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Abstract: Suspended, organic matter, especially in the form of adhesive extracellular polymers
(EPS), tends to form flocs, which may also incorporate suspended lithogenic particles in coastal
environments. With an increased settling velocity, these ballasted flocs form in a narrow zone along
the coast and potentially represent a major source of pelagic primary production for the benthic
community. We sought support for this hypothesis by examining our measurements of the mud
content, porosity, permeability, pigment content, and specific respiration rate of sediment from the
German Bight (North Sea) for signs that the pelagic zone of ballasted floc formation is affecting
the local sediment characteristics. Based on a simple bottom-shear stress model and by employing
empirical correlations of sediment characteristics we were able to find strong indications that this
is actually the case. Our results demonstrate how ballasted flocs contribute to the benthic pelagic
coupling in a high turbulence environment.

Keywords: particulate suspended matter; ballasted flocs; sediment; benthic pelagic coupling;
North Sea

1. Introduction

Virtually the whole bottom of the German Bight in the south-eastern North Sea is covered with
sediment, which by definition are particles that were deposited after transport. The youngest sediment
includes the suspended particulate matter (SPM, see notations & abbreviations) that has settled last
from the water column. This ongoing sedimentation process provides mineral particles to build up the
bulk sediment, but it also includes bio-available organic matter to fuel the benthic nutrient turnover.
Interestingly, the suspended organic particles (POM), such as living plankton organisms, detritus, and
faeces, have an intimate link with fine lithogenic particles such as silt and clay, as they have similar
settling velocities. Various studies report settling velocities of live and dead organic matter in the
range of 20 to 300 m d−1 [1–4], although some estimates are as low as 0.2–0.9 m d−1 [5], and some
plankton species are buoyant (e.g., Noctiluca sp.). Employing the Stokes equation for the terminal
sinking velocity of spheres, the settling velocities of particulate organic matter correspond to the
settling velocities of quartz spheres with diameters in the range of 4–70 µm. This size corresponds
well to silt with a 4–63 µm grain size [6] and consequently, silt particles and POM settle under similar
hydrodynamic conditions. Moreover, it has been shown that POM can capture fine mineral particles
into flocs [2,7], especially when extracellular polymeric substances (EPS) are present, and that these
organic-inorganic flocs may settle faster than pure POM or silt [8–10].

This coupled sedimentation of POM and fine mineral particles also affects the surface sediment.
In particular, the sticky EPS increases the shear resistance of the sediment and thereby substantially
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reduces the sediment mobility [11,12]. In the absence of EPS, the sediment mobilization and
transportation can be described with the Shields Curve. Its dimensional form (Figure 1A) shows
the critical bed shear stress for the mobilization of a specific grain size and clearly illustrates that
finer sediment particles of a given kind (quartz in Figure 1A) generally require less bottom shear
stress for mobilization than coarser particles of the same material. By assuming typical values for
the characteristics of the sediment and water column in the German Bight, the dimensional Shields
Curve further illustrates that the thresholds for the motion and suspension of fine particles < 63 µm
(silt & clay) are very close. Thus, fines should be washed away as soon as the sediment is mobilized.
The winnowing of fine particles from mixed sediment has been described, e.g., by Baas et al. [13].
In sand size and coarser sediment, the thresholds for motion and suspension are substantially apart,
which enables these coarser sediments to be transported as bed load to form migrating bed forms.
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Figure 1. (A) Dimensional Shields Curve for spherical quartz grains (density: 2.65 g cm−3) sheared by
seawater (salinity: 33 PSU, temperature: 10 ◦C). The solid curve indicates the critical bottom shear
stress for the initiation of motion [14]; the dashed curve indicates the threshold for suspension [15].
(B) Annual average of the total bed shear stress due to wave orbitals and the residual current at the
sampled locations, as estimated by the TRIM (Tidal, Residual, Intertidal Mudflat) model (coastMap).

