenic habitat transformations.
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