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Continuous and High Transport of Particles and Solutes by Benthos in Coastal Eutrophic Sediments of the Pomeranian Bay
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We present results on bioirrigation and reworking of sediments by benthic macrofauna in sediments of the Pomeranian Bay (southern Baltic Sea), that were obtained ∼22 years ago. The investigation took place at four stations ranging from 9 to 19 m water depth, which we observed between 1993 and 1995 over the course of 30 months. In order to assess exchange of solutes across and particles from the sediment–water interface with the underlying sediments, we used bromide as ex situ tracer for bioirrigation and chlorophyll a equivalents as in situ tracer for particle reworking. Using models to interpret tracer distributions in the sediment, we compare the magnitudes of small scale, diffusion-like, versus relatively large-scale, non-local, transport modes. Our results indicate a spatial differentiation of the bay: the coastal station most heavily impacted by eutrophication close to the Oder River mouth showed medium reworking and intense bioirrigation combined with lower chlorophyll concentrations throughout the sediment. This contrasts with high surface pigment concentrations at the shallow Oder Bank station, indicating benthic primary production and intense particle mixing. Medium local particle reworking at the northwestern station and medium mean solute transport rates characterized the two deeper stations in the northern Bay. The bromide tracer experiments, which exclusively depict animal activity, showed significant biological solute transport to ∼10 cm sediment depth within 3 days. Non-biological transport mechanisms in the field (resuspension, fishing activity, and pore water advection) might additionally affect the in situ tracer chlorophyll a – depth distributions. This tracer, too, indicates mixing within the uppermost 10 cm of the sediment within ∼2–3 months. In general, experimentally obtained solute transport constants were higher than most values reported previously (surface α: 155 year-1) and particle reworking was at the high end of reported values as well. Thus, benthic fauna is responsible for an intense bioturbation in Pomeranian Bay. Specifically, high bioirrigation rates were associated with high density and biomass of deep burrowing polychaetes. Recently published rates of particle reworking in the same area are on the same order of magnitude as ours obtained two decades ago. This finding is consistent with the species composition which generally remained the same.
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INTRODUCTION

Bioturbation activity by benthic fauna influences early diagenetic processes, which are important for organic matter decomposition in benthic habitats. In estuarine regions with high nutrient inputs and intense matter cycling a well-developed macrofauna community plays a key role in organic matter degradation before final burial of the material in deeper sediment layers. Depending on the organisms’ densities, body size, mode of locomotion, and feeding type as well as the seasonal and interannual variability of benthic communities, the transport intensities vary considerably between sites (e.g., Lee and Swartz, 1980).

Transport processes in the solute phase (bioirrigation) primarily determine the oxidation status of the sediment by a downward transport of dissolved oxygen from the water column into the sediment and a release of reduced/adsorbed compounds like ammonia, phosphate, hydrogen sulfide, or methane (e.g., Aller, 1982). Particle reworking by fauna (particulate phase transport) often causes a rapid downward transport of labile fresh organic material derived from the water column (e.g., Graf, 1992), a slower transport of inorganic particles in the same direction, and may be responsible for the release of particle-associated contaminants due to changing redox conditions (e.g., Emerson et al., 1984; Kersten, 1988). Bioturbation is considered sensitive to anthropogenic drivers (Griffiths et al., 2017), but its effects on ecosystem functioning remain unclear. The present study adds to the understanding of variability and drivers of bioturbation in a comparatively shallow marine system.

Tracer studies using either artificial or natural tracer substances are used to quantify transport processes by benthic animals. In order to compare methods and transport mechanisms involved in different habitats, mathematical simulations of reworking and bioirrigation may be applied using diffusive and/or advective (non-local) transport modes (e.g., Berner, 1980; Aller, 1982; Aller and Yingst, 1985; Boudreau, 1986a,b; Martin and Banta, 1992; Sun et al., 1994; Soetaert et al., 1996; Gerino et al., 1998). Inert bromide ions are the most common solute tracers used. Still the number of studies with application to natural benthic communities is scarce (e.g., Martin and Banta, 1992; Forster et al., 1995, 2003b; Kauppi et al., 2018). Thus, both magnitude of solute exchange and the factors responsible for the transport still need further investigation. Particle tracer studies are more frequent and a whole suite of particles (minerals, various radionuclides, artificial particles, and chlorophyll) have been used (compare, e.g., Boudreau, 1997; Bradshaw et al., 2006). In the sediment chlorophyll is a highly attractive and labile substance and may therefore be particularly suited to trace bioturbation.

