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INTRODUCTION

Spionid polychaetes of the genus Marenzelleria in
the Baltic Sea comprise 3 sibling species which are
morphologically difficult to distinguish. M. neglecta,
M. viridis, and M. arctia are therefore primarily iden-
tified by molecular analysis (Bick & Burckhardt 1989,
Bastrop 1997, Blank et al. 2008). A precise character-
ization of the biology, ecology, and distribution of
these sibling species is essential to assess their envi-
ronmental impact (Knowlton 1993). They have been
found in the Baltic Sea since the 1980s, and it is
assumed that M. neglecta is now established over the
whole Baltic Sea, whereas M. viridis and M. arctia

are still spreading (Blank et al. 2008). M. neglecta
and M. viridis inhabit estuarine sandy and muddy
sediments in abundances of several thousand indi-
viduals per square meter (Kube et al. 1996, Delefosse
2012) and can occur sympatrically in the eastern
Baltic Sea. M. arctia mainly occurs in various sedi-
ments in deeper, cooler habitats in the northern
Baltic region, at reported abundances of 4000 ind.
m−2 (Hietanen et al. 2007), and can be found there
sympatric with the other 2 species (Blank et al. 2008).
M. neglecta and M. viridis are known to construct L-,
J-, or I-shaped, unbranched mucus-lined burrows
deep into the sediment (25 to 35 cm deep; 2 mm
mean diameter) (Essink & Kleef 1988, Zettler et al.
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1994, Quintana et al. 2011). In contrast, M. arctia cre-
ates J-, Y-, or U-shaped burrows with a thin transpar-
ent membrane lining to maximum depths of 6 to 8 cm
(Renz & Forster 2013). Feeding modes of Marenzelle-
ria spp. include facultative deposit feeding and sus-
pension feeding (Fauchald & Jumars 1979, Dauer et
al. 1981, Sikorski & Bick 2004), although for M. arctia
no information is available.

Bioturbating macrofauna determine the input and
vertical depth distribution of organic material in the
sediment and its mineralization (Shull 2009). Beside
biomass, density, and species composition (Welsh
2003), the burrowing depth (Aller 1982) and the
 morphology of burrows (i.e. open or blind ended), as
well as the ventilation rate, are constitutive charac-
teristics, determining the effects of bioirrigation on
porewater transport (Kristensen et al. 2012). While
the construction of burrows and feeding activities
increases the sediment−water interface and, there-
fore, the effective area for any solute exchange and
for biogeochemical reactions (Forster & Graf 1992),
porewater irrigation as a consequence of burrow ven -
tilation leads to enhanced water exchange between
overlying water and porewater (Graf & Rosenberg
1997). Thus, bioturbation also stimulates microbial
activities by providing additional electron acceptors
(e.g. oxygen, nitrate, and sulfate) for benthic mineral-
ization (Andersen & Kristensen 1988) and by remov-
ing toxic metabolites (e.g. ammonium and sulfide)
(Quintana et al. 2013).

The influence of Marenzelleria spp. on sediment
nutrient dynamics is poorly understood, and, though
a few studies have investigated the effects of M.
viridis (Karlson et al. 2005, Kristensen et al. 2011,
Quintana et al. 2013) and M. arctia (Hietanen et al.
2007, Viitasalo-Frösen et al. 2009), no information on
the biogeochemical influence of M. neglecta is avail-
able. The missing taxonomic identification of species
in several recent studies (Bonaglia et al. 2013, Urban-
Malinga et al. 2013) renders the interpretation of
some of their results difficult. Recent studies have
shown that the mineralization of organic material is
increased and sulfate reduction is stimulated by the
presence of M. viridis (Kristensen et al. 2011, Quin-
tana et al. 2013). On the other hand, the influence of
M. arctia and M. viridis on denitrification is minor
despite increased ammonium fluxes from the sedi-
ment (Hietanen et al. 2007, Kristensen et al. 2011).
The high fluxes of nitrate into the sediment appar-
ently stimulate dissimilatory reduction of nitrate to
ammonium (DNRA) more than denitrification (Karl-
son et al. 2005). The efflux of phosphate from the sed-
iment is increased by the presence of M. arctia

(Hietanen et al. 2007, Viitasalo-Frösen et al. 2009),
but Hietanen et al. (2007) speculated that the oxy-
genation of the sediment surface may lead to
improved long-term retention of phosphorus and,
therefore, enhance the amount of Fe-bound P in sed-
iments (Norkko et al. 2012).

The concept of grouping benthic animals by eco-
logical equivalency into functional groups sharing
common biogeochemical and interspecific attributes
(Gérino et al. 2003), has been used to link bioturba-
tion aspects with ecosystem functions in a conceptual
framework (Mermillod-Blondin & Rosenberg 2006).
Ecosystem engineering comprises direct or indirect
modifications by organisms that modulate the physi-
cal environment (Jones et al. 1994) and, therefore,
cause qualitative and quantitative changes in the
 distribution and availability of resources for other
species (Kristensen et al. 2012). Especially invasive
species have been identified to cause extensive
changes in the function of ecosystems (Leppäkoski &
Olenin 2000). Marenzelleria spp. in the Baltic Sea
is known to affect populations of the polychaete
Hediste diversicolor (Delefosse 2012) and the amphi-
pod Monoporeia affinis (Kotta et al. 2006) and, conse-
quently, their contribution to the remobilization of
buried contaminants (Granberg et al. 2008, Josefsson
et al. 2011).

Based on the classification of different mixing
modes (François et al. 2002), the mechanical sedi-
ment reworking of all 3 sibling species of Marenzel-
leria can be assigned to the ‘biodiffuser’ functional
group from a model point of view (Renz & Forster
2013), causing vertical transport of particles by ran-
dom translocation over short distances and time
intervals (François et al. 1997, 2002). However, sedi-
ment reworking by all 3 sibling species is negligible
compared to their pronounced effects on the solute
transport pattern (Renz & Forster 2013).

