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Abstract: Different irrigation or ventilation strategies by macrofauna may provide a competitive 
advantage to tolerant species invading impacted benthic systems and alter benthic-pelagic coupling. 
To comparatively analyze the effects of an exotic and a native polychaete burrower on sediment-
water exchanges, two laboratory experiments were performed. In the first experiment, the invasive 
spionid polychaete Marenzelleria neglecta was added to defaunated sediments and fluxes of the inert 
tracer (bromide, Br−) were measured to quantify the effects of irrigation by the worm on the tracer 
transport. In the second experiment, M. neglecta or the native polychaete Hediste diversicolor were 
introduced to a relatively diverse Baltic soft-bottom macrofauna community. The effect of species 
on fluxes of reactive solutes (ammonium, NH4+, and phosphate, PO43−) and transport rates of Br− was 
estimated. The results indicate different invasion effects depending on the characteristics of the 
recipient habitat. In defaunated sediments, a single specimen of M. neglecta significantly enhanced 
originally low solute exchange rates. Total tracer flux was significantly enhanced over diffusive flux 
by a factor of 1.6 ± 0.14 (n = 3). In natural sediments, on the other hand, the addition of either M. 
neglecta or H. diversicolor had no statistically significant effects on benthic fluxes. Tracer flux 
estimates between control and treatment incubations differed by less than 10% on average, and both 
reactive solutes tended to increase by 10 to 40% after additions. One specimen of M. neglecta in cores 
with defaunated sediment generated approximately 20% of the tracer flux produced by the 
relatively diverse macrofauna community. Estimated net tracer fluxes in two experiments 
corresponded well with the number of adult polychaetes found in sediments (r2 = 0.73, p = 0.005, n 
= 12). The invasive M. neglecta produced a small effect on fluxes in biodiverse sediments, comparable 
to those of H. diversicolor, but it may deeply alter porewater chemistry in azoic sediment. As M. 
neglecta tolerates chemically reduced and sulphidic conditions, its bioirigation may favor sediment 
reoxidation and ultimately the recolonization by less tolerant, native species. 
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1. Introduction 

Understanding and evaluating the functional role of individual species is linked to the growing 
awareness of invasion phenomena in marine ecology [1–6]. There is a need to quantify the impacts 
of species in recipient ecosystems [7–9] and to gain more knowledge regarding the extent of changes 
in biogeochemical cycling caused by invasions [10,11]. There is also a need to evaluate whether exotic 
species, whose invasion is favored by specific constraints (i.e., dystrophy, anoxia), may perform 
ecosystem services that contrast such constraints and ultimately reverse impacts [5,12]. While 
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dependence between a system’s susceptibility to invasions and its diversity has been discussed 
extensively [8,13–15], the relationship between invasive species’ impact and recipient system 
diversity has rarely been examined [6,16]. It has been hypothesized that changes in species richness 
may have more profound effects in low-diversity than high-diversity ecosystems [17,18]. Moreover, 
the role of functional redundancy (i.e., several species performing the same functions) may be as 
important as or even more important than species richness [19,20]. Thus, it seems that the effect of an 
invasive species on the recipient ecosystem and its (biogeochemical) functions may depend on both 
species richness and functional diversity. 

Two kinds of sediment incubations are being used to quantify species impact on the exchange 
of solutes. In situ studies are carried out on unmanipulated sediment, which has a natural level of 
transport rate variability [21–25]. This approach is used to characterize the complex benthic 
community’s role expressed as a ratio of measured total flux and estimated diffusion rate of a solute. 
Since manipulation of community structure is difficult in the field, assessment of the role of a 
particular species is limited. The second approach is based on laboratory measurements of solute 
exchange when a single species is introduced to partly or completely homogenized sediment [26–30]. 
Even with the manipulation of a particular species, the removal of other organisms prevents the 
retention of different pathways of solute transport. Therefore, the natural level of solute exchange is 
probably not reflected in these experiments, and treatment effects are more pronounced. Therefore, 
both of these approaches applied either in situ or in laboratory experiments are not suitable to 
quantify single species effect in a complex environment, a central issue when evaluating the role of 
species introductions. 

In order to assess the role of an invasive species on different levels of a recipient system, 
macrofauna diversity was manipulated experimentally. In this respect, our study was designed to 
mimic the introduction of the burrowing polychaete Marenzelleria sp. into European waters in the 
mid-1980s [31–33]. This spionid species is able to tolerate low oxygen conditions and salinity 
gradients as well as the presence of hydrogen sulfide [34–36] and has the highest population 
production rate ever reported for polychaetes [37]. As a result, Marenzelleria became dominant within 
a few years in many coastal areas that had different species richness (the Baltic Sea: for review see 
[38]; the North Sea: [39]). Its importance in the local food web is confirmed [40,41], and the potential 
for significant competition with common benthic species has been reported [42,43]. 