Floc sedimentation is opposed by resuspension and lateral transport. The total bed shear
stress evoked by the wave orbitals and tidal current as calculated with the TRIM model (coastMap,
see [16]) in our study area exceeds the critical shear stress for the mobilization of the < 63 µm fraction
(τ ≈ 0.12 N m−2) in water depths shallower than 30 m (Figure 1B). The bed shear stress at the 15 m mark
is approximately 1 N m−2, which corresponds to a critical grain size of 1800 µm. From these simplistic
considerations, one would even more simplistically expect that fine mineral particles accumulate
in deeper parts of the German Bight, where the bed shear stress is sufficiently low to form muddy
sediments. The local depot center of the coastal German Bight is the Helgoland Mud Area. Likewise, the
high-energy environment in shallow water depth should remove fine particles, whereby the remaining
coarser particles form well-sorted sands with a high permeability and low content of fine material.

However, the presence of sticky EPS in the sediment may change the situation, as it significantly
increases the particle adhesion and thus increases the critical shear stress for particle mobilization.
Therefore, as suggested by the study of Maerz et al. [10], coastal areas with an increased rate of
floc formation and deposition would affect the sediment by delivering plankton biomass and fine
mineral particles as sticky flocs. The sedimentation of these flocs in shallow coastal water might
be discernible as a deviation from the pattern described above, where coarse, permeable sediment
occurs in high-energy, shallow water while fine-grained, muddy sediment builds up in low-energy,
deeper water.

Motivation for This Study

Two recent publications gave the impetus for the present study. The first one is by Maerz et al. [10],
where the authors described a distinct zone of intensive floc formation and sedimentation along the
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coast. The second study, by Schartau et al. [17], disentangles the organic and mineral fractions of the
suspended matter in the same area, and identifies a transition zone along the coast where organics and
minerals contribute equally to SPM to form ballasted flocs. The authors discussed that the increased
particle flux from this transition zone provides organic matter for the benthic community and affects
sediment dynamics due to the stickiness of the deposited flocs.

It appears plausible that the coupled flux of organics and silt-sized minerals toward the sediment
results in local sediment characteristics that deviate from the expectations based on the simplistic model
described above. Thus, we examined our measurements of the mud content, porosity, permeability,
contents of chlorophyll-a and its degradation product phaeophytin-a (chlorin in the following), and
specific respiration rate to find linkages and patterns that support these considerations. This study aims
to examine our measurements of sediment characteristics for the putative impact of ballasted flocs.

2. Materials and Methods

2.1. Working Area and Samples

The surface sediment in the German Bight was sampled during several cruises of research vessel
RV Heincke in the period 2013–2016 (Figure 2, Table 1). The sediment samples were retrieved mainly
from HELCOM grab samples, box cores, and multicores. Once on-board, the sediment subcores
with lengths of 4 to 6 cm and a diameter of 3.3 cm were immediately taken with acrylic (Polymethyl
methacrylate, PMMA) liners. These sediment cores were visually inspected, and cores with holes,
bubbles, burrows, and other perturbations were rejected. Sediment cores were also rejected when all
of the overlying water percolated through the sediment, because the re-wetting of such cores might
entrap bubbles and thereby alter the permeability. Additional samples were taken for the measurement
of the grain size, porosity, and pigment content.
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Zone (EEZ).
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Table 1. Cruises of RV Heincke with contributions to this study. Abbreviations: grain size from the
laser diffraction (gr-ld), permeability (perm), porosity (poro), chlorin (chl), and specific respiration rate
(resp).

Cruise Date Samples

HE-394 3/2013 perm
HE-411 10/2013 gr-ld, perm, poro, chl, resp
HE-412 10/2013 gr-ld, perm, poro, chl, resp
HE-432 9/2014 gr-ld, perm, poro, chl, resp
HE-433 10/2014 perm
HE-447 6/2015 gr-ld, perm, poro, chl, resp
HE-454 11/2015 gr-ld, perm, poro, chl
HE-470 8/2016 gr-ld, perm, poro, chl, resp

2.2. Grain Size

The sediment was sampled directly from the surface sediment layer during the cruises HE-411,
412, 432, 447, 454, and 470 and were analyzed with a laser diffraction method. The samples intended
for the laser-diffraction analysis were stored in the dark and refrigerated at 5 ◦C. The samples were
then measured with a laser-diffraction particle sizer (Cilas 1180L for HE-411, 412, 432, 447; Fritsch
Analysette 22 for HE-454, 470) without processing except sonication and sodium pyrophosphate prior
to the analysis. An exception is the sediment of HE-411, where organic and calcareous sediment
components were removed with acetic acid and hydrogen peroxide according to Hass et al. [18].
However, the HE-411 sediment was mostly well-sorted sand, and the chemical treatment had virtually
no effect on the results of the grain size analysis (see [19] for details).