In the present study we examined the effects of the
3 closely related polychaetes on solute fluxes (bro-
mide), nutrient dynamics (NH4

+, NO3
−, PO4

3−), and
oxygen uptake to emphasize potential differences
among them. Due to the similarity in morphological
characteristics, these species are thought to have
only minor, if any, functional differences. We hypo -
thesize that differences in nutrient release and total
oxygen uptake are driven by differences in size and
burrowing depth of the species. We predicted that
these morphologically similar organisms would differ
in their direct (solute transport) and indirect func-
tions (biogeochemical effects) and that the 3 sibling
species, therefore, cannot be categorized as a single
functional group.
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MATERIALS AND METHODS

Sampling and experimental design

Sediment was collected in July 2008 in a shallow
brackish water bay (Schnatermann, Warnow River)
near Rostock, Germany. Sediment was pre-sieved
through 1000 and 500 µm mesh and homogenized.
Grain size and loss on ignition (500°C, 12 h) were
determined before establishing the sediment cores
(Bale & Kenny 2005). Polychaetes were collected in
September 2008 at 3 different sampling sites in the
Baltic Sea as specified in Table 1 and were kept in
aquaria with sediment for approximately 2 wk under
constant conditions (14°C, salinity: 10) for acclimation.

Transparent 55 cm long PVC tubes (internal dia -
meter: 10 cm) were filled with 40 cm homogenized
sediment overlaid by 1 l seawater (salinity: 10). Cores
were sealed with plastic wrap and pre-incubated for
5 wk with air-saturated water in a dark, temperature-
controlled (14°C) container to restore near-steady
conditions after sediment homogenization. Aeration
of the water column in each core provided convection
and, thus, a complete mixing of the overlying water,
while care was taken not to resuspend the sediment.
Salinity was controlled daily and diluted with fresh
water if necessary, and the height of
the overlying water was noted.

The experimental set-up consisted
of 4 treatments with 3 replicate cores
each, comprising azoic controls (C)
and cores colonized with Marenzelle-
ria arctia (MA), M. neglecta (MN) and
M. viridis (MV), taking into account
the natural densities of the poly-
chaetes. Individuals were of typical
size for adults of the respective species
from the Baltic Sea (Sikorski & Bick
2004, Bick 2005). Given the small size
(around 1 to 2 cm) of M. arctia, the
number of individuals per core dif-
fered among the treatments (MA: n =
20 ind. core−1, equating to 2546 ind.

m−2; MV and MN: n = 10 ind. core−1 equating to
1273 ind. m−2). Total fresh weight of polychaetes per
core (MA: 0.5 ± 0.1 g; MN: 1.0 ± 0.1 g; MV: 1.7 ± 0.2 g)
was determined before introducing the animals to
the randomly chosen sediment cores on Day 1 (d1)
(Fig. 1). All animals buried immediately into the sed-
iment of the microcosms.

Oxygen and nutrient exchange

To assess benthic oxygen uptake, the ventilation
of all cores was stopped on d7 and the cores were
sealed with tight lids. Magnetic stirrers ensured
mixing of the water column during the respiration
measurements (stirring speed of approximately 60
rotations min−1). Oxygen concentrations were meas-
ured with 2 optodes integrated into the lids (oxygen
sensor spots SP-PSt3-PSUP-YOP-D5, PreSens), and
the fluxes were calculated from changes in O2

concen trations over time for all cores. The measure-
ments were stopped when oxygen depletion reached
80%  saturation. The optodes were calibrated in dis-
tilled water (Arain et al. 2005), and O2 concentra-
tions were checked by the Winkler titration tech-
nique (Grasshoff et al. 1983).
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Sampling site Species Position Water temp. Depth Salinity Sediment 
(°C) (m) type

Askö (Sweden) M. arctia 58° 50’ N, 17° 32’ E 15.3 30 6.1 Mud
Langenwerder, Poel (Germany) M. viridis 54° 03’ N, 11° 49’ E 17.0 1 14.0 Sand
Banzelwitz, Rügen (Germany) M. neglecta 54° 52’ N, 13° 41’ E 15.6 1.2 8.3 Sand

Table 1. Sites where Marenzelleria spp. were sampled, and abiotic parameters. Temperature at Askö was measured at the 
surface, and in the bottom water at other sites

d0 d2 d4 d6 d8 d10 d12

TOU

Preparation of
sediment cores

5 wk 
stabilization

Addition of
polychaetes

Bioirrigation

Sectioning, 
pore water 
extraction

we

Addition of
NaBr

(10 mmol l–1)

Nutrient measurements

we we

Fig. 1. Timeline of the laboratory experiment with a total length of 48 d (dx).
Water exchange (we) was conducted 3 times, and measurement of total oxygen 

uptake (TOU) was performed on Day 8 (d8) of the experiment
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Samples of 10 ml water for N and P nutrient analysis
were taken from the overlying water of each core
 before animals were introduced on d0, to control vari-
ability among cores. Similar samples were taken daily
from d2 to d13 to determine nutrient fluxes from con-
centration differences in the overlying water against
time. The overlying water was replaced 3 times
(d3, d6, and d8) with sea water stored in a reservoir, to
avoid exceedingly high nutrient levels, resulting in 3
sequential incubations. The nutrient concentrations of
the reservoir (NH4

+: 3.4 ± 0.9 µmol l−1; NO2
−: 1.8 ±

0.6 µmol l−1; NO3
−: 20.0 ± 1.3 µmol l−1; PO4

3−: 0.17 ±
0.18 µmol l−1) were monitored daily during the experi-
ment to assure that no changes occurred.