A few studies, mostly from the Baltic Sea, (Powilleit et al., 1994; Quintana et al., 2007; Hedman et al., 2011; Renz and Forster, 2013) combine particle and solute tracer studies. The combined studies of transport in these two phases representing the sediment has provided insight in the relative importance of solute versus particle movement, however, mostly in single species experiments. Studies using natural communities and both solute and particle tracers might reveal patterns of bioturbation (e.g., seasonal, geographic, external factors, other), since their common driver is the benthos. Bioturbation studies from the Baltic Sea are rare and often give information restricted to single species (e.g., Mahaut and Graf, 1987; Brey, 1989; Schaffner et al., 1992; Powilleit et al., 1994; Renz and Forster, 2013, 2014). The investigation presented here was conducted in the Pomeranian Bay, a coastal region in southern Baltic Sea influenced by the Oder River. A benthos sampling program started in April 1993 to generate an overview of the status of the macrozoobenthos. The communities were characterized by low species richness and a strong gradient in zoobenthic biomass with highest values in the coastal south western part (Powilleit et al., 1995; Kube, 1996; Kube et al., 1996a,c).

The aim of this study was to quantify particle reworking and bioirrigation at different sites within a relatively homogeneous area of the Pomeranian Bay. The study employed bromide as ex situ tracer for dissolved compounds (Martin and Banta, 1992) and sedimentary pigments as in situ tracer for organic particle movement (e.g., Sun et al., 1991, 1994; Boon and Duineveld, 1998; Morys et al., 2016). Different transports were compared on the basis of mixing coefficients derived from simulation processes with transport models. We identified dominant benthic species and modes of transport involved in different areas of the relatively homogeneous eutrophic shallow habitat to assess the importance of benthic fauna on biodegradation and transport processes. Finally, we compare our findings from the 90s to a recent investigation on particle reworking in this area by Morys et al. (2016, 2017).

The Study Area

The Pomeranian Bay, southern Baltic Sea, is a shallow bay situated north of the Oder river estuary between Germany and Poland. The total area covers approximately 6000 km2 taking the 20 m isobath as the northern boundary to the adjacent Arkona and Bornholm Basins. Water depth is <20 m with the central part the Oder Bank measuring water depths of only 7 to 9 m (Figure 1). Well to very well sorted fine sandy sediments prevail (Bobertz and Harff, 2004) with the exception of the Sassnitz Channel region in the north-western part where sediments are increasingly silty and less well sorted. Except for station 952, which is close but not in the channel, all of our station are located on the relatively homogeneous sandy grounds of the bay.
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FIGURE 1. Map of the investigation area, Pomeranian Bay, and its location in the southern Baltic Sea. Stations are located at different water depths between 9 and 19 m across the shallow bay consisting of well sorted fine sands. The deeper channel system with more heterogeneous and considerably finer sediment is not part of the sampling scheme.



The major discharge of large freshwater input and nutrients into the Pomeranian Bay and source of eutrophication originates from the Oder River, which was one of the most contaminated rivers in Central Europe, through Szczecin Lagoon (Lampe, 1993; Siegel et al., 1996). Discharge loads follows the coast to the north-west or northeast direction depending on the predominant wind direction (Schernewski et al., 2001; Siegel et al., 2005). Tauber and Emeis (2005) substantiated that transport of fine material, nutrients and discharge from the Oder River predominantly occurs in the form of suspended fluffy material into the adjacent Arkona Basin in the north, while sandy bottoms remain stationary for many years.

Mean salinity varied from 7.8 near the Oder mouth to 8.5 near the Sassnitz Channel (Kube et al., 1996a) (Table 1). Sediments are typical of nutrient-poor sands, with median grain sizes ranging from 165 to 190 μm which were associated with low silt fractions (<1% of total mass) and values of loss on ignition (LOI) < 0.6% dry mass, reflecting low organic contents. We did not observe substantial deviations of median grain size at station 952 despite its location close the Sassnitz Channel.

TABLE 1. Abiotic and biotic characteristics of the four stations in Pomeranian Bay.
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The total number of benthic infauna species in the Pomeranian Bay was 35 (Powilleit et al., 1995). About 10 typical estuarine species (e.g., Peringia ulvae, Mya arenaria, Limecola balthica, Pygospio elegans, Nereis diversicolor, and Marenzelleria spp.) have an occurrence of nearly 90% and dominate the species inventory (Powilleit et al., 1995). Additionally these sediments often contain mobile clumps of the blue mussel Mytilus sp. and associated fauna, which resulted in benthic communities a bit more variable in terms of species diversity and biomass (Powilleit et al., 1995). Water depth, sediment characteristics, and the food supply in the bottom water were considered to be the most important factors controlling the distribution of macrofauna (Kube et al., 1996b). In the mid-nineties, when this study was conducted, highest macrofauna biomasses (up to 150 g AFDW m-2) were found in the estuarine region near the river mouth with dominance of suspension feeding bivalves. Pronounced gradients in macrofauna biomass existed from this coastal zone to outer parts of the Pomeranian Bay with biomasses of only 1 g AFDW m-2 (Powilleit et al., 1995).