2.3. Porosity

The samples were taken from the surface sediment using cut-off syringes to recover the sediment
without a loss of pore water. The piston core samples integrate the upper 3 cm of the sediment.
The samples were then transferred into pre-weighted tubes and stored in the dark at −20 ◦C. The frozen
samples were freeze-dried and stored in a frozen state until pigment extraction (see below). The porosity
was calculated from the weight loss after the freeze-drying of a known sediment volume.

2.4. Permeability

Permeability was measured in subcores from the surface sediment of approximately 5 cm length
using the falling head method [20]. The results of three respective measurements were averaged.
The permeameter was calibrated with columns of glass beads with 25/150/500/875/3120 µm sizes,
which had a known permeability [21]. A subset of the permeability measurements of the cruises
HE-394/411/412/432/433/447, along with the 15th and 50th percentile grain sizes, are published in [19].

2.5. Chlorins

The freeze-dried samples from the porosity determination were then used for chlorin analyses.
Chlorophyll-a and its primary degradation product phaeophytin-a were extracted with 90% acetone
(5 ◦C, 24 h) and measured by means of spectrophotometry (Hach-Lange DR-6000) according to
the method of Lorenzen [22]. The chlorin content was calculated as the sum of chlorophyll-a and
phaeophytin-a. The porosity was normalized via ccorrected = c (1–Φ), and the resulting concentration
unit µg cm−3 refers to the volume of bulk sediment.

2.6. Specific Respiration Rate

The specific respiration rate of the sediment was measured on intact cores using the percolation
method of de Beer et al. [23]. The percolation method was applied consecutively to the permeability
measurement on the same cores. A tapered oxygen microoptode (Pyroscience) with a 50 µm tip size was



Geosciences 2019, 9, 344 5 of 14

positioned in a 5 mm sediment depth by means of a micromanipulator. Then, oxygen-saturated station
water was percolated through the core to oxygenize the pore space. After stopping the percolation,
the oxygen concentration was recorded in a time series to calculate the respiration rate as ∆CO2/∆t.
The respiration rates of at least three different locations within each core were averaged to account
for the inevitable spatial heterogeneity. The specific respiration rate was normalized to 10 ◦C using
the Q10 method, because 10 ◦C is approximately the long-term average temperature of German Bight
bottom water. The Q10 value of 2.0 was chosen based on reported Q10 values of benthic respiration in
the range 1.7–2.2 [24–26]. The porosity was normalized via Rcorrected = R Φ, and the resulting specific
respiration rate in nmol cm−3 s−1 refers to the volume of bulk sediment.

2.7. Data Availability

The measurement results used for this study are available online as Supplementary Materials.
Additional information of the individual sampling cruises are hosted by the Pangaea data center,
the results of the TRIM model are available via the coastMap data portal.

3. Results

3.1. Grain Size Analysis and Sediment Description

The sampled sediment comprised fine-grained, muddy sediment with a modal grain size < 40
µm as found in the Helgoland Mud Area, sandy mud and muddy sand, and it comprised well-sorted
coarse sand with a modal grain size > 700 µm as found along the coast. The most common sediment
type was medium sand with a median grain size of 215 µm and variable but low contents of mud and
gravel. Virtually all samples had a fraction of variable size in the clay and silt size range (Figure 3, size
distribution curves), which we address as mud below.
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3.2. Specific Respiration Rate and Pigment Content 

Figure 3. Distribution of relative grain sizes. The dominant modal grain size equals unity. N =

200 distributions (HE-411, 412, 432, 447). Individual distributions are plotted semi-transparent for
improved readability; the tone is darker where multiple lines overlap. The white arrow indicates
the non-dimensional size of pore throats; the black arrows indicate void radii for tetrahedral and
hexahedral packing. The dimensional (raw) grain size distributions are shown in the insert.