The main goal of this study was to examine the role of this species on the transport of solutes in 
benthic habitats characterized by differences in macrofaunal diversity. We applied two different 
experimental approaches; (1) Marenzelleria neglecta was introduced to the defaunated sediments to 
mimic the species invasion into an “impoverished” type of benthic community or “azoic” state of 
sedimentary habitat. Similar conditions have been reported as being typical for the Baltic Sea [44,45] 
and clearly reflect the negligible contribution of benthic macrofauna irrigation to the net material 
fluxes. (2) M. neglecta or the dominant native polychaete (Hediste diversicolor) was introduced to 
sediment with a relatively diverse community and high natural background of solute transport rates. 
Here we simulated the scenario of the new species invasion and changes in abundance of the native 
dominant species in coastal sediment of the Baltic Sea characterized by high bottom macrofauna 
diversity. 

2. Materials and Methods  

2.1. Sediment and Macrofauna Sampling 

Fifteen sediment cores (inner diameter 10 cm, length 60 cm) containing local bottom macrofauna 
were taken at approximately 0.6 m depth and a salinity of 15 psu in Breitling Bay, southern Baltic Sea 
(54°10.6′ N; 12°08.2′ E). At the same time (November, water temperature 10°C) macrofauna samples 
were taken in parallel (3 replicates) with hand-operated tube corer (inner diameter 10 cm) and fixed 
with buffered 4% formaldehyde solution. Standard macrofauna counting and weighing procedure 
on these samples provided general information on soft-bottom macrofauna present in the sediment 
sampled for the experiments. 
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For the experimental treatments, specimens of the nereid polychaete H. diversicolor were 
collected at the site where sediment sampling occurred. In the laboratory, the worms were 
maintained under continuous aeration in tanks which contained unsieved habitat sediment. Since 
Breitling Bay is known to be only occasionally invaded by very low numbers of M. neglecta [46], for 
experimental manipulations this species was sampled at a shallow site in the Darss-Zingst Bodden 
chain (54°25.1′ N; 12°46.9′ E). Worms were subjected to the stepwise salinity adaptation from 8 
(natural conditions) to 15 (experimental conditions) for one-week during laboratory maintenance 
before the experiments. No significant effects of this salinity change on the species metabolic activity 
was expected, relying on the overall conclusion of the species’ ability to cope with a wide range of 
experimental salinity regimes (from 0.5 to 30 psu) [47]. 

2.2. Experimental Design 

Six sediment cores were frozen after transport to the laboratory. The remaining nine cores were 
filled with approximately 1 L of filtered habitat water (salinity 15), aerated (air bubbling) and 
maintained at in situ temperature (11°C), in a dark constant-temperature room. Average water–
sediment volume ratio in the cores was 1 ± 0.07:1.4 ± 0.2. Water movement inside the cores was 
maintained before and during incubations by slow air bubbling in order to prevent stratification. The 
overlying water was changed every 3 days using a peristaltic pump and avoiding sediment 
resuspension. Oxygen concentration did not fall below 6.5 mg/L during cores maintenance under 
laboratory conditions.  

Two sets of experiments were carried out using defaunated (experiment 1) or natural 
(experiment 2) sediments. 

In experiment 1, six cores with frozen sediment were thawed a week before experiment, and 
dead macrofauna organisms were removed from the sediment surface. Two tracer incubations, with 
three replicate cores each time, were carried out. Measurement of nutrients was not done in this 
experiment, since the freezing of sediment significantly altered fluxes of reactive solutes in 
preliminary experiments. Transport rates in such sediment were not comparable with those in natural 
cores.  

The first incubation of sediment without macrofauna was designed to test correspondence 
between measured and calculated diffusive fluxes (see model description below). Sodium bromide 
solution (tracer) was injected into the overlying water (initial Br− concentration 4.2–4.8 mM) and 1 mL 
samples were taken every 20–30 min during the first 3 h. Thereafter sampling frequency was 
incrementally decreased from once per hour to every 3 h during the daytime over the next 3 days, 
after which time incubation was terminated. Sediments were then immediately sectioned at 0.5 cm 
intervals down to 3 cm depth, and at 1 cm intervals between 3 and 10 cm depth. Subsamples of wet 
sediments were taken for porosity (2 cm3), density and grain size analysis (∼100 g dry weight). 
Porewater was separated by centrifugation (800 rpm for 5 min) using a modified version of the 
centrifugation tube [48] and used for Br− analysis. 

During the second incubation of defaunated cores, single specimens of M. neglecta were added 
(3 replicates). Species abundance in treated cores was equivalent to 130 ind m−2, which is in the range 
observed in stressed oligohaline habitats (e.g., Darss-Zingst: [49]; Curonian lagoon: [50]). After a 1-
day acclimation, Br− was injected into the overlying water of experimental cores. Tracer sampling and 
handling of sediment were conducted as described above. 

During experiment 2, three experimental runs were carried out with natural sediment cores 
(Figure 1). Three replicate cores with newly exchanged biotope water were used in each run. 
Sediment handling (slicing and macrofauna counting) and porewater extraction (centrifugation) of 
these three replicates at the end of each run took 10 to 12 h. Therefore, the experimental runs (1–3) 
were sequential and followed the same protocol. 
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Figure 1. Sequence of experimental procedures carried out during experimental runs with natural 
sediment in experiment 2 (see text for explanations). 

The first run started 4 days after core collection. During the first two days, the initial control flux 
of NH4+ and PO43− was measured (Figure 1). Overlying water samples were taken successively every 
2–3 h during the daytime. The removed water volume was replaced by adding water with known 
nutrient concentrations. 