The four stations of this study represent main macrofauna assemblages in the investigation area which could be separated by multivariate analyses (Powilleit et al., 1995) and basically these macrofauna distribution pattern still persist (e.g., Glockzin and Zettler, 2008; Darr et al., 2014a,b): the organically enriched southwestern coastal part close to the mouth of the Oder river (station 165, 11 m water depth), the shallow and exposed Oder Bank (station 039, 9 m), the northern part of Pomeranian Bay (station 948, 15 m) and the transition zone in the deep channel region in the northwestern part of the bay (station 952, 19 m), which is connected to the Arkona Basin (see Powilleit et al., 1995).

MATERIALS AND METHODS

Collection and Sample Treatment

Between April 1993 and October 1995 sediment samples of four sampling locations were taken with a box corer (0.0225 m2) and additionally with a van Veen grab for macrofauna analyses in April 1993 (0.1 m2) in the Pomeranian Bay (Figure 1). Box core samples were subsampled on board for sediment pigment analyses (five or six sampling dates per station), for laboratory tracer experiments (up to 10 subcores per station and sampling date), and for sediment analyses using Plexiglas® cores of 10 cm inner diameter.

Bioirrigation Experiments

To determine the exchange of solutes at the sediment–water interface we performed laboratory tracer experiments of 3 days duration on land using sediment cores from the respective four sampling sites. The activity of organisms (with fauna, n = 3 replicate cores) was compared to the molecular diffusive transport of the tracer in previously deep frozen cores without living fauna (n = 1; i.e., defaunated) at each station.

Sediment cores were kept in a temperature controlled water tank in the dark and aerated individually. This aeration also maintained a well-mixed water column and no additional stirring was applied in order to not induce advective pore water flows. Sodium bromide (NaBr) was used as a chemical inert tracer for solute transport and added from a stock solution to the well-mixed overlying water (∼1 liter) to each sediment cores. The concentration at the start of the experiment was set to ∼10 mM Br-, with later measurements confirming the exact concentrations.

We analyzed water samples for bromide at the start and the end of the experiment by iodometric titration according to Kremling (1983). At the end of the experiments the sediments were sectioned into slices of 0.5 cm intervals (0–3 cm) and 1 cm intervals (3 – max. 12 cm) and pore water extracted by centrifugation (Saager et al., 1990). Concentrations of bromide were analyzed using the same titration method. During the slicing procedure all macrofauna sufficiently large to be seen by the naked eye were noted and dominant bioirrigators identified. Porosity was determined as the difference between wet weight and dry weight after drying subsamples of known volume (1.0 cm3) at 60°C for 12 h (for details see Powilleit et al., 1994).

Bromide experiments on previously frozen defaunated cores were used as controls for the biologically enhanced transports.

Sediment Pigment Content

Sediment cores of the four stations 165, 039, 952, and 948 were sliced into ten 1 cm slices on board immediately after sampling and stored deep frozen until laboratory analyses. For chlorophyll a equivalent and phaeopigment determinations about 2 cm3 sediment subsamples of these slices (n = 1) were extracted in 8 cm3 of 90% acetone for at least 1 h with repeated vigorous shaking (Vortex) of the tubes that were kept dark and refrigerated. Pigment levels were measured by fluorescence before and after acidification on a Turner Designs Model 10 AU fluorometer according to Edler (1979) adapted to sediments. The extracted sediment was then dried at 60°C and weighed. Pigment concentrations are expressed as μg pigment cm-3 of sediment.

Water content, porosity and organic matter content were determined by weighing and as LOI in 1 cm sediment slices after combustion at 520°C.

Modeling

We used different standard transport models to compare and quantify biogenic transports, i.e., bioirrigation and particle reworking. These models interpret the depth distribution of tracer in the sediment by accounting for transport and, in the case of chlorophyll, reaction processes (details below). In case of bromide, molecular diffusion and non-local irrigation mimic the transport; no reaction of bromide occurs. For chloropigment profiles the model includes sedimentation, chloropigment degradation and diffusive mixing of sediments, a diffusion analogy. Model derived depth distributions of the respective tracers are compared to the measured tracer distributions from our experiments. A best fit finally yields the transport parameters describing bioirrigation and reworking of particles.