The microcosms were sectioned at the end of the
experiment on d13. The overlying water was first re-
moved, and 1 cm slices were taken from the sediment
cores at variable depths depending on treatment (C:
1–10, 15, and 20 cm; MA: 1–10, 12, 14, 16, 18, 20 cm;
MV and MN: 1–20, 22, 24, 26, 28, 30, 35 cm). The re-
maining layers were discarded. Residence depth of
polychaetes was noted during sectioning, and col-
lected worms were preserved in 80% ethanol for mo-
lecular identification. Sediment layers were weighed
fresh and dry (60°C) for porosity (ϕ) determination.
Porewater was extracted from a subsample of each
slice by centrifuging (1 min, 500 rpm) through GF/F
filters as described by Saager et al. (1990). Of the
porewater retrieved, ~5 ml was collected and frozen
(−18°C) for nutrient analysis and 2 ml was stored dark
and cold (5°C) for bromide measurements.

Ammonium and phosphate were analyzed spec-
trophotometrically immediately after sampling (Par-
sons et al. 1984). Samples for nitrate and nitrite were
preserved (−18°C) and measured using the spongy
cadmium technique (Jones 1984). Methods were
modified for small sample volumes of 1 ml for all
nutrient analyses.

Total nutrient fluxes (Folw) were calculated for each
stage from concentration changes in the overlying
water using a linear regression against time.

Bromide tracer transport

Porewater irrigation was quantified from vertical
sediment profiles after the addition of sodium bromide
to a final concentration of 10 mmol l−1 to the overlying
water on d10 of the experiment (Martin & Banta 1992,
Forster et al. 1999). After an initial incubation time of
15 min, 2 ml water samples were taken sequentially
after 0.25, 2, 5, 9, 24, 32, 50, 69, and 70.5 h. The sam-
ples were stored cold (5°C) in the dark until analysis.

Bromide was analyzed by anion exchange chroma -
tography (Sykam, IBJ A06 column, Merck-Hitachi L-
4200 UV-VIS detector), with a 25 mM NaCl eluent
and a constant flow rate of 1 ml min−1. Peak areas
were compared to standards. Analytical precision
was ±0.1 mmol l−1, and the detection limit was
0.4 mmol l−1 Br−.

Bromide tracer results were interpreted with a nu-
merical model, described in detail by Andersson et al.
(2006) within the flexible environment for mathemati-
cally modeling the environment (FEMME) (Soetaert
et al. 2002). Solute transport was specified with a fac-
tor of enhanced diffusion (ε), a non-local exchange co-
efficient (α), or as a combination of both. The tracer
concentration C in the sediment is described by:

(1)

where φ is the porosity, as a function of depth, t is
time, Ds is the diffusion coefficient in porewater cal-
culated according to Archie’s Law with m = 2 (Ullman
& Aller 1982), x is sediment depth, ε is a factor of
enhancement over molecular diffusion, and α is the
non-local exchange coefficient, defined as volume
fraction per unit time, that is exchanged between
porewater and the overlying water (Colw). ε (and by
analogy α) are assumed to be constant down to a bio-
turbated layer Lb and to decrease exponentially with
an e-folding depth (kε,α) (Andersson et al. 2006)
below Lb:

(2)

The parameters used for the irrigation model have
been described by Renz & Forster (2013). A calibra-
tion analysis (Soetaert et al. 2002), using the Leven-
berg-Marquardt algorithm, was used to fit the model
to the observed data and to obtain the solute trans-
port parameters.

Statistical analyses

Differences in treatments were tested using the
Kolmogorov-Smirnov test to test for normality. When
the distribution of data was normal, pairwise compar-
ison among treatments was performed with Student’s
t-test. Otherwise, non-parametric tests after Whitney
and Mann (U-test) or Kruskal and Wallis (H-test)
were used on raw data. With these tests, all treat-
ments during each incubation period were tested
pairwise at a 95% level.
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A non-parametric multivariate analysis (cluster and
SIMPER) on modeled co-dependent solute transport
parameters (PRIMER 6.0) was conducted to show
resemblance between the treatments and to test for
significant differences (SIMPROF, p < 0.05) (Clarke &
Warwick 2001, Clarke et al. 2008). Raw data were
fourth-root transformed, and for the resemblance
Bray-Curtis similarity was used (stress: 0.01). A linear
regression analysis (p < 0.01) was conducted to test
the correlation between ammonium fluxes and the
bromide-affected sediment depth.

RESULTS

Visual observations

Control cores appeared distinctly layered and with
an organic-rich, brown-green fluff layer at the sedi-
ment surface, followed by an approximately 0.5 cm
thin bright oxidized layer. Below, the sediment of
control cores was uniform and grey to greyish-black
in colour. In populated microcosms the fluff layer
appeared less distinct. Burrow linings of Marenzelle-
ria arctia were U- and J-shaped and reached a sedi-
ment depth of approximately 6 cm. Burrows of both
M. neglecta and M. viridis were J-shaped. Bright,
oxidized halos with a width of 2 mm along the bur-
row linings of M. viridis and M. neglecta reflected
the penetration of oxygen from burrow walls into the
surrounding sediment. In M. arctia cores, halos were
discontinuous and of a much smaller extent. In a few
cores colonized with M. viridis and M. neglecta, spo-
radic white patches of Beggiatoa spp. (1 cm diame-
ter) could be noted at the sediment surface.

Recovery and molecular identification

In our experiments recovery of polychaetes from
sediment cores differed between the treatments
(18.3% MA, 46.7% MN, and 50% MV). Overall
33% of all introduced individuals were found.
Recovery of organisms during sectioning of sedi-
ment cores and subsequent porewater extraction is
generally difficult. Mortality of polychaetes can eas-
ily be judged when dead or injured individuals are
found on the sediment surface. When relying on
recovery to estimate mortality, it therefore remains
unclear whether animals were truly dead or not
found during handling. In some cases worms had
been cut into pieces, but only head pieces were
counted and used for identification. The molecular

species identification (Blank & Bastrop 2009) that
was done with recovered polychaetes and reference
animals from the sampling sites (data not shown)
confirmed the successful grouping of polychaete
sibling species in separate experimental treatments
as originally intended.