After the 2-day measurement of initial control flux, most of the overlying water in the cores was 
exchanged, and three adult worms of M. neglecta (~400 ind m−2, ~5.0–7.6 g ash free dry weight (AFDW) 
m−2) were added. Worms burrowed immediately, and their subsequent acclimation lasted 24 h. The 
duration of the acclimation period was arbitrarily selected to compromise between minimizing the 
time interval between the control (before) and treatment (after) measurements and maximizing the 
time for the added specimens to establish their burrows. After 24 h, the measurement of nutrient 
fluxes in treated cores was conducted for the following 2 days at regular intervals. Time intervals 
between samplings were the same as in control measurements. 

After the nutrient flux measurements, the overlying water was exchanged, and Br− was added. 
Tracer sampling during the following 3 days and handling of sediment were carried out in the same 
way as described for experiment 1. Porewater was used for the determination of the concentrations 
of NH4+, PO43−, and Br−. During sectioning, large macrofauna (i.e., organisms noticed by the naked 
eye) were identified to the species level and counted. 

The second run started on day 17 after the core collection. All experimental procedures were 
performed following the same scheme as in run 1 except that three adult H. diversicolor worms (~400 
ind m−2, ~7.2–10.9 g AFDW m−2) were added to the experimental cores. 

Since species additions in the first two runs were simultaneously coupled with water 
replenishment and a one-day acclimation period, run 3 was designed as an internal control to 
separate between these effects. All procedures during this run (27 days after sediment sampling) were 
performed in the same way as in the treatment runs (runs 1 and 2) but with no addition of worms. 

2.3. Processing of Samples and Calculation of Solute Fluxes 

Ammonium (17.5 mL samples) and PO43− (25 mL samples) were determined according to [51] 
and [52] respectively. The precision of methods was 0.02 μM for PO43− and 0.1 μM for NH4+. Bromide 
concentrations were measured by ion chromatography with conductivity (column: Sykam LCA A14, 
Sykam GmbH, Eresing, Germany) or UV/VIS detection (Sykam IBJ A3, Sykam GmbH, Eresing, 
Germany) with an analytical precision of 0.5% at 5 mM and 1% at <1 mM Br−. Porosity was calculated 
from water content data determined after drying the sediment at 60°C overnight. The grain size 
distribution of sediments was determined by standard dry sieving procedure for 1 cm sediment 
layers (down to 10 cm depth) from three randomly selected experimental cores. 

Total fluxes of NH4+ and PO43− during control and post-treatment stages were estimated for the 
time period of the best linear fit (maximum coefficient of determination) to the initial and always 
highest concentration changes (Figure 2). This initial time span approached by linear fit with the 
coefficient of determination always greater than 0.70 was limited to 12–35 h for ammonia and to 21–
35 h for phosphate flux calculation. Total fluxes across the sediment-water interface in cores were 
calculated according to: 𝑁𝑒𝑡 𝑓𝑙𝑢𝑥 ൌ 𝑉 𝐴  𝑑𝐶𝑑𝑡   
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where V is water volume of overlying water (l), dC/dt is the difference in NH4+ or PO43− concentrations 
estimated from the slope of the fitted linear regression for time period, dt, of the highest coefficient 
of determination and A is a surface area of the core sediments (m2). Later on, nutrient fluxes were 
corrected for additions of water carried out to compensate volume removed during the sampling. 

 
Figure 2. Ammonium concentration before (open dots, calculated initial control flux 4.18 mmol m−2 
day−1, n = 10) and after Marenzelleria neglecta addition (shaded triangles, calculated flux after addition 
6.28 mmol m−2 day−1, n = 9) in experiment 2 (run 1). 

Total Br− uptake from the overlying water was estimated for a whole incubation period (72 ± 0.9 
h). The initial and final Br− concentrations used were derived from the logarithmic fit of concentration 
decrease versus incubation time. 

Time-dependent diffusive decline of Br− in the overlying water and corresponding tracer profile 
in the sediment were simulated for all individual cores using a previously described box model 
[25,53]. In short, the box model constructed using software Stella® (Version 1.1, High Performance 
Systems, Inc., Lebanon, NH, USA, 2001) assumes a homogeneously mixed water column, a diffusive 
boundary layer (DBL, 350 µm thick) and 30 sediment layers of 4 mm vertical resolution. Iterating at 
30 s time intervals, transport between adjacent sediment layers (boxes) is calculated from Fick’s First 
Law with measured porosities used to calculate the sediment diffusion coefficient according to 
Archie’Law [54]. The aim of the diffusion model application was to estimate an average diffusive flux 
during incubation. The ratio of measured (hereafter “total”) to the modeled (hereafter “diffusive”) 
Br− flux was then used to characterize an extent of irrigation (nonlocal effects) in each individual core. 
This ratio asymptotically approaches a constant value with time [25]. While it is small at the 
beginning of incubation due to relatively effective diffusive transport, irrigation effects increase the 
ratio such that a maximum is reached after roughly one day. Our tests carried out on data from the 
same 3-day long incubations showed that the difference of 10 h of incubation (the largest time 
inconsistency found in our experiments) would result in approximately a 0.005 mM difference in Br− 
concentration at the end of incubation. This difference is one order of magnitude smaller than the 
analytical error of Br− determination, and the overall effect on the total to diffusive flux ratio is 
negligible. It also has little effect on the flux enhancement ratio, which was changed by roughly 4%. 
This demonstrates that the time span of 3 days used in the calculation of fluxes effectively minimizes 
their dependence on the exact length of incubation and reflects the average flux, not short-term 
irrigation events. 