Normalizing the grainsize relative to the size of the dominant mode (DI/Dmode) highlights that
most sand-type samples had a small but distinct mode at 1/3 of the grain size of the dominant mode
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(Figure 3, stacked grainsize curves). This size ratio corresponds well with the ratios of interstitial
void radii of tetrahedral (ri/rgrain = 0.23) and hexahedral (ri/rgrain = 0.41) packed unimodal spheres.
The grain size distribution of finer, muddier sediment generally had no distinct mode at 1/3 of the size
of the dominant mode.

The lowest porosity, 0.30–0.35, was observed in relatively well-sorted, coarse sand, which was
accompanied with a high permeability exceeding 10−11 m2. Fine-grained, muddy sediment had a
substantially higher porosity of up to 0.60 and a lower permeability of less than 10−14 m2.

3.2. Specific Respiration Rate and Pigment Content

The respiration measurements in the sense of the oxygen consumption rate were performed using
the percolation method, and a typical result is shown in Figure 4. While the oxygen consumption rates
commonly refer to the flux of oxygen from the water column to the sediment (flux unit: amount of
oxygen per sediment surface area and time), we measured specific respiration rates, which refer to
the oxygen consumption per sediment volume (unit: amount of oxygen consumption per sediment
volume and time). The advantage of the specific respiration rate is that this rate is independent from
the benthic exchange process (e.g., molecular diffusion, pore water advection, bio-irrigation) and is
thus an intrinsic characteristic of the sediment.
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s−1 (HE-447/52). The light-grey background indicates core flushing with oxygenated water; the white
background indicates the respiration measurement with stagnant pore water.

Coarse, sandy sediment generally had specific respiration rates as low as 0.002 nmol cm−3 s−1.
Fine sediment with a lower permeability tended to have higher specific respiration rates of up to
0.14 nmol cm−3 s−1. However, the percolation technique is limited to sediment that enables a sufficient
influx of aerated water to oxidize the sediment in 5 mm depth. The seepage velocity can become so
low in impermeable sediment that a substantial share of the initial oxygen content is already consumed
by the upper sediment layer, so that the sediment in 5 mm depth cannot be oxidized to full saturation.
In very few cases, the percolation rate was too low to compensate for the respiration of the upper
sediment layer by providing any oxygen to the 5 mm layer. This situation occurred in the stations
HE-432/9, HE-432/15, and HE-447/100, where the permeability was under 3 × 10−13 m2.

The specific respiration rates measured at the in-situ temperature were normalized to the long-term
average bottom-water temperature of 10 ◦C using the Q10 method. The lowest temperature in our
dataset is 11.2 ◦C (HE-411), which corresponds to the temperature correction of the in-situ respiration
rate by the factor 0.92. The highest temperature of 19.6 ◦C was measured during HE-470, corresponding
to a temperature correction factor of 0.51.
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We analyzed the sedimentary content of chlorophyll-a and its degradation product phaeophytin-a
as a proxy for the presence of phytoplankton-derived biomass. Since fresh biomass along with
detritus (e.g., from fecal pellets) might be resuspended multiple times until it is worked into the
sediment, we used the chlorin content in what follows, which we calculated as the sum of chlorophyll
and phaeophytin. Analogous to the specific respiration rate, the chlorin contents were as low as
0.01 µg cm−3 in coarse sand, while the chlorin content was higher in finer and muddier sediment.
The chlorin content peaked in the sediment of the Helgoland Mud Area with 2.36 µg cm−3. The general
correlation of the chlorin content and specific respiration rate is shown in Table 2 (regression results).

Table 2. Compiled regression equations. The distributions of the relative errors are indicated as the 17th
percentile (P17), median of relative errors (MRE), and 83th percentile (P83). Please refer to Appendix A
for abbreviations and units.