Sediment properties

The sediment was classified as fine to very fine
sand, with a median particle size of 178 µm (sorting
0.31; Folk & Ward 1957) and an organic content of
0.47 ± 0.02% dry weight (n = 3). Mean sediment
porosity near the sediment surface was 0.51 ± 0.08
and decreased with depth to 0.38 ± 0.01.

Solute transport

The natural background concentration of bromide
was 0.37 ± 0.11 mmol l−1, indicating a uniform distri-
bution within the microcosms at the beginning of
the experiment. Porewater tracer profiles (Fig. 2) of
control cores exhibited a highly reproducible and
steep decrease within all replicates, basically driven
by vertical molecular diffusion. Bromide back-
ground concentration was reached at a depth of
6.8 ± 1.1 cm. M. arctia-inhabited sediment cores
showed a less steep decrease of bromide concentra-
tions between the sediment surface and a depth of
approximately 3 cm, followed by a significantly
higher level compared to control cores from 3 to
13 cm depth. The background level was reached at
14.1 ± 1.2 cm. The biological impact declined with
depth, and vertical molecular diffusion apparently
dominated below a bioturbated layer (Lb) of approx-
imately 7 cm. The tracer profiles of the MV treat-
ment were characterized by fluctuating but slowly
declining bromide concentrations to a depth of 29.5
± 3.3 cm, where the background level was reached.
The bromide profiles of the MN treatment were
comparable in shape but lower in concentrations
than those of the MV treatment, and reached the
natural background concentration at 24.7 ± 2.0 cm.
The bioturbated layer (Lb) of both these polychaetes
was approximately 20 cm.

The volume of overlying water transported into the
sediment, calculated from bromide inventory per
core and time, divided by the concentration in the
overlying water, amounted to 0.8 ± 0.2 ml h−1 (M. arc-
tia), 3.6 ± 0.9 ml h−1 (M. neglecta), and 5.8 ± 1.4 ml h−1

(M. viridis).
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Modeled solute transport

Molecular diffusion is assumed to be the
 single driving force for any solute exchange in
azoic control cores. In one control core the
decrease of measured bromide concentrations
below a depth of 4 cm was less than in
modeled data. In this core an enhanced diffu-
sion coefficient (ε) 3.0-fold higher than molecu-
lar diffusion resulted in the best fit. Therefore,
diffusion coefficients of the control cores were
1.7 ± 1.1 fold enhanced (Table 2, Fig. 3). Multi-
variate analysis resulted in 3 clusters (control,
M. arctia, and M. viridis/M. neglecta) and
showed significant differences (SIMPROF, p >
0.05) between polychaete treatments and con-
trol cores (Table 2).

The SIMPER analysis (Clarke & Warwick 2001)
thereby confirmed the species-specific differences
described as similarities or dissimilarities with regard
to the different transport parameters (Table 3). The
modeled solute transport coefficients for M. arctia
yielded a combination of 11.8 ± 4.2 fold enhanced
molecular diffusion (similarity of 39.07%) and a small
non-local transport coefficient α, with mean values of
4.3 ± 3.9 yr−1 (similarity of 18.78%). The non-local
transport α was the dominant mechanism influencing
solute transport patterns in M. neglecta and M.
viridis cores (similarity of 43.2%), and the enhanced
diffusion was seemingly negligible.

Oxygen uptake

Compared to control cores with a mean total oxy-
gen uptake (TOU) of 8.5 ± 1.3 mmol m−2 d−1 (Table 4),
the presence of polychaetes significantly (U-test, p <
0.05) increased TOU 2.8-fold (M. arctia), 8.9-fold (M.
neglecta), and 10.8-fold (M. viridis). While the effects
of M. viridis (91.5 ± 13.1 mmol m−2 d−1) and M.
neglecta (75.6 ± 7.8 mmol m−2 d−1) were statistically
not different from each other, TOU in M. arctia cores
(23.9 ± 6.3 mmol m−2 d−1) was significantly smaller
than for the former species.

Nutrient fluxes

At the beginning of the experiment (d0), before ani-
mals were introduced, concentrations in the water
column of ammonium (4.3 ± 8.2 µmol l−1), nitrite (3.5
± 1.5 µmol l−1), and phosphate (2.9 ± 2.2 µmol l−1)
were similar and low in all 12 replicates. In contrast,
nitrate concentrations varied considerably (56.7 ±
35.2 µmol l−1), indicating non-uniform starting condi-
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Fig. 2. Average porewater bromide concentrations after an
incubation time of 70.5 h. Single symbols displayed above
the sediment surface represent mean bromide concentration
in overlying water (Colw) at the end of the experiment. 
Standard deviation obtained from 3 replicates treatment−1

Treatment ε α (yr−1) kε,α (cm) Lb (cm)

Control 1.7 ± 1.1 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 0.0
M. arctia* 11.8 ± 4.2 4.3 ± 3.9 3.3 ± 2.9 3.4 ± 4.8
M. viridis* 6.3 ± 3.3 277.1 ± 336.6 4.4 ± 0.7 9.4 ± 4.0
M. neglecta* 4.9 ± 4.6 284.1 ± 184.6 3.7 ± 2.1 13.1 ± 1.4

Table 2. Modeled solute transport (bioirrigation) with FEMME
(flexible environment for mathematically modeling the environ-
ment). Parameters ε, α, kε,α, and Lb were obtained from modeling.
Significant differences (SIMPROF, p < 0.05) from multivariate
analysis between the treatments are labelled with an asterisk
(polychaete treatments compared to control cores). Standard 

deviation obtained from 3 replicates treatment−1
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tions. Ammonium and phosphate concentrations in
the water column stayed at a steady low level in con-
trol cores, while these nutrients increased with time
in almost all polychaete treatments (Fig. 4, left-hand
panels). Only concentrations of phosphate decreased
from d7 to d8 in C, MA, and MN treatments. NH4

+

concentrations on d13 were excluded from calcula-
tions due to analytical problems. Microcosms colo-
nized by M. viridis and M. neglecta displayed consid-
erably higher increases in ammonium and phosphate
concentrations than those with M. arctia. In contrast
to increasing nitrate concentrations with time in
azoic controls and cores colonized with M.
arctia, NO3

− concentrations in M. neglecta
and M. viridis microcosms were significantly
lower and tended to decrease during the
experiment.