Chloropigment distributions with sediment depth, generated in situ, were simulated with a hierarchical family of steady state transport-reaction models published by Soetaert et al. (1996). Each member of the hierarchy, starting from a simple advection/decay model, includes all processes of the previous model. Model 1 simply includes sedimentation and decay of chloropigments. Model 2 adds diffusive particle mixing as biological transport (DB) and model 3 the direct injection of particles as a non-local transport into a specific deeper sediment layer, L (for details see Soetaert et al., 1996; Morys et al., 2016, 2017). We performed degradation experiments immediately after sampling and obtained site specific decay rates of chloropigments in the range of 0.1008 and 0.121 day-1. We used a sedimentation rate of 2.74 × 10-5cm day-1 determined by Leipe et al. (1995) for the nearby Arkona Basin and the Oder Haff in our modeling procedure. Best fits to our data were obtained mainly by the models 1 and 2. In one instance model 3 including the additional non-local injection flux to depth L gave the best fit.

Since chlorophyll profiles were generated in situ, reworking and non-local transports may be of other than biological origin as well.

We investigated solute exchange driven by macrofauna using Br- ions as tracer (Martin and Banta, 1992; Anderson et al., 2006) and calculated exchange coefficients from solute tracer profiles following (Forster et al., 2003b). Briefly, bioirrigation was formulated as a non-local irrigation function (α) of sediment depth (z) which was fit to the data. In the model vertical molecular diffusive transport of tracer into the pore water is enhanced by adding radial diffusion around burrow structures as envisioned by Aller (1980) and Boudreau (1984). This procedure takes into account site-specific porosity. Parameters in equation 1 are concentrations (C) in the overlying water (Colw) and at depth (Cz) in the sediment, molecular diffusivity (Ds) and constants α0 and α1.
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While the constants α0 and α1 (given in Supplementary Table 1) obtained by the modeling procedure describe the decline of solute transport activity as a function of depth, a discrete value may be calculated for any depth by inserting the two constants into the original exponential function. Below we use these discrete values, irrigation constants averaged over 5 cm depth intervals (e.g., α0-5), for an easier comparison among stations.

RESULTS

Sediments

Between April 1993 and October 1995 sediment temperatures at the study sites ranged between 4.3 and 17.1°C with only slight differences between sites at any given date due to water depth. Structural sediment parameters were basically homogeneously distributed all over the Bay (e.g., median grain size) with little spatial variations even in the channel region in the north-west. Porosity varied slightly between 0.36 (station 039) and 0.40 (station 952). Organic matter contents in surface sediments were generally very low at all stations investigated (<0.3 to 0.1% dw) with slightly higher values in the south-western coastal area and small seasonal variations.

Bioirrigation Experiments

Laboratory experiments revealed that bioirrigation activity by the benthic fauna increased the solute exchange across the sediment/water interface considerably compared to molecular diffusion. Bromide concentrations declined much slower in all inhabited cores compared to defaunated controls at all stations (Figure 2), indicating an increased solute transport depicted here by the non-local irrigation function α. Nevertheless, all control experiments, allowing only for molecular diffusion as a transport mechanism, still indicated α0-5 ranging from 32 to 42 year-1 but high attenuation with depth (Table 2 and Supplementary Table 1). If calculated for each cm interval, α declined to values <10 year-1 within the top 3 cm in these diffusive defaunated controls (data not shown).
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FIGURE 2. (A–D) Bromide concentration profiles in sediment cores after 3 days of incubation. Four stations in the Pomeranian Bay are shown with one control (squares; dashed line) and three replicate cores containing active fauna (core 1: triangles, core 2: circles, core 3: diamonds; solid lines). Lines depict the modeled tracer distribution with depth according to equation (2) and (3) using α0 and α1 values given in Supplementary Table 1.



TABLE 2. Water depth, incubation temperature, and bioirrigation constants calculated for various depth intervals and dominant bioirrigating fauna in the bromide tracer experiments.
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At all stations with the exception of 039 (shallow central Oder Bank) the solute tracer concentrations indicate a minimum depth of 10 or 11 cm to which sediments are influenced by the bioirrigation activity of the benthic community. Solute transport was highest at station 165 in the southwest (Table 2; α0-5 = 155 ± 22 year-1) with the dominant species Marenzelleria spp., Nereis diversicolor, and Mya arenaria in the sediment cores. The deepest location (952) in the northwestern part of the investigation area was next in bioirrigation intensity, with the dominant species L. balthica, Marenzelleria spp. and N. diversicolor. We calculated much smaller exchange coefficients at stations 039 on Oder Bank and 948 in the deeper northern region with medium sized M. arenaria and small sized L. baltica (Table 2). Here means in the upper 5 cm of the sediments were α0-5 ∼ 70–76 year-1 (Table 2).