2.4. Data Analysis 

Effect of M. neglecta addition on tracer transport in defaunated sediment was tested for 
significance by standard Student test for dependent samples. Differences between measured total 
tracer fluxes and calculated by the diffusive transport model for individual cores were compared. 
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In order to assess the effect of species additions on the transport of non-reactive Br− in natural 
sediment, flux enhancement values were compared. Since the transport of Br− does not depend on 
changes in sediment geochemistry or microbial activity and numbers of irrigators in cores was not 
changed significantly during the experimental time, one-way ANOVA was applied to test differences 
in average flux enhancement between non-parallel experimental runs. 

To estimate species impacts on nutrient fluxes, transport rates of NH4+and PO43− were measured 
before species addition (initial control flux) and compared with those determined after species 
addition (flux after addition) in the same cores using Student test for dependent samples. Prior to the 
comparison, the initial control flux in each run was adjusted for changes occurring during 1-day 
acclimation period by estimating a daily rate of flux change from the difference of initial control fluxes 
between consecutive runs. This daily rate was added to the initial control flux (if the control flux 
between runs increased) or subtracted from it (if the control flux decreased). The adjusted control 
values for ammonia fluxes differed from those originally measured by less than 10%, while 
phosphate fluxes were modified by approximately 1–2%. 

3. Results 

3.1. Macrofauna and Sediment Characteristics 

Density of macrofauna in Breitling Bay ranged from 33,503 to 49,172 ind m−2 (Table 1), whereas 
biomass was much more variable ranging from 43 to 190 g AFDW m−2. In total, 31 species were found 
in the local community. The number of species varied from 9 to 14 in the different samples. The 
macrofauna was dominated by two irrigating macrofauna species, the nereid polychaete H. 
diversicolor, and the suspension-feeder bivalve, Mya arenaria. Both species accounted for 50–95% of 
the total macrofauna biomass. The density of H. diversicolor ranged from 8400 to 12,350 ind m−2 
between replicates, and the number of adult specimens was approximately 10% of the species 
abundance or less. Individuals of M. arenaria were present in much lower numbers with a few adults 
per core only. The occurrence of other irrigating species, Corophium volutator, and Tubifex costatus, 
was highly variable. No specimens of M. neglecta were found. 

Bottom sediments were mainly formed of fine sand (integral median grain size approximately 
0.16 mm, dry bulk density 1.41 g cm−3). Average sediment porosity was 0.44 ± 0.02. Variability in 
porosity and median grain size was low, and the pattern was similar in the first 10 cm of the sediment 
column. 

In the natural sediment cores used for experiment 2, H. diversicolor was always present, whereas 
M. arenaria occurred in 4 out of 9 cores (experiment 2). The number of adult H. diversicolor was highly 
variable with a maximum density of about 900 ind m−2 (7 adult core−1) and a mean of 500 ind m−2. 
Though one core was inhabited by juvenile worms only, there was generally no regular pattern in 
the variability of macrofauna numbers noticed when handling sediment at the end of incubations. 

The sediment from the cores was heavily bioturbated to 6–8 cm depth, and burrow constructions 
of the large H. diversicolor and M. arenaria were observed to 15–18 cm depth. Depth distribution of 
juvenile H. diversicolor was usually restricted to the surface layer (2–3 cm), whereas burrows of C. 
volutator extended 1 cm deep into the sediments. 

The addition of the dominant burrowing polychaete H. diversicolor during experiment 2 resulted 
in a biomass increase of approximately 20 to 30% when compared to natural sediment. In terms of 
density, the addition resulted in an approximately 2 to 3% change in the total number of H. 
diversicolor. These figures are consistent with the small-scale heterogeneity range observed in samples 
taken from the field. 
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Table 1. Density and ash free dry weight (AFDW) of the most abundant species (0.5 mm mesh size) 
from 3 replicates taken parallel to the sediment sampling for incubation experiments at Breitling Bay 
(54°10.6′ N; 12°08.2′ E). 