Equation Formula P17 MRE P83

1 Φ =
2.448 log10mudL−0.478

(log10mudL)
2
−4.299 log10mudL−1.022

0.06 0.01 0.11

2 log10k = −0.259
(
log10mudL

)2
−

2.210 log10mudL − 14.050
0.74 0.02 1.61

3 log10Chl = −0.378
(
log10mudL

)2
−

0.201 log10mudL + 0.046
0.44 −0.08 0.92

4 log10R = 1.232 log10mudL + 0.185 0.61 0.07 2.38

5 Φ = 0.133 Exp
(
−0.101 log10k

)
0.06 0.02 0.10

6 log10Chl = 2.1
1+Exp(2.3 (log10k+11.0))

− 1.9 0.64 −0.06 1.07

7 log10R = 2.0
1+Exp(2.1 (log10k+11.2))

− 2.7 0.56 0.02 1.53

4. Discussion

4.1. A Continuum of Sediment Types

Our initial assumption was that silt-sized lithogenic particles settle together with organic particles
as ballasted flocs. Since the organic particles are mostly derived from phytoplankton, we measured
the chlorin content (chlorophyll-a & phaeophytin-a) as a proxy for fresh, particulate organic matter.
Our measurements indeed show a significant correlation of the mud content with the chlorin content
(ρs = 0.69, p < 0.01), as illustrated in Figure 5a.

Pelagic suspended POM comprises labile compounds such as proteins, lipids, and polysaccharides,
which results in a high bio-availability and enables high degradation rates. Here, we used the specific
respiration rate as a proxy for the degradation rate and expected a pattern similar to the correlation of
mud and chlorin. As shown in Figure 5b, this is indeed the case (ρs = 0.36, p < 0.01), although the
correlation with the mud content appears weaker. However, a closer inspection reveals that the data of
the individual cruises group along individual trends, with the same slope as the complete data, but
with individual offsets. As an example, the correlations of the respiration rate and mud content for
cruise HE-411 (ρs = 0.48, p < 0.01) or HE-447 (ρs = 0.68, p < 0.01) are much better than the correlation
of all the combined samples (ρs = 0.36, p < 0.01). The same pattern is consistently mirrored in the
chlorin data (Figure 5a), which implies a variation of the chlorin-to-mud ratio during the different
cruises. Since the SPM composition varies spatially and seasonally [17], the same should be true for
the degradability of the SPM and thus the specific respiration rate of the sediment once the SPM is
deposited. Additional parameters such as the water depth or distance from the coast may contribute
to the observed variability. As the most obvious example, the samples of HE-411 and HE-412 were
taken within 4 weeks but in different working areas, and both datasets differ significantly in chlorin
content and specific respiration rate.
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The sediment is not only affected by the organic part of the ballasted flocs, but also by the clay-
and silt-sized lithogenic part. The mud content should affect the permeability of the sediment, as the
small particles may clog the pore throats and interstices of unconsolidated sediment, whereby the
effective pore size decreases and the tortuosity increases. Thus, we assume an inverse correlation of the
permeability with the mud content, and we show this significant correlation (ρs = −0.70, p < 0.01) in
Figure 5d. In addition to the permeability, the fine particles also affect the sediment porosity, as these
fine particles have a high specific surface with a substantial surface charge, which binds water to the
particles. The same is true for hydrophilic POM, especially in the case of gelatinous, suspended POM.
As a result, we assume a correlation of the mud content with the water content, which is expressed
here as the porosity. Figure 5c shows that this is the case (ρs = 0.57, p < 0.01).