Ammonium fluxes derived from the con-
centration changes in the overlying water in
each incubation period (Fig. 4, right-hand
panels) were directed out of the sediment
and increased with time, except for control
cores on d4 to d6. The efflux of NH4

+ in all
polychaete cores was significantly enhanced
compared to the control cores (U-test, p <
0.05). The highest effluxes in M. viridis cores
did not significantly differ from cores colo-
nized with M. neglecta, except on d9 to d10.
The fluxes in both these treatments were
 significantly higher than fluxes in M. arctia-
inhabited cores, except on d6 to d7.

Nitrate fluxes of control and M. arctia cores were
directed out of the sediment and in creased with time,
except from d9 to d13. The NO3

− fluxes of cores colo-
nized with M. viridis and M. neglecta were directed
into the sediment, except for M. neglecta on d7 to d8

and significantly differed from control and M. arctia
cores, respectively, except on d6 to d7 (U-test, p <
0.05). No statistical differences were found for M.
viridis compared to M. neglecta, except on d9 to d13.

Phosphate fluxes were highly variable and in the
majority of cases directed out of the sediment, except
for d7 to d8 when fluxes in almost all treatments were
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Similarity (%) C MA MV + MN

Within group (94.91) (81.20) (90.04)
ε 52.30 39.07 16.85
Lb 47.70 17.92 22.67
α 0.00 18.78 43.20
kε,α 0.00 24.23 17.28

Dissimilarity (%) C − MA C − (MV + MN) MA − (MV + MN)

Between groups (49.03) (61.95) (28.36)
kε,α 36.23 21.63 6.61
α 33.35 58.38 65.56
ε 20.42 5.99 9.80
Lb 10.00 14.00 18.03

Table 3. Similarity and dissimilarity (SIMPER analysis) of modeled
solute transport parameters. Average similarity or dissimilarity (in
parentheses) within or between the groups obtained from 3 replicates
treatment−1. C: control; MA: Marenzelleria arctica; MV + MN: M. viridis

+ M. neglecta
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low and directed into the sediment.
Beside the significantly higher
fluxes of inhabited cores compared
to control cores, only marginal sta-
tistical differences were found for
phosphate fluxes (U-test, p < 0.05).

Porewater profiles

Ammonium porewater profiles
(Fig. 5) of control cores were char-
acterized by increasing concentra-
tions within the first sediment lay-
ers, a typical subsurface maximum
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                            Control     M. arctia            M. neglecta           M. viridis

TOU                   8.5 ± 1.3   23.9 ± 6.3             75.6 ± 7.8             91.5 ± 13.1
(mmol m−2 d−1)

TOUcontrol                           8.5 (35.4%)           8.5 (11.2%)           8.5 (9.2%)
(% of TOU)

Rr                                         0.4rec − 2.1i                 1.6rec − 3.3i                 2.7rec − 5.4i

(mmol m−2 d−1)               (1.8rec − 8.9i%)     (2.2rec − 4.4i%)        (2.9rec − 5.9i%)

OUbw                                 13.3i − 15.0rec           63.9i − 65.5rec           77.6i − 80.3rec

(mmol m−2 d−1)             (55.7i − 62.8rec%) (84.5i − 86.6rec%) (84.9i − 87.8rec%)

Table 4. Total oxygen uptake (TOU), estimated respiration rates (Rr) of the poly-
chaetes, and calculated oxygen uptake of the burrow walls (OUbw). Values in
parentheses are related to the total oxygen uptake (% of TOU). Rr and OUbw

were calculated considering initial and recovered abundances (subscripted i 
and rec, respectively)
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at a sediment depth of 3.5 cm (205.5 ± 10.6 µmol l−1),
and a subsequent slight decrease in concen trations.
The porewater NH4

+ concentration gradient and
subsurface maximum in MA cores (189.2 ± 34.9
µmol l−1) were smaller than in control cores. NH4

+-
concentrations in MN and MV cores in creased
within the first sediment layers, followed by fluctu-

ation at approximately 160 and 145 µmol l−1, re -
spectively.

The nitrate porewater profiles of control and M.
arctia cores were characterized by highest con -
centrations within the first sediment layer (C: 20.8 ±
18.8 µmol l−1; MA: 12.0 ± 5.3 µmol l−1), followed by a
continuous decrease with depth to a mean value of
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4.3 ± 0.6 and 0.7 ± 0.3 µmol l−1, respectively. Micro-
cosms colonized by M. neglecta likewise displayed
highest nitrate values within the first sediment layer
(4.9 ± 2.0 µmol l−1), followed by decreasing levels to a
depth of 2.5 cm, and subsequent fluctuating concen-
trations around a mean value of 2.2 ± 0.7 µmol l−1. In
cores inhabited by M. viridis almost no nitrate was
detected in the surface layer (1.2 ± 0.3 µmol l−1), and
below a subsurface maximum at a sediment depth of
2.5 cm concentrations decreased.