T A X A 
D E N S I T Y B I O M A S S 

Average Min Max Average 
Ind m−2 Ind m−2 Ind m−2 g AFDW m−2 

Mollusca     
Mya arenaria 425 127 637 55.3 
Cerastoderma glaucum 127 0 255 0.2 
Peringia ulvae 297 0 510 0.16 
Ecrobia ventrosa 12,357 11,592 12,866 4.7 
Potamopyrgus antipodarum 8705 2930 20,127 2.89 

Oligochaeta     
Baltidrilus costatus 3,482 2293 5350 0.18 

Polychaeta     
Hediste diversicolor 10,870 8408 12,357 36.2 
Polydora cornuta 255 0 510 0.08 
Streblospio shrubsolii 849 0 1401 0.07 

Crustacea     
Corophium volutator 764 0 1656 0.22 
Cyathura carinata 552 255 764 0.26 
Lekanesphaera hookeri and rugicauda 254 127 382 0.09 

Rest 100 0 127 0.05 
TOTAL: 39,122 33,503 49,172 100.4 

3.2. Effects of Marenzelleria neglecta on Bromide Fluxes in Defaunated Sediment (Experiment 1) 

Total Br− flux measured in defaunated sediment corresponded well to the modeled diffusive flux 
(Table 2) and differed by 12%. The actual Br− distribution in the sediment at the end of the incubation 
was also consistent with the modeled tracer profile (Figure 3a). Tracer inventory, i.e., comparison of 
the actual Br– loss from the water column to its final amount measured in sediments resulted in 90% 
agreement (0.49 mmol loss versus 0.44 mmol in sediments). 

Table 2. Diffusive and total bromide fluxes (mmol m−2 h−1) calculated for different incubations (runs) 
in two experiments. 

Incubation Type Diffusive Total Ratio 
Experiment 1:    

Defaunated sediment 0.58 0.66 1.14 
Defaunated sediment (+ 1 M. neglecta) 0.54 ± 0.01 0.87 ± 0.09 1.60 ± 0.14 

Experiment 2:    
Natural community (+ 3 M. neglecta) 0.76 ± 0.26 2.33 ± 0.79 3.00 ± 0.46 
Natural community (+ 3 H. diversicolor) 0.53 ± 0.01 2.42 ± 0.39 3.75 ± 1.03 
Natural community 0.74 ± 0.12 2.41 ± 0.50 3.26 ± 0.44 

Results from the defaunated cores with single M. neglecta added to the sediment show on 
average significantly higher measured tracer flux than the modeled molecular diffusion (t = 3.43, p = 
0.036) (Table 2). Correspondingly, flux enhancement was calculated as 1.60 ± 0.14. 
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Figure 3. Examples of tracer uptake and correspondent concentration profiles at the end of 
incubations of (a) defaunated sediment; (b) defaunated sediment with single M. neglecta; and (c) 
sediment containing natural community. Solid lines show modeled diffusive tracer uptake and 
resulting profile in sediment, open symbols indicate measured concentrations, dashed lines represent 
logarithmic fit to the measured concentrations (see “Material and methods” section for further 
explanations). 

Comparison of total and diffusive Br− distribution in sediment at the end of experiment 1 showed 
a nearly equal amount of tracer transported by irrigation and diffusion in the first 1.5–2.5 cm of 
sediment (Figure 3b). However, below this depth total and diffusive profiles of tracer distribution 
diverged substantially. Comparing both profiles, the amount of tracer transported by diffusive 
transport into the sediment depth of 3 to 4 cm, reached the deepest analyzed layer of 9 to 10 cm depth 
due to irrigation of a single specimen. 

3.3. Effects of Polychaetes on Nutrient and Bromide Fluxes in Natural Sediment (Experiment 2) 

Total Br− flux produced by the natural community in experiment 2 was higher than the exchange 
rate facilitated by one specimen of M. neglecta (Table 2). Total tracer uptake by the natural community 
was enhanced relative to the modeled diffusive flux by a factor of 3.3 ± 0.3 on average and varied 
from 2 to 5.6 in all experimental cores used in experiment 2. Total tracer transport showed little 
variation between the treated (runs 1, 2) and untreated (run 3) cores with highly consistent averages 
from 2.3 to 2.4 mmol m−2 h−1 between runs (Table 2). Therefore, no effect on flux enhancement was 
determined after the addition of either M. neglecta or H. diversicolor (one-way ANOVA, F = 0.30, p = 
0.75) with the largest part of total flux variability being accounted for by variance of fluxes between 
replicates within experimental runs. 

Measured Br− flux, i.e., total tracer transport rate, depended little on modeled diffusion (r2 = 0.22, 
p = 0.132, n = 12). Within experimental runs, tracer flux between replicates differed by a factor 2 to 3. 
However, a considerable part of observed flux variability is explained by the number of polychaetes 
found in the experimental cores at the end of each run (r2 = 0.73, p = 0.005, n = 12) (Figure 4a). 

a b c 

a b c 
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Figure 4. Total bromide flux (a) and tracer flux enhancement (b) vs. density of polychaetes found in 
the sediment after incubations. The horizontal dashed line denotes average flux enhancement 
estimated for the unmanipulated natural sediment. 

Attributing tracer flux enhancement (ratio of total to diffusive transport rate) to the number of 
polychaetes (Figure 4b), the linear relationship explains considerably less variation (r2 = 0.40) and 
poorly approaches measured values at densities larger than 400 ind m−2. Conversely, the asymptotic 
non-linear fit approaches an average flux enhancement of approximately 3.3, which is found at higher 
densities of polychaetes where no apparent increase in irrigation activity occurs. 