In addition to the mud content, we use the permeability as a predictor for sediment characteristics,
and we chose sigmoid curves to describe the relation of the permeability with the mud content,
chlorin content, and specific respiration rate. This approach is not very obvious and thus needs some
explanation. For a start, in our measurements from the surface sediment, an upper threshold at a mud
volume fraction of 0.15 appears (Figure 6a), which corresponds to a porosity of 0.85. This upper margin
represents the porosity of mud that is just sufficiently consolidated to become sediment and is not
frequently resuspended as a fluid mud. This is in good agreement with actually measured porosities
(Figure 5c). The mud content is very low at the high permeability end but did not approach zero. Since
the permeability might still increase as the grain size increases further (k > 1 × 10−9 m−2 corresponds
to well-sorted, coarse sand with a 1 mm grain size), we also assume a lower threshold.
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Due to the monotonic correlations between the mud content, chlorin content, and specific
respiration rate (Figure 5a,b, Figure 6b) we fitted similar sigmoid curves for the chlorin and respiration
rate to retain consistency (Figure 6a,c,d). The correlation of the specific respiration rate with the
permeability is clearer (ρs = −0.62, p < 0.01) than with the mud content (ρs = 0.36, p < 0.01), which
might be due to spatial heterogeneity, since the permeability and specific respiration were measured on
the same sample, while the grain size and chlorin were measured on separate subsamples. However,
all the measured reaction rates of the sediment with k < 10−12 m2 fall below this maximum. This might
be attributed to differences in the substrate quality, or it might indicate that the percolation method we
have employed for the measurement of specific respiration rates is less suited to impermeable sediment.

We interpret the low respiration rates of the highly permeable sediment as a sign of the substrate
limitation of respiration. This would be the case when either the import of fresh POM is very low
compared to the remineralisation rate, or when the resuspension is intense enough for a constant
removal of settled particles. By contrast, if the particle flux toward the sediment compensates for
remineralisation and resuspension, then the sediment accumulates mud and POM, and becomes less
permeable. The substrate limitation of respiration is reduced in this accumulating sediment, and the
specific respiration rate increases sharply in the permeability interval 10−12 < k <10−11 m2 (Figure 6).

In summary, we found significant and plausible correlations of the examined sediment
characteristics. With an increasing water depth, the sediment changes gradually from permeable sand
with low values for chlorin, mud, and the respiration rate toward impermeable silt-sand mixtures with
high values for mud, chlorin, and the respiration rate. These correlations of the sediment characteristics
will be employed below to detect the benthic effects of ballasted flocs.
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4.2. Can We Detect a Benthic Effect of Ballasted Flocs?

Our motivation for this study was to examine the available data on sediment characteristics
for indications that the intense formation of ballasted flocs, as described by Maerz et al. [10], affects
the sediment, as discussed by Schartau et al. [17]. Both studies argue that the flocculation of POM
with mineral particles is most intense in the region around 15 m water depth just off the Wadden Sea
barrier islands and that these ballasted flocs result in an elevated settling velocity. However, since
the coastal North Sea is very turbulent with frequent sediment resuspension, an elevated particle
settling velocity does not necessarily result in an actual net flux of particles from the water column
to the sediment. For the same reason, sediment trap observations from this area are unavailable.
However, in case ballasted flocs with an elevated settling velocity result in an elevated particle flux to
the sediment, this should become discernible as a local deviation from the overall spatial pattern of
sediment characteristics. This directly raises the questions: What is the overall pattern, and which
sediment characteristics would we actually expect?

To establish the spatial pattern for the null hypothesis that the ballasted flocs have no effect on the
sediment, we treat the measured sediment characteristics as a function of the water depth because
Maerz et al. [10] and Schartau et al. [17] suggest that the zone of optimum flocculation is a relatively
narrow band along the coast in 12–15 m water depth. Next, we use sediment permeability as the
starting point for a number of reasons. First, permeability is the parameter with the highest number of
measurements and the best spatial coverage, while observation gaps exist in the other parameters (see
Table 1). The second reason is that permeability can be linked to the bottom shear stress and critical
grain size, which will be addressed later in this discussion. Finally, permeability is a complex sediment
characteristic, which is sensitive to changes in the grain size, porosity, and even to traces of gelatinous
particles that clog the sediment pores.

By means of a linear interpolation of the permeability measurements from the 20–45 m depth
interval (Figure 7A, grey band), for which we assume that ballasted flocs have no effect, we established
the expected permeability trend for the 5–20 m depth interval, for which we assume an effect of flocs.
The resulting trend suggests a high permeability in shallow water and a monotonic decrease of the
permeability toward deeper water. For additional support, we picked values of the annual mean
bottom shear stress at our sampled locations from the TRIM model (model results from [16]) and
calculated the critical grain diameter for particle mobilization [14]. We subsequently calculated the
permeability of this hypothetical steady-state sediment with the Revil-Glover-Pezard -Zamora (RGPZ)
permeability model [21]. Although the shear-stress based permeability estimates are at the upper end
of the actually observed permeability range, the trend is similar: a high permeability in shallow water
and a low permeability in deeper water (Figure 7A, dotted line).