In situ Pigment Profiles

When looking at seasonal changes in the sediment chloropigment content of all stations the highest concentrations were measured at the shallowest station 039 at the Oder Bank with values between 1.9 and 4.6 μg cm-3 (Figure 3). April and September 1994 show the highest concentrations. The northern station 948 reveals surface chlorophyll concentrations of about 2 μg cm-3. Both stations showed decreasing values with depths and accordingly model 2 (diffusion-like mixing) reveals the best fit results in most cases (Figure 3 includes the results of the simulations). For the only time in September 1994 at station 039 model 3, which includes a non-local tracer injection term, resulted in the best fit to the measured chloropigment concentrations.
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FIGURE 3. (A–D) In situ chlorophyll equivalent concentration profiles (dots) in sediment cores of stations 039 (A), 948 (B), 165 (C), and 952 (D) in the Pomeranian Bay with active fauna between April 1994 and October 1995. Solid lines indicate the simulations with the diffusion/non-local bioturbation models 2 and 3, which include bioturbative (diffusive) mixing only in model 2 or an additional non-local transport term of the pigment flux directly into a certain sediment depth L in model 3 (Soetaert et al., 1996).



Low chlorophyll concentrations characterized the sediment at the deepest station 952 (<0.5 μg cm-3) except for a spring peak in the surface sediment layer in 1995. Similarly the coastal station 165 was without pronounced seasonality (<0.9 μg cm-3). Here pigment profiles differ considerably from the other two stations due to several smaller subsurface peaks and no concentration gradient with depth. Accordingly in the modeling of chlorophyll profiles (at a significance level of 1%) model 1 gave the best fits at these two stations indicating that only sedimentation and no biological transport took place. Only in two cases at station 952 (April and October 1995) modeling resulted in model 2, which includes sedimentation and diffusive mixing (DB < 0.8 cm2 day-1). Highest diffusive bioturbation coefficients DB occurred at station 039 (up to 30.8 cm2 day-1) and station 948 (up to 8.0 cm2 day-1) (Figure 3).

Generally, the coastal station 165 is characterized by the highest mean pigment inventory of 32.7 μg 10 cm-3 (μg cm-2 10 cm-1) whereas station 948 shows the lowest mean of 23.6 μg 10 cm-3 (Figure 4). Station 165 and station 952 showed inventories of chlorophyll equivalents and phaeopigments generally typical for many sediments located at greater water depths, where degraded chlorophyll deposits at the sediment surface. Here phaeopigments clearly dominate the inventories (19–35 μg 10 cm-3) during all seasons with only low contents of chlorophyll equivalents (<6 μg 10 cm-3) indicating older organic material in the sediments. Considerably different pigment inventories, with similar medium contents of both components (9–24 μg 10 cm-3) and slightly higher chlorophyll equivalent values, characterized the sediment at the Oder Bank station 039. Slightly higher phaeopigment values, but also of similar magnitude in both components, prevail at the northern station 948 (Figure 4).
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FIGURE 4. Chlorophyll equivalent and phaeopigment inventories of the upper 10 cm sediment (μg cm-2 10 cm-1) of the stations 039, 165, 952, and 948 in the Pomeranian Bay between April 1994 and October 1995.



DISCUSSION

In this study we investigated solute and particle transport by benthic fauna into the sediments of the Pomeranian Bay. Bromide (bioirrigation) tracers are used ex situ under laboratory conditions which essentially makes the benthic fauna in the sediment the only possible agents causing solute transport. This may be different for the particle tracer employed, natural chlorophyll pigments occurring in situ. Here, in principle hydrodynamic action and bottom fishing gear may affect observed depth distributions in addition to fauna. Compared to such episodic physical events, however, bioturbation causes a more continuous transport. The ex situ tracer shows intense solute exchange by benthic animals to ∼10 cm sediment depth at all stations. Biological solute transport to this depth occurs within the experimental duration of 3 days. While physical transport mechanisms may add to natural chloropigment transport, this tracer, too, indicates mixing within the uppermost 10 cm of the sediment within at least ∼2–3 months (tracer life-time). We conclude that in Pomeranian Bay benthic fauna facilitates solute exchange on very short timescales (3 days) and particle reworking on short time scales of a few weeks. Especially in late summer, a period often characterized by low mixing and stagnant conditions in a stratified water column, the transports induced by fauna play a key role in biodegradation for instance due to the transport of oxygen into the sediment.