The control porewater profiles of phosphate were
characterized by a typical subsurface maximum
(2.0 ± 1.9 µmol l−1) at a sediment depth of 6 to 9 cm.
The concentrations in M. arctia-inhabited cores did
not change considerably from the  sediment surface
to a sediment depth of approximately 4 cm. Below
this depth, the concentrations increased to approxi-
mately 9.9 ± 2.7 µmol l−1 at a depth of 15 cm, followed
by a decrease. In contrast, the maximum concentra-
tions of phosphate in the porewater profiles of M.
neglecta (4.9 ± 4.3 µmol l−1) and M. viridis (11.4 ±
1.9 µmol l−1) were observed within the first sediment
layer. Subsequently, decreasing concentrations to a
sediment depth of 3 cm were followed by porewater
distribution patterns that were inconsistent in shape
and fluctuating in concentrations.

DISCUSSION

To compare the biogeochemical impact of the 3 Ma -
renzelleria sibling species, natural, sieved sediment
was used in laboratory experiments. At the polychaete
sampling sites abiotic parameters and sediment char-
acteristics varied considerably. Con sequently, unknown
ecological constraints to the behaviour of the poly-
chaetes may emerge that cannot be addressed here.
The use of homogenized sediment in artificial cores
re quires that sufficient time is given to facilitate
steady-state conditions with regard to porewater pro-
files and solute fluxes across the sediment−water in-
terface (Hansen & Kristensen 1998). Despite a stabi-
lization period of 5 wk, the initial starting conditions
within the replicates varied, reflecting the individual
growth and evolution of microorganisms in each sedi-
ment core. To reduce effects related to these differ-
ences and to facilitate comparable starting conditions,
the choice of cores during the colonization with poly-
chaetes was random. Nevertheless, starting conditions
in NO3

− concentrations incidentally fell into distinct
groups (C and MA vs. MN and MV), reflecting for ex-
ample the slow growth of nitrifying bacteria compared
to de nitrifying bacteria (Welsh 2003).

Morphology of burrows and their ventilation

The different burrowing depth and morphology of
burrows are thought to be of major importance, when
assessing the various effects of bioturbation and bio -
irrigation on the complex system of oxygen and
nutrient dynamics (Kristensen & Kostka 2005). While
the burrows of M. arctia appear to create a ‘dense
network’ close to the interface, if viewed from out-
side the core, the polychaetes construct individual,
unbranched, and twisted burrows of ~0.5 mm diame-
ter, which are mainly U-shaped (Renz & Forster 2013).
Thereby, the bioirrigation depth remains restricted to
the initial 10 cm of the sediment. In contrast, the L-,
J-, or I-shaped burrows of the ‘deep burrowing’ spe-
cies (authors’ obs.), i.e. burrows of M. viridis (Essink
& Kleef 1988) and M. neglecta (Zettler et al. 1994),
with mean diameters of 2 mm and maximum lengths
of 35 cm, are similar in shape and length and clearly
differ from those of M. arctia.

Only limited information about the burrow ventila-
tion of Marenzelleria spp. is available. The ventila-
tion mechanism of M. viridis is described as a combi-
nation of ciliar and muscular pumping of water into
and out of the blind-ending burrows (Quintana et al.
2011). There is no information concerning the venti-
lation behaviour of M. neglecta and M. arctia so far
either, but based on the similar results obtained for
M. neglecta and M. viridis, comparable ventilation
patterns may be assumed for these species. In con-
trast, the U-shaped burrows of M. arctia allow uni-
directional ventilation of burrows, with probably less
energy demand. The enhanced diffusive porewater
transport originating from open-ended burrows,
however, is thought to be less intensive and deep
compared to the advective irrigation of porewater
from blind-ended burrows (Kristensen et al. 2012).
While details of irrigation patterns remain unknown,
some studies suggest that continuous ventilation in
open-ended burrows creates a more stable environ-
ment compared to oscillating conditions (Forster &
Graf 1992, Kristensen & Kostka 2005). This may add
to the differences observed here between the species.

Influences on solute transport

With respect to their solute transport patterns M.
neglecta and M. viridis are more similar to one
another than to M. arctia. While the modeled solute
transport mode of M. arctia is largely determined by
enhanced diffusivity, the deep-burrowing species M.
viridis and M. neglecta affect tracer distributions in
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the sediment predominantly through a non-local,
advective transport mode. The solute transport coef-
ficients of M. viridis and M. neglecta in the prevailing
study are comparable to the findings of Quintana et
al. (2007) and Hedman et al. (2011), respectively. No
information on the magnitude of solute transport for
M. arctia is available from the literature. However,
based on the fact that the chosen settings clearly
affect the magnitude of coefficients, the comparison
of modeled transport coefficients in general has to be
made with care.

The volume of overlying water transported into the
sediment per individual, calculated from bromide
porewater inventory divided by the overlying water
concentration at the end of the incubation period, was
13.9-fold and 9.2-fold higher for M. viridis and M. ne-
glecta, respectively, compared to the water exchange
of M. arctia. The results correspond well to findings in
a previous study (Renz & Forster 2013) and to recent
investigations, where M. viridis transported 12 ml d−1

ind.−1 (Quintana et al. 2011) and M. neglecta 6.6 ml
d−1 ind.−1 (Hedman et al. 2011) into the sediment. In all
these studies, including the present one, mortality
poses a problem (see next subsection). Still, all results
deviate by <30% from one another, indicating repro-
ducibility in the incubation methods used.

Total oxygen uptake

Benthic oxygen uptake reflects the oxygen demand
of the heterotrophic activity of fauna and bacteria, as
well as the reoxidation of reduced inorganic products
that are released during the anaerobic heterotrophic
degradation (Glud 2008). The increased TOU in sed-
iments colonized with polychaetes is caused by
effects such as stimulation of microbial degradation,
as well as directly by the metabolism of macrofauna.
There might be additional oxygen consumption asso-
ciated with decomposing dead individuals if poly-
chaetes not recovered are assumed to have died.