Bromide distribution in the sediment was generally in agreement with the results on tracer 
exchange rates calculated from the Br− concentration decline in the overlying water. During the 3-day 
incubation, Br− was transported far below 10 cm depth in the natural sediment (Figure 3c). This 
considerably exceeds the maximal depth range of approximately 6–7 cm where Br− would be 
transported by diffusive transport only. Assuming a balance between the amount of tracer lost from 
the overlying water and distributed in the pore water of the sediment at the end of incubation, on 
average 40 ± 15% of tracer was transported below the diffusive transport boundary. 

Ammonia and PO43− releases from sediments were increased by 10 and 14%, respectively, after 
M. neglecta was added to the natural community (run 1, Figure 5a). However, no significant difference 
in flux was found for either of the nutrients comparing control fluxes with the exchange rates after 
the species addition. 
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Figure 5. Effects of species additions and water exchange on the net dissolved fluxes of ammonia 
(closed bars) and phosphate (open bars) in experiment 2: (a) Marenzelleria neglecta-run 1, (b) Hediste 
diversicolor-run 2, (c) exchange of the overlying water-run 3. Values are the mean ± standard error for 
3 replicate cores. 

Addition of the native species H. diversicolor (run 2) resulted in a 17% higher flux of NH4+ and a 
40% increase in PO43− flux (Figure 5b). Although treatment effect on PO43− flux was substantially 
higher than after the addition of M. neglecta, the observed increase was not significant. 

Simulated replenishment of the overlying water between control and post-treatment incubations 
(run 3) showed negligible effects on the total nutrient fluxes (Figure 5c). Ammonia and PO43− fluxes 
were reduced by up to 5% compared to the initial control flux measurements. Effects generated by 
water exchange in cores were an order of magnitude lower than after species additions and might be 
considered as unimportant for separation of polychaete effects. 

4. Discussion 

4.1. Effects of Polychaetes on Nutrient and Bromide Fluxes 

Many experimental designs that were developed to quantify single species effects are performed 
with homogenized (defaunated) sediment and therefore reduced background variability of solute 
fluxes. Following this approach in our study, the modeled and measured diffusive fluxes in 
defaunated sediment agreed well, indicating errors of approximately 10–15%. Given the analytical 

a 

b 

c 
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precision of 0.025 mM and some error possibly introduced by the limited resolution of the interfacial 
porosity gradient, this difference is not significant. 

Simulated invasion of Marenzelleria neglecta (by adding specimens to the defaunated sediments) 
resulted in significantly enhanced tracer fluxes. Adding a single polychaete specimen to 
approximately 80 cm2 of surface area facilitated the penetration of the tracer to sediment depths of 10 
cm, twice exceeding molecular diffusion limits during the three-day tracer incubations. Bromide flux 
was on average enhanced by a factor 1.6 relative to molecular diffusion after the addition of a single 
M. neglecta. This is comparable to estimates revealed by oxygen flux measurements for H. diversicolor 
in sieved sediments [55]. Flux enhancement generated by a single polychaete is also similar to those 
reported for meiofauna communities [56]. Despite similar to that reported for native macrofauna or 
meiofauna, this result has a specific meaning for Marenzelleria, as this tolerant organism is a pioneer 
genus able to colonize azoic and sulphidic sediment [57]. Its burrowing activity and capacity to cope 
with chemically reduced conditions allow it to flush and dilute pore waters, introduce oxygen- or 
nitrate-rich water deep into the sediment, and permit in the long-term the creation or expansion of 
an oxidized horizon [5,58]. Such bioturbation activity has multiple implications, including the 
reoxidation of reduced metal pools (Mn2+ and Fe2+) that constitute the natural biogeochemical buffer 
mechanism for P, as well as for coupled nitrification-denitrification, which net remove N [5,30,59]. 
Recent studies revealed that Marenzelleria might promote sulphidic conditions, selecting tolerant 
organisms [11,60] or favoring processes as dissimilative nitrate reduction to ammonium at the 
expenses of denitrification [61], which is probably true in the short but not in the long term [5]. In a 
longer temporal perspective, the physiological capacity of Marenzelleria to cope with high sulfide 
concentrations in the sediment may create positive feedback for the colonization of other less tolerant 
and native organisms, ultimately restabilizing the biodiversity and biogeochemical functioning of the 
benthic system [5,58]. 

On the other hand, the results from treatments in sediment with a natural benthic community 
showed that a new species invasion (M. neglecta) or changes in abundance of a dominant native 
species (H. diversicolor) had no statistically significant effects on Br− fluxes. Tracer flux averages 
between individual runs differed by less than 10%. This result seems contrasting with differences 
between the two species in burrow ventilation (nearly 10 times higher in Hediste and performed at 
regular intervals), bioirrigation (higher by Marenzelleria), burrowing depth (higher for Marenzelleria) 
and physiological features (higher sulfide tolerance by Marenzelleria) [58,60,62]. It is likely that 
frequent ventilation of burrow with low solute concentrations produces a similar effect than less 
continuous ventilation of burrow with high solute concentration. 