While relatively homogeneous in sediment structure, the existing differences in fauna composition among stations also show up in the biological transports investigated here. We identified one hot spot in bioirrigation activity (165, southern Bay) and one in particle reworking (039, Oder Bank). A qualitative judgment as to which location is characterized by the higher tracer transport and which by lower may be simply based on the shapes of tracer depth profiles and the tracer penetration depth. This approach uses the experimental results directly and is not affected by factors such as decay constants or model boundary conditions. Since we also modeled the depth distributions a quantitative comparison is also possible. Both qualitative and quantitative criteria were used to establish sequences of decreasing biological transport (Table 3). An important and reassuring result of this comparison is that, in principle, the sequences of biological transport intensities among the stations compared is the same. High particle reworking and relatively little bioirrigation characterize the central Oder Bank station 039. The southern location 165 near the Oder river mouth shows an opposite trend with very high solute transport and an unusual chloropigment tracer distribution, which we will discuss below.

TABLE 3. Summary of bioturbation intensities observed in Pomeranian Bay.
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Station 948, characteristic for the open northern area of the Pomeranian Bay sandy flats, and the Oder Bank station 039 have balanced ratio of chlorophyll a versus phaeopigments in common. In this, they differ from typical sediments where degradation of chloropigment leads to much higher phaeopigment than chlorophyll a concentrations (Josefson et al., 2012). At both these offshore locations light can penetrate to the seafloor (own observations at 039) such that we interpret generally higher pigment concentrations here (Figures 3, 4) as a sign of benthic primary production by microphytobenthos. Location 952 at the northwestern channel with considerable bioirrigation and reworking reflects conditions at 165, Oder river mouth, without pronounced benthic primary production and accordingly relatively high phaeopigment contents. It seems that different conditions with respect to the food supply, here indicated by benthic phototrophs, in addition to the slight differences in fauna community affect biological transports.

Magnitudes of Solute Transport

The bioirrigation coefficients for all four stations are high, in fact α0-10 of 121 ± 5 year-1 is one of the highest value reported for benthic communities in literature so far (Figure 5). The benthic community in the coastal part of Pomeranian Bay caused very high irrigation transport when compared to bromide tracer results and exceed those from Buzzards Bay, United States, fourfold (Martin and Banta, 1992), the southern North Sea results by Forster et al. (1995) threefold and those obtained from the western Baltic Sea by a factor 2.5 (Powilleit et al., 1994; Schlüter et al., 2000). All solute exchange profiles (Figure 2) indicate transport to depths far below 3 cm that are reached in control diffusion experiments, in which alpha declines to values <10 year-1 below 3 cm already. Bromide, and similar solutes like sulfate, oxygen, or DOM, can reach 10 cm depth within 3 days, while reduced substances, NH4+ or HS-, may be transported upward by the same principle (Aller, 1980; Boudreau, 1984). Since the shallow water sands of Pomeranian Bay are permeable (Forster et al., 2003a), water flows above the sediment will be able to induce advective pore water movement (Huettel et al., 1996), whenever the weather conditions permit. There are no measurements of the magnitude such advective flows available from this area. Advective downwelling typically reaches 3–5 cm deep within 24 h (Huettel and Gust, 1992). Given this velocity water from the sediment surface would potentially reach 10 cm depth during ∼2 days. We may thus conclude that biological solute transport will continuously mix dissolved substances to sediment depths which are comparable to those likely mixed intermittently by pore water advection.
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FIGURE 5. Irrigation rate constants integrated from 0 to 10 cm sediment depth using α0 and α1. Results from this study on Pomeranian Bay are compared to studies employing the same depth dependent analyses of the irrigation rate constant from Kiel Bight (Schlüter et al., 2000) and the German Bight (Forster et al., 2003b) and previous data for comparison.