It turns out that the running median of the observed permeability in the 5–15 m depth interval
deviates substantially from the extrapolated trend and that most observations fall below the confidence
band, which indicates that the permeability in the 5–15 m depth is indeed substantially lower than
the null hypothesis suggests (Figure 7A). Since the permeability trend of the 20–45 m interval agrees
reasonably well with the rather simple shear stress consideration, we expand this approach for the
other three parameters: the specific respiration rate, mud content, and chlorin content. By employing
Equations (2), (6), and (7) (Table 2), we estimated additional sediment characteristics for the null
hypothesis and plotted these versus the water depth (Figure 7B–D). If the null hypothesis were true
and no local process affects the sediment characteristics, then a significant share of data points should
fall within the respective confidence bands (Figure 7B–D).
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Figure 7. The correlation of the bottom depth with the (A) permeability, (B) mud content measured
by laser diffraction, (C) chlorin content, and (D) specific respiration rate. The black line represents
a 15-point running median. The black, dashed line in (A) indicates the assumed trend based on the
grain size and bed shear stress considerations (see discussion). The gray bands indicate the confidence
intervals of the null-hypotheses. The colors indicate the individual sampling cruises.

Our measurements on the mud content agree well with the expected trend for water depths
greater than 20 m, and the running median (Figure 7B, solid line) falls within the confidence band.
Around a 10 m water depth, the running median deviates significantly from the expected trend, and the
mud content of the sediment appears approximately twofold higher than that expected via the bed
shear stress considerations. However, the deviation is small, and there is no mud belt along the 10 m
water depth. Likewise, the observed chlorin contents and respiration rates agree with the expected
trends for water depths greater than 20 m. Furthermore, the running median deviates again from
the expected trends at water depths of around 10 m, where the measurements exceed the expected
trend tenfold in chlorin and threefold in the respiration rate (Figure 7C,D). Beside these general trends,
Figure 7 also shows that individual samples may deviate substantially from these trends. This noise
is an expression of the fact that the sediment parameters examined here are potentially affected by
additional local processes such as bioturbation.

For a summary of the overall pattern, we found impermeable, muddy sediment with a high
chlorin content and high respiration rates in the deeper parts of the study area, where a low bed
shear stress (<0.2 N m−2; Figure 1B) and a low sediment mobilization (TRIM model suggests < 5%
of the time) enable the sedimentation of fine material. At a 20–30 m water depth, the effect of the
surface waves grows substantially, and the modelled ripple frequency increases. With sedimentation
decreasing and resuspension increasing in this area, the sediment becomes significantly more permeable
and concomitantly less active, as expressed by the specific respiration rate. Towards the shore, the
wave-induced bed shear stress increases further, and the TRIM model predicts an even higher sediment
mobility that exceeds a 25% ripple migration probability at a 10 m depth. As a result, the sediment
should be even more permeable and contain less mud and chlorin due to a low sedimentation and
high resuspension. However, our measurements indicate that this is not the case. Instead, we found a
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significant reduction in the permeability, increased contents of chlorin and mud, and higher respiration
rates. The bed shear stress does not explain this pattern, but since this area is in the same depth interval
as the zone of optimum floc formation, we assume that this is an effect of the settling of ballasted
flocs. The outlined potential discrepancy between the model prediction (TRIM model) and the true
sediment mobility offers an opportunity to test our conclusion: If our interpretation is correct, then
the measurements of the bedform migration rates should be substantially below the prediction of
the TRIM model due to an enhanced sediment cohesion by means of sticky EPS from settled flocs.
Unfortunately, no systematic observations of bedform migration are yet available for this specific area.
The reduced sediment mobility might at least explain the observation that excavations at the coastal
sand removal sites Westerland I–III just off the island Sylt in 10–20 m water depth are not refilling with
the otherwise abundant sand (F. Mielk & H.-C. Hass, pers. comm.). Future studies may also employ
in-situ measurements, such as the particle settling velocity (LISST-ST) or acoustic backscatter profiles
(ADCP), to verify that ballasted flocs enhance the particle flux toward the sediment.