The impact of animal respiration is still controver-
sial, with ranges cited from 10 to 41% of the total ben-
thic metabolism in the case of Marenzelleria spp.
(Quintana et al. 2007, 2013, Bonaglia et al. 2013,
 Urban-Malinga et al. 2013). No information on the
respiration rates of M. neglecta and M. arctia are
available from the literature; we roughly estimated
the respiration rates (Rr) based on biomass (Mahaut et
al. 1995) of all 3 polychaetes according to Urban-Ma-
linga et al. (2013), using the relation Rr = 0.0174W 0.844

(mg C d−1) (Braeckman et al. 2010). To assess the im-
pact of reduced biomass (recovery) on the oxygen

budgets, we also calculated the respiration rates con-
sidering the reduced abundance for each treatment
(Table 4). With 0.4 to 2.1 mmol m−2 d−1, the respiration
rate of M. arctia was slightly lower than the 1.6 to 3.3
and 2.7 to 5.4 mmol m−2 d−1 for M. neglecta and M.
viridis, respectively. Subsequently, oxygen uptake at
the burrow walls (OUbw), estimated from OUbw = TOU
− TOUcontrol − Rr, was comparable in M. neglecta and
M. viridis cores (84.5 to 86.6% of TOU and 84.9 to
87.8% of TOU) and differed considerably from that at
M. arctia burrow walls (55.7 to 62.8% of TOU). This
indicates that sediment−water interfaces are the most
intense sinks for oxygen. Consequently, changing
respiration rates of the estimated magnitude (Table 4,
initial or recovered abundances) would not affect this
conclusion in either case. In the case of mortality, re-
duced burrow wall surface would affect the above
calculations, increasing the importance of oxygen re-
moval at these sediment− water interfaces. Therefore,
absolute numbers should be interpreted with caution.

The high TOU, especially in cores colonized by M.
neglecta and M. viridis, indicate stimulation of the
anaerobic bacterial processes around the burrows.
Therefore, a considerable amount of the oxygen up-
take in the sediment cores was likely due to the reoxy-
genation of reduced components. M. viridis is known
to increase sulfate reduction (Kristensen et al. 2011,
Quintana et al. 2013), and the appearance of Beggia-
toa spp. in M. neglecta and M. viridis cores at the sed-
iment surface indicates reduced conditions near the
sediment surface by reason of upward drifting sulfide.

Influence on nutrient fluxes

Shortly after their introduction to sediment cores,
the polychaetes affected the nutrient fluxes. Overall,
concentrations of ammonium were higher in sedi-
ments than in overlying water, driving a constant nu -
trient release from the sediment. Compared to azoic
control cores, the presence of burrowing polychaetes
enhanced the effluxes of ammonium, thus reflecting
the grouping of the sibling species, as also shown in
solute-transport and oxygen-uptake patterns, with the
strongest impact of ‘deep-burrowing’ M. ne glecta
and M. viridis compared to that of M. arctia.

The burrowing and ventilating polychaetes influ-
ence the magnitude of nutrient fluxes in several ways.
As a result of the established burrow structures, the
additional sediment−water interface and therefore
the effective area of exchange for any solutes increases.
In a previous study, M. viridis formed approximately
2.8 m2; M. neglecta, 2.1 m2; and M. arctia, 0.4 m2 of
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burrow walls below each square meter of sediment
(1273 ind. m−2) (Renz & Forster 2013). Since biomass,
size, and abundance of macrofauna, as well as the
specific burrowing depth, have a major impact on the
geometry of diffusion and the vertical solute concen-
tration gradient (Aller 1982), deeper irrigation will in-
crease porewater solute ex change most. To assess the
influence of  burrowing depth and the biomass of
polychaetes on nutrient dynamics, the ammonium ef-
flux determined at the end of the experiment was cor-
related with the simultaneously measured bromide-
affected sediment depth and with the biomass used in
the different treatments (Fig. 6). Thereby, ammonium
fluxes significantly correlate with both biomass (n =
12, p < 0.01, R2 = 0.85) and sediment irrigation depth
(n = 12, p < 0.01, R2 = 0.84). Thus, the magnitude of
ammonium fluxes of M. viridis and M. neglecta com-
pared to M. arctia can be directly linked to the differ-
ences in biomass and irrigation depth, but no evidence
can be gleaned on the causality of parameters (e.g.
size-dependent burrowing depth) influencing the
magnitude of fluxes. In addition, as drawn from the
calculated water exchange and from solute transport
coefficients, the ventilation patterns of the 3 sibling
species are different in magnitude and quality, which,
consequently, affect the stimulation of microbial nu-
trient mineralization differently.

A part of the produced ammonium is assumed to be
transported to the water column by the ventilation
current, as is visible in the decreasing ammonium
porewater inventories in the polychaete treatments
compared to control cores. In the water column and
oxidized surface sediments, ammonium can be di-
rectly nitrified to nitrite and nitrate. In control and M.
arctia cores, the increasing nitrate concentrations in

overlying water (e.g. between d9 and d13), in combina-
tion with the porewater nitrate distributions, suggest
high nitrification rates within the water column. The
nitrate produced will be transported into the sediment
and possibly fuel benthic denitrification. However,
compared to control cores, M. arctia had no significant
stimulatory effects on nitrification; hence, the stimula-
tory effect on denitrification is assumed to be minor.