Up to now, only a few attempts have been made to manipulate the benthic community either in 
laboratory or field incubations [56,63] in order to study faunal impacts on the exchange of solutes. 
[23,27] were able to relate the abundance of H. diversicolor to the PO43− gradient in sediments in in situ 
incubations, yielding an R2 = 0.80–0.90 for their observation. However, neither the composition nor 
structure of the incubated benthic community was described. In contrast, significant relationships 
were not found between biotic parameters and observed fluxes in a study employing manipulated 
meiofauna communities [56]. Other studies [22,24,64] revealed qualitative patterns of increased 
exchange of solutes in habitats with more abundant bottom macrofauna than in impoverished ones, 
but no quantitative relationships were established. Quantitative relationships between macrofauna 
and meiofauna communities and process rates (denitrification), were reported likely due to the 
accuracy of the isotope pairing technique [[30,61,62]. In our study, an abundance of adult nereids 
estimated from field samples (∼550–1100 ind m−2, n = 3) was consistent with numbers of adults found 
when sectioning the experimental sediment (0–900 ind m−2, n = 12). Even though the accuracy of the 
later counting might be lower (meiofauna and juvenile polychaetes not considered when sectioning 
the experimental sediment), the density of adult polychaetes was positively related to Br-fluxes and 
explained 72% of the total tracer transport variability. 

Generally, transport rates of reactive solutes varied independently of the exchange of the inert 
tracer even during the same experimental runs. To some extent, this was determined by the 
experimental design. Sediment geochemical properties important for ammonia and phosphate 
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transport differed between individual runs (e.g., run 1 and run 3 on day 4 and 27 after sediment 
sampling, respectively), whereas the tracer gradient between the sediment and overlying water was 
always kept comparable by adding similar tracer amounts to the cores. Another source of results 
divergence may come from the time lag involved in the measurement of treatment effects on inert 
and reactive solute fluxes. Measurement of nutrient fluxes always started one day after treatment 
while Br− incubation was initiated 3 days after experimental additions. The time difference between 
the measurements could potentially stimulate some divergence in the results even though 
experimental additions on both solutes fluxes tend to be insignificant. Differences in the 
biogeochemical nature of the solutes, however, were probably more important than specifics of 
experimental design. Reactive solutes would provide more a complex assessment of changes induced 
by fauna manipulations than inert ones, for they are involved in numerous reactions, particularly at 
the burrow interface. A considerable part of the inconsistency between nutrient and tracer fluxes 
might also be attributed to the different number of transport pathways inert and reactive solutes may 
follow in natural sediment. For instance, at higher PO43− concentrations in the sediment, the activity 
of bottom-dwelling animals may induce both its transport from sediment by irrigation of deep 
burrows (increasing transport from sediment) as well as adsorption to ferric oxides due to sediment 
aeration (reducing transport from sediment). Irrigation effect on the transport of the inert tracer from 
the overlying water into the sediment, however, will only result in its increased exchange along the 
concentration gradient. Therefore, groups of benthic organisms that differ in their behavior and 
vertical distribution in sediment may have opposite or compensatory effects on the fluxes of reactive 
solutes, while this is less possible for inert tracers. Such divergence between the transport of inert and 
reactive solutes is more likely in sediment with higher diversity of benthic species and increased 
complexity of the sediment-animal interactions. This suggestion is supported by other findings [65], 
which showed a decoupling between nutrient fluxes and irrigation activity at their more intensely 
irrigated sites. 

Increasing the number of the ragworm, H. diversicolor, showed a 35% increase on Br−, 40% 
increase on NH4+, and 70% increase on PO43− as compared to effects induced by the non-indigenous 
M. neglecta. Although we applied a correction for slightly different conditions during control 
measurements, a clearly higher exchange was induced by the nereid worm. This can be partly 
explained by the larger net metabolic rate of added nereids due to their ∼20–40% larger biomass 
compared to Marenzelleria, assuming comparable biomass normalized metabolic rates of both 
species at normoxic conditions according to [66]. In addition to that, higher flushing rates between 
250 and 700 mL g−1 h−1, as found earlier for nereids [67], may also favor higher effects of H. diversicolor 
in our experiments. Under oxic conditions, H. diversicolor keeps rhythmic ventilation of its burrows, 
whereas M. neglecta does not show such regular irrigation [61]. The larger body width of the adult H. 
diversicolor [52] results in significantly large burrow diameter of 3–5 mm, while the diameter of a 
typical burrow of M. neglecta ranges from 1.8 to 2.2 mm. At the same time, the branched burrows of 
ragworms [68], as compared to the tighter I- or J-shaped structures produced by spionid M. virdis 
[69], may potentially result in larger sediment–water interface at comparable abundances of both 
species. The differing volume of sediment irrigation by these two polychaetes may lead to 
considerable differences between the species’ effects in longer temporal scales. In short term 
experiments, however, the response of microbial metabolism to the treatments is less instantaneous 
than compared to porewater flushing effects [10,55,70]. Therefore, in our incubations, the different 
extents of bacterial activity around the tubes of two polychaete species were probably less important. 
Similarly, the ability of M. neglecta to penetrate considerably deeper (30–35 cm depth) than Hediste 
diversicolor was not reflected in our experiments. Depth of experimental sediment was limited to 
approximately 18–20 cm and the sediment column was bioturbated by both species, while in natural 
conditions, M. neglecta may significantly increase the bioturbation depth and introduce qualitatively 
new biogeochemical reactions by flushing deep sediment with oxygenated water. This might be 
particularly important in habitats occupied by shallow burrowers only (e.g., Corophium species, 
Mesidothea entomon, chironomids, and oligochaetes), where large volumes of deep sediment are not 
involved in material cycling. Deep burrowing and nocturnal swimming of M. neglecta [71,72] may 
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lead to a considerably increased number of burrows per individual if considered on the long term 
scale. However, specific experimental approaches would be needed in order to study these species 
traits in relation to the sediment-water interactions. 