Bioirrigation is caused mainly by feeding activities of polychaetes that generate bulky profiles with high bromide concentrations below 6 cm depth and reaching to more than 10 cm (165, 948). Higher bioirrigation coefficients were also determined in experiments exclusively containing Marenzelleria spp. or Heteromastus filiformis (Quintana et al., 2007; Renz and Forster, 2013). The later authors determined a rate of 130 year-1 on 1273 individuals per m2. At station 165, depicting high community bioirrigation rates, a high abundance of Marenzelleria spp. of 2400 individuals m-2 was found in 1993, while at the other locations it ranged from 50 to 130 individuals m-2. The species then called M. cf. viridis might today be identified as M. viridis or M. neglecta, the latter being the dominant Marenzelleria species in the Pomeranian Bay today. Since these two sibling species perform similarly in bioirrigation activity it is only important to state in this context that the smaller M. arctia does not inhabit the area. Direct observations revealed that Marenzelleria spp. waved its tentacles during feeding and moved vertically in its burrow especially during defecation, enabling a noticeable solute transport into deeper sediment layers by ventilation activity. Irrigation by the other dominant polychaete H. diversicolor may additionally explain the high exchange coefficients observed in the Pomeranian Bay (Davey et al., 1990; Riisgård, 1991; Clavero et al., 1994; Vedel et al., 1994; Davey and Watson, 1995). This species, too, was twice as abundant (360 individuals m-2) at 165 compared to the other locations. In addition siphon movements by adult, filter-feeding specimens of the bivalve Mya arenaria and crawling of Limecola balthica and medium-sized M. arenaria were observed and could be another cause of a considerable solute transport in the upper 6 cm of the sediment. Our results show that exceptionally high bioirrigation and high particle reworking rates can occur even in the absence of conspicuous and strong bioturbators like Arenicola marina (Meysman et al., 2006). In this context the role of M. arenaria awaits further exploration.

Comparing in situ temperatures and irrigation rates in Table 2 one might suspect temperature to cause high rates. In 1994 at 952 (14°C) and 948 (9°C) irrigation rates in the top 5 cm are twice as high at the elevated temperature, suggesting a relation similar to the temperature dependency of metabolism (Q10). In subsequent depth intervals 5–10 cm and 10–15 cm, however, the coefficients are higher at station 948 despite its lower temperature. This hints at the surficially active small Limecola found at 952. However, our data are not sufficient to extract, support or reject a Q10 value. Forster et al. (2003b) observed that bioirrigation was high and nearly the same in January (∼7°C) and in October (∼14°C) 1988/89 in a North Sea community. In that data set bioirrigation was relatively low and of the same intensity both in August (∼16°C) and February (∼5°C), when abundance of organisms was low at both dates and likely more important than temperature for the intensity of solute exchange. Similarly from the present data set we see that temperature may affect the irrigation activity of benthos, but not only and probably not predominantly so. Bioirrigation may also be influenced by factors such as food supply or hypoxia, but the structure (abundance, biomass, identity) of the benthic community seems the most relevant one.

Particle Transport Derived From Sedimentary Pigments

The general pattern found with the natural particle tracer chlorophyll is that particle reworking is highest on the central Oder Bank, followed by the northern area of the Bay and lower at the northwestern channel and southern Oder mouth area. Reworking rates determined ranged from 0.5 to 30 cm2 day-1 at 039 and from 2.4 to 8 cm2 day-1 at 948. At station 952 we could detect reworking rates only twice with small values <1 cm2 day-1, while no reworking was found at station 165 (see below). These reworking rates are among the highest reported so far (Boudreau, 1997).

There are several reasons that may explain why chlorophyll derived reworking rates are high compared to those obtained using other particle tracer. As food particles, cells or cell fragments containing chloropigments are clearly more attractive than indifferent tracers, such as luminophores, glass beads, or radioactive tracers adsorbed to the organic matrix on mineral grains. These trace average sediment particles and not the most attractive portion, which chlorophyll may represent.

In models that incorporate two or more transport mechanisms the allocation of tracer to local and non-local processes affects the magnitude of DB, too. In our data there is only one situation (September 1994, station 039) where the model software suggested non-local transport to a sediment depth L of 2.7 cm. According to the model, this flux constitutes more than half of the total chlorophyll transported into the sediment by bioturbation, with the remaining 42% left to diffusive mixing, DB. In fact, this coincides with the lowest DB determined at station Oder Bank. In the same area Morys et al. (2017) detected more incidences of non-local transport.

We cannot exclude additional transport of chlorophyll by physical mechanisms occurring only in the field, such as sediment resuspension and mixing by waves (Jenness and Duineveld, 1985) or advective particle transport (Grant, 1983; Huettel et al., 1996). Whatever the mechanism, chlorophyll tracer is found at 4–6 cm depth (extreme >10 cm) and reaches this depth during its life time of a few months. Thus, particles in sediments of the Pomeranian Bay are transported an order of magnitude slower than solutes.

At station 165, Oder river mouth, we found no bioturbation when using the interpretation software “mixing.” We suggest that in this situation the model approach is not suitable for an extraction of reworking rates. In temperate regions, like the Pomeranian Bay, primary production follows a relatively regular seasonal pattern with a maximum in spring and a smaller secondary fall maximum (e.g., Graf, 1992; Sun et al., 1994). The chloropigment inventories at the study sites in general follow this pattern with slightly higher spring values (Figure 4). Morys et al. (2017) suggested surface feeding and consequently reduced foraging (reworking) activity, when chlorophyll was higher concentrated at sediment surface. Murray et al. (2017) provide an example of highest reworking rates at medium, not at maximum levels of food concentration in the bottom water with the polychaete H. diversicolor.