In sharp contrast to the control and M. arctia cores,
nitrate concentrations in the overlying water of M.
neglecta and M. viridis cores continuously decreased
during the experiment. This decrease is even higher
when considering that an additional amount of nitrate
(20 µmol l−1) was added with each water exchange. If
rates of nitrification and denitrification match, a
steady-state condition exists, as no net nitrate fluxes
across the sediment−water interface are evident
(Hietanen et al. 2007). Nitrate porewater concentra-
tions in the present investigation remain low, suggest-
ing a little transport of nitrate across the sediment−
water boundary. Consequently, no considerable ac -
cumulations of nitrate occur within the sediment, and
any nitrate produced will either be denitrified or
used as substrate for DNRA. Ammonium fluxes from
the sediment and small nitrate fluxes into the sedi-
ment agree with results of other studies of M. arctia
(Hietanen et al. 2007, Viitasalo-Frösen et al. 2009) and
M. viridis (Karlson et al. 2005, Kristensen et al. 2011).
Hietanen et al. (2007) found the influence of M. arctia
on denitrification to be minor. Similarly, in a study by
Karlson et al. (2005), the effects of M. viridis on deni-
trification were low and DNRA was thought to be the
major pathway of nitrate removal in reduced sedi-
ments. No information on the influence of the nutri-
ent dynamics of M. neglecta is currently available
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from the literature. While the pathway of nitrate
removal cannot be deduced from this study, the liter-
ature suggests DNRA as the likely mechanism.

The phosphate porewater profiles of M. arctia-
inhabited cores are typically S-shaped (Slomp et al.
1998) and characterized by a sharp increase in phos-
phate concentrations below the oxidized surface sed-
iment. Below this subsurface maximum the declining
concentrations are caused by a general decrease in
metabolic activity with depth. The similar shape, but
generally lower concentrations, of profiles in control
cores indicate a stimulation of the microbial produc-
tion of phosphate, as well as enhanced desorption in
the presence of M. arctia. Consequently, the pro-
duced phosphate will be transported upward by dif-
fusion to the more oxidized sediment layers at the
sediment surface, where an adsorption on Fe-oxides
is likely. The potential irrigation effect of M. arctia,
caused by non-local transport of dissolved phosphate
from below the oxidized sediment layers, is minor, as
indicated by only slowly increasing phosphate con-
centrations in the water column. Therefore, the phos-
phate-buffering capacity of the sediment will not be
exploited. Similar effects of M. arctia on the remobi-
lization of phosphate have been reported by Hieta-
nen et al. (2007) and Viitasalo-Frösen et al. (2009).

The porewater phosphate profiles of M. neglecta
and M. viridis are completely different from those of
the control and M. arctia cores. Highest phosphate
concentrations occur within the surface layer, fol-
lowed by decreasing concentrations with depth.
Below a sediment depth of 10 cm, the higher phos-
phate concentrations indicate a stimulated release in
both treatments, resulting from enhanced microbial
production, as well as from enhanced desorption.
The produced phosphate will enter the  surrounding
sediment via diffusion along a concentration gradient
and is transported via non-local transport to the
water column. The latter process may partly explain
the unusually high phosphate concentrations near
the sediment surface. However, the bulk may result
from a shift to a more intense anaerobic metabolism,
also consistent with the appearance of Beggiatoa
spp. in these cores. As a consequence of increased
sulfate reduction in the upper sediment layers, the
produced sulfide causes desorption of phosphate,
which diffuses into the water column (Heijs 2000).
The phosphate release caused by M. viridis is com-
parable to that found in a study by Karlson et al.
(2005), with a benthic flux of approximately 0.1 mmol
m−2 d−1, and to the measured flux of 0.09 to 0.12 mmol
m−2 d−1 found in a study by Urban-Malinga et al.
(2013), most likely caused by M. neglecta (pers.

comm.); these data are consistent with the results of
the present investigation.

Functional diversity

A classification of benthic organisms into func-
tional groups or traits is helpful when assessing their
direct and indirect ecological effects. Since feeding
types of Marenzelleria spp. are assumed to be consis-
tent, comprising surface deposit and suspension
feeding (Fauchald & Jumars 1979, Dauer et al. 1981,
Sikorski & Bick 2004), and owing to close taxonomi-
cal and morphological similarity, functional differ-
ences of the 3 sibling species are frequently assumed
to be negligible (Hietanen et al. 2007, Norkko et al.
2012), although for M. arctia no information is avail-
able. In a previous tracer experiment, Renz & Forster
(2013) found all 3 sibling species to be biodiffusers in
terms of particle transport (François et al. 2001,
Gérino et al. 2003). However, confirming the results
of the present study, a disparity was found. M. arctia
was shown to affect solute transport primarily by
enhanced molecular diffusion, while M. viridis and
M. neglecta exhibit non-local solute transport.

The indirect functions measured as changes in
nutrient dynamics and oxygen uptake in the present
investigation emphasize the complexity of macrofau-
nal bioturbation activities and their effects on micro-
bial communities (Meysman et al. 2006). Thereby,
the 3 closely related polychaetes emerged with dif-
ferent activity patterns related to their individual
species traits. With regard to their oxygen consump-
tion as a key ecosystem function (Norling et al. 2007),
the periodic irrigation of the blind-ended burrows of
M. viridis and M. neglecta creates oscillating redox
conditions in the surrounding sediment, consequently
stimulating the rates of mineralization of organic
material (Forster & Graf 1992, Aller 1994, Kristensen
& Kostka 2005). Due to the different individual spe-
cies traits (e.g. burrow structure and irrigation pat-
terns), a similar magnitude of stimulation may not
occur in the presence of M. arctia. Assessing the rel-
evance of the 3 morphologically similar species
related to all these indirect functions, the deep-bur-
rowing species M. viridis and M. neglecta may,
therefore, cause profound changes in resources, act-
ing as important ecosystem engineers. They should,
therefore, belong to one functional group, distinctly
different from that of M. arctia. The ecological conse-
quences of a potential spread of M. arctia into the
southern areas of the Baltic Sea are assumed to be
less dramatic than a comparable spread of M. viridis.
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