4.3. After the Flocs Have Settled

The next question is: what happens to the flocs once they have settled at the sediment surface?
A clue might be provided by the grain size distributions of the sampled sediment. By normalizing the
most frequent grain size (1st mode) to unity, a second mode becomes apparent, which consistently has
a grain size of approximately one third of the most frequent grain size. This size corresponds well to
the size ratios of the interstitial void (ri) and grain diameter (rgrain) of unimodal spheres that are packed
in a tetrahedral (ri/rgrain = 0.23) or hexahedral (ri/rgrain = 0.41) arrangement (Figure 3, black arrows).
That means that grains with the size of the second mode just fit into the voids between quasi-spherical
sand grains, while they are too big to pass through the pore throats (rpore/rgrain = 0.16, [21]), as indicated
in Figure 3 by the white arrow.

This implies that the fine particles are unlikely to be deposited within the sand interstices from
the particle-loaded bottom water that is percolating through a stationary bed (sand filter), since
particles of the second mode size are too big to pass through the pores of the sand. Instead, a kind of
particle mixing is necessary to explain how the finer second-mode sized particles are placed within the
interstices of the larger first-mode sized grains. One such particle-mixing mechanism is the migration
of ripples and sand waves. However, this sediment mobilization tends to remove fine particles from
the sand [13]. Assuming that the sticky EPS from settled flocs might glue the fine particles to the coarser
sediment to prevent the winnowing is not a solution, as this sticky EPS also tends to suppress bedform
migration [11], thereby hampering particle mixing. Contrariwise, the distinct second mode is absent in
cohesive, muddy sediment, which does not form migrating bedforms. A second process of benthic
particle mixing is bioturbation, where burrowing and foraging animals mix the surface sediment and
thereby incorporate epibenthic floc deposits into the sediment. In this case, the sticky, organic EPS not
only promotes the deposition of flocs at the sediment surface but also attracts bioturbating, benthic
organisms that nourish on this EPS.

Although our limited data does not enable us to conclude on the process that mixes the
second-mode sized particles into the sediment, it appears plausible that the same process might
be assumed for the larger flocs and that the EPS is here also significantly involved.

5. Conclusions

We have compiled our recent measurements of sediment characteristics for a range of typical
sediment types from the German Bight, and established empirical equations of the interrelationships
of respiration, permeability, porosity, chlorin content, and mud content. On the basis of a simple
bed sheer stress model and by employing our empirical equations, we found a strong indication that
ballasted flocs with a high settling velocity alter the local sediment characteristics in 10–15 m water
depth. In this area, the sediment is less permeable, has higher contents of mud and chlorins, and has
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higher specific respiration rates as a result of the accumulation of settled organic matter. Additionally,
we identified the sediment mobility as an opportunity to test our conclusions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/8/344/s1,
Table S1: Data supplemental for Neumann et al. Ballasted flocs capture pelagic primary production and alter the
local sediment characteristics in the coastal German Bight (North Sea).
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Appendix A Notation and Abbreviations

CO2 oxygen concentration (µmol L−1)
Chl chlorin content per sediment bulk volume (µg cm−3)
Di, Dmode grain size (µm)
EPS Extracellular, polymeric substance
k permeability (m2)
MRE median of relative error
mudL volume fraction of mud content measured by laser-diffraction (cm3 cm−3)
P17, P83 17th and 83rd percentile of relative error distribution
p probability of null-hypothesis
POM particulate organic matter
ϕ porosity

R
specific respiration rate per sediment bulk volume (nmol cm−3 s−2), temperature-normalized to
10 ◦C.

ρs Spearman’s rank correlation coefficient
SPM suspended particulate matter
t time (s)
τ bed shear stress (N m−2)
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