Knowing that at 165 many organisms with high total biomass were present, we propose the following explanation for a lack of chlorophyll pigments in the sediment. All major fauna elements here, Marenzelleria spp., Nereis diversicolor, Limecola balthica, and Mya arenaria, are well capable of suspension feeding and prefer to feed on fresh labile organic particles from the water column and/or sediment surface (e.g., Riisgård, 1991). At the high biomass of up to 150 g AFDW m-2 and density of large organisms present, the community may have essentially taken all food from the interfacial water layer by suspension feeding and effectively prevented chloropigment containing material from settling onto the sediment. With particle tracer missing in the sediment (compare low concentrations at all times at 165), the model software could only interpret the depth distribution as no bioturbation (model 1). In fact, at the 5% confidence level, which we did not use in this study, mixing interprets those depth distributions as exceedingly high DB, which also shows that under these conditions the model framework is useless without additional information available. Possibly experiments reported by Webb (1993) with L. balthica in subtidal sediments without benthic primary production relate to the same mechanism, since they did not show any clear effect on sedimentary chlorophyll a concentrations. We consider 165 to be reworked by the abundant fauna, however, unable to extract quantitative information.

Comparing Then and Now

Our result stem from a study performed between 1993 and 1995. In recent studies on particle reworking (Morys et al., 2016, 2017; Morys, 2016) the authors sampled the location “Oder bank” at 16 m depth. It is closest to our station 948 (15 m depth) visited about 22 years before. A comparison of particle transport is possible since they also determined rates using chlorophyll as a tracer. Between summer 2014 and fall 2015 reworking rates determined at five occasions with 6–23 sediment cores analyzed each time, ranged from 0.4 and 3.9 cm2 day-1 (Morys, 2016). Only in winter 2014 DB were exceptionally low (0.005 cm2 day-1) (Morys et al., 2016). Our DB at station 948 range from 2.4 to 8.0 cm2 day-1 (n = 5) with no sign of non-local transport. Morys (2016) and Morys et al. (2016, 2017) did find substantially more non-local transport. In conclusion, particle transport seen today seems as intense as two decades ago when judged based on diffusive reworking of sediments. There may be a change in the nature of transport, i.e., more non-local rather than diffusive reworking, but due to the sample numbers in the 1990s and only partially comparable abundance/biomass data between both periods this aspect does not allow for a profound comparison.

Continuously high rates of particle reworking are consistent with the fauna inventory (community composition and dominant species), which has not changed profoundly since then, despite the obvious variations of abundance and biomass in time and space. Since reworking today is on the same order of magnitude as that two decades ago, the biological transport at the sea bed may not have changed so far in response of the reduction of nutrient inputs to the coastal zone (Schernewski et al., 2011; Wasmund et al., 2011). While chlorophyll concentrations in the waters of the Pomeranian Bay decline (Wasmund et al., 2011), the eutrophic state is probably still high. Benthic-pelagic coupling and nutrients cycling between seabed and water column buffers the system, so that a lag in a possible response may be expected. If bioturbation is predominantly dependent on the benthic community structure, as we suggest, continued research focusing on effects of species identity and abundance seem paramount.
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Results for irrigation constants were determined in sediment cores inhabited by the original fauna (n = 3) and in one control core with defaunated sediments at four sandy
stations of the Pomeranian Bay. Bioirrigation coefficients g and a; obtained by modeling according to equations (1) and (2) are provided in the Supplementary Table 1.
Bioirrigation constants given here for the depth intervals were calculated as an average of a-values calculated using equation (2) for every cm interval into the sediment.
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displacement depth) and quantitatively based on modeled transport coefficients.





OPS/images/fmars-05-00472-g002.jpg





OPS/images/fmars-05-00472-g001.jpg
Rugia \ x

/M’\/,X}

© 1 10 I 20 I 30 I 0
A= —
i cwooNT
Proecion: Lonbert Cotora Conc
3300000

w'ﬁ\ nel
CQ) o &






OPS/images/fmars-05-00472-t001.jpg
Station 165

Geographic position 54° 00,70N
14° 12,20 E
Water depth (m) 1"
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Sediment parameters cited after Kube et al. (1996a). Biological macrofauna data derived from Van-Veen grab samples April 1993 (means, n = 3). *Single measurement

on 23 April 1993. ** Tauber (pers. communication).
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