In summary, average flux enhancement in defaunated cores containing a single specimen of M. 
neglecta was about one fifth than that of the natural sediment community. Assuming averaged 
community’s characteristics (Table 1), one sediment core with the natural community sampled would 
contain roughly 80 specimens of H. diversicolor, with only 8 of them being adults. In view of this 
average density and probably stronger bioirrigation capability of H. diversicolor, the effect of a single 
M. neglecta worm appears to be dramatic. On the other hand, applying an individual irrigation rate 
of 0.35 mM Br− h−1 m−2 ind−1 for a single M. neglecta estimated from treated defaunated sediment (Table 
2), experimental additions in the natural community would result in approximately 45% increase in 
tracer exchange. These results indicate that the relation between irrigation effect and macrofauna 
abundance may be non-linear. Similarly, fluxes of contaminants per individual from sediment were 
greater at a lower density of tubificids in microcosm incubations than at higher densities [73]. For 
higher densities of freshwater chironomid larvae, underestimated values of measured solute 
transport rates were reported [29] after comparison with those calculated by a model with no density 
effect. Density-dependent effects at the population level were recently estimated for dense clumps of 
mussels as well [74]. Since individuals within a clump are filtering water already cleared by 
individuals in the outer layer, the clearance rate of the clump is vastly overestimated if individual 
rates are simply multiplied with abundance [74]. In the sediment, characterising crowding effects by 
inter burrow distance (inversely proportional to the density) was originally explored using a cylinder 
model [75]. In the case of a downward tracer transport, increasing density of burrows will be coupled 
with the overlap of their microenvironments. This will result in a reduced total tracer flux to the 
sediment at the same irrigation rate than the simple arithmetic sum of the individual effects may 
suggest. For fluxes to the water column, however, the major regulating factor is the concentration 
gradient between pore and bottom water. Higher densities of burrows result in low pore water 
concentrations, determining low effluxes and non-linearity as compared to the stimulatory effect of 
a few individuals. 

4.2. Implications for Experiments on New Species Impacts 

In spite of numerous examples of species invasions, a general framework and criteria that allow 
prediction of species impacts on their environment are often lacking [9]. Even though functional 
redundancy was reported to be important when considering the role an invader plays in an 
ecosystem [17,76], and species effects seem to differ between habitat types, the phenomenon itself 
attained little attention in experimental ecology. 

In case of the polychaete M. neglecta in the Baltic Sea, both relatively diverse coastal areas and 
depleted oligohaline habitats have been colonized [38]. Often the species became abundant in 
impoverished habitats dominated by oligochaetes and chironomids prior to the invasion. An example 
of the species bioturbation effect in the sediment of the brackish Curonian lagoon (south-eastern 
Baltic Sea) is given in Figure 6 [77]. Before the polychaete invasion, oligochaetes and chironomids 
exploited sediment layers down to 15 cm depth, with an approximately 20-fold decrease in the depth 
layer of 12–14 cm (Figure 6a). In the deposits below this depth, no macrofauna activity was found. 
However, as M. neglecta became the predominant burrow-constructor, this species was able to 
significantly extend the sediment-water interface in such environments. Relatively few polychaetes 
(300 ind m−2) increased sediment surface area up to three times (Figure 6b). Approximately one 
quarter of this contact zone was located beneath the depth of sediment reworked by oligochaetes and 
chironomids before invasion. 
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Figure 6. Vertical distribution of macrofauna burrow volumes (vertical bars: depth range; horizontal 
bars: standard errors) in the soft-bottom habitats occupied by community of chironomids (1700 ± 1300 
ind m−2, n = 21) and oligochaetes (950 ± 900 ind m−2, n = 21) (a) before and (b) after invasion of M. 
neglecta (300 ± 180 ind m−2, n = 13). Dashed lines denote burrow volumes of chironomids and 
oligochaetes, solid line — burrow volumes of M. neglecta. Modified after [77]. 

In our experiment, we simulated these different scenarios of the species invasion with respect to 
the diversity of the exposed habitat. Results obtained show different effects depending on the 
characteristics of the recipient habitat. The use of defaunated sediments was intended to mimic 
impoverished benthic communities like those found in the Curonian lagoon. Even single specimens 
contribute significantly to the originally low background of solute exchange. It is likely that in such 
environments, colonization/extinction processes may play a particularly important role in provoking 
essential changes in the functioning of an invaded ecosystem. The species’ contribution to the 
exchange of solutes is dampened in a habitat with originally high rates of sediment–water interaction 
as seen in the case of Breitling Bay where the newly contributed flux was negligible. Even though the 
impact of new species is increasing with abundance to some extent, it seems that intense animal–
sediment interactions already present in an environment, i.e., a high background, may significantly 
reduce a new species’ importance in terms of its contribution to relevant processes or functions in 
that ecosystem. 
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