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Abstract 13 

Biological activities of macrofauna on the sea floor mediate suspended sediment dynamics, at least 14 

locally. Most previous studies and modeling efforts were directed towards the local and small-scale 15 

effects of macrofauna on suspended sediment dynamics, and abundance estimates relied on rough 16 

assumptions. In the present work, the large-scale biological contribution of macrofauna to sediment 17 

dynamics (exemplified by a bivalve, the bean-like Fabulina fabula, formerly known as Tellina fabula) 18 

based on its observed distribution in the southern North Sea is investigated. Macrofauna effects have 19 

been considered with respect to the critical bed shear stress and erodibility, which are two important 20 

factors that control the resuspension rate. Simulation results for a typical winter month revealed for 21 

the first time that the suspended sediment concentration (SSC) is increased not only locally but 22 

beyond the inhabited zones. This effect is not limited to the near-bed water layers but can be 23 

observed throughout the entire water column, especially during storm events. We show that the 24 

magnitude of changes in SSC due to macrofauna effects depends not only on macrofauna 25 

abundance, but also on sediment transport parameters and hydrodynamic conditions as well as on 26 

sediment availability. For a selected storm event in February 2010, we succeeded to explain the 27 

counter-intuitive decrease of near-bed SSC in areas with large macrofauna abundance compared to a 28 

simulation excluding this macrofauna: A high macrofauna-induced entrainment rate leads to quick 29 

exhaustion of the available sediment at the bed and consequently limits the near-bed SSC. We also 30 
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find that for the southern North Sea a single characteristic suspended sediment fraction may 1 

sufficiently describe biologically influenced suspended sediment dynamics.  2 

Key words: macrofauna, biological effect, suspended sediment, North Sea, Fabulina fabula, 3 

numerical modelling 4 

1 Introduction 5 

Suspended sediment dynamics in coastal and shelf seas critically affects major biological 6 

processes and has significant economic implications (Puls et al., 1997, Winterwerp and van Kesteren 7 

2004, Gayer et al., 2006, van der Molen et al., 2009). The transport of suspended sediment makes an 8 

important contribution to material fluxes between the sea bed and the water column and between 9 

rivers, shallow water systems, and the open sea. Transport of suspended sediment depends on 10 

physical factors such as tides and their asymmetry (Burchard et al., 2008; Gräwe et al., 2016), wind 11 

and wave forcing (Lettmann et al., 2009), and morphological characteristics of the seafloor (van 12 

Ledden et al., 2004). Sediment transport is, however, increasingly believed to also be affected by 13 

biological factors such as the coverage of the seafloor by microphytobenthos and macrofauna 14 

(Rhoads et al., 1978, Jumars and Nowell, 1984, Krumbein, 1994, Paterson, 1997, Widdows et al., 15 

1998, Deckere et al., 2001, Orvain et al., 2006, Montague, 2013, Briggs et al., 2015, Harris et al., 16 

2016). Benthic organisms exert a significant influence on sediment dynamics (3-6 times increase of 17 

re-suspension rate as reported by Davis (1993)), since their activity is linked to a large number of 18 

biological, geological, and physical factors. For example, macrobenthic animals graze on stabilizing 19 

microphytobenthos (Orvain et al., 2014), change the roughness of the seafloor (Peine et al., 2005), or 20 

directly release particles into the water column (Graf and Rosenberg, 1997). 21 

In this study we focus on two macrobenthic modifications of suspended sediment dynamics: 22 

changes in (1) the critical bed shear stress for erosion and (2) the erodibility of the bed sediment. 23 

These two parameters, together with actual bottom shear stress, strongly determine erosion and 24 

resuspension rates (Pleskachevsky et al., 2005 Stanev et al., 2009) and have been identified as 25 

sensitive parameters in previous modeling studies (Knaapen et al., 2003, Lumborg et al., 2006, Le Hir 26 

et al., 2007, Sanford, 2008, Borsje et al., 2008, van Prooijen, Bram C. et al., 2011, Orvain et al., 2012). 27 

Sediment erodibility of the few upper centimeters of the bed layer is modified (van Hulten et al., 28 

2014; Armanini and Di Silvio, 1986), for example, by moving, sheltering and feeding macrofauna. 29 
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These highly seasonal processes lead to sediment displacement and are subsumed under the term 1 

bioturbation (Le Hir et al., 2007). They also alter sediment aggregation (Nowell and Jumars, 1984), 2 

porosity and permeability (Graf, Rosenberg, 1997), and the erodibility of the bed layer through 3 

biostratification. For example, the active and diffusive vertical transport by upward conveyors (e.g. 4 

tube building lugworm Arenicola marina) increases the fine fraction at the water--sediment interface. 5 

Conversely, downward conveyors (e.g. sipunculid worms) decrease the fine fraction (Wheatcroft and 6 

Butman, 1997).  7 

Burrowing and grazing activities of the deposit feeder Fabulina fabula (F. fabula) formerly known 8 

as Tellina fabula, for example, increases the erodibility of surface sediments (Austen et al., 1999). 9 

Sediment erodibility can be further altered by aggregation of bulk sediment into fecal pellets or 10 

pseudo-feces by deposit feeders. This bio-aggregation increases erodibility, since the aggregated 11 

material is less cohesive than before consumption (Austen et al., 1999). Fecal pellets are also more 12 

prone to erosion due to the reduction of specific surface area, i.e. the ratio of surface area to mass 13 

(Andersen and Pejrup, 2011). 14 

Critical bed shear stress of the uppermost bed layer is also reduced by the generation of a fluff 15 

layer, which may form by tracks of snails, fecal pellets and disintegrated sediment particles due to 16 

deposit feeding activities (Orvain et al., 2003). Particles from this layer are brought into suspension 17 

far below the critical bed shear stress of the underlying sediment ("fluff layer erosion") (Shimeta et 18 

al., 2002).  19 

Research on suspended sediment dynamics has started to include macrobenthic effects, 20 

specifically on erodibility, in both observational and modeling studies. Most of these past studies, 21 

however, focused on local effects of benthic fauna (benthos) on sediment transport or were 22 

restricted to smaller, e.g. intertidal scales (Paarlberg et al., 2005; Borsje et al., 2007; Le Hir et al., 23 

2007; Sanford, 2008). Large-scale effects of benthic fauna on suspended sediment dynamics have 24 

been scarcely studied so far (e. g. in Seifert et al. (2009) for the Baltic Sea). 25 

Here, we quantify local effects and study how these impact the large-scale distribution of 26 

suspended sediments. The present study particularly aims to answer the following questions: (1) To 27 

what extent and magnitude do macrobenthic effects on critical bed shear stress and erodibility 28 

influence the large-scale near-bed suspended sediment distribution in a shallow shelf-sea (southern 29 

North Sea)? (2) Are the effects similar for different sediment classes? (3) Do effects differ for 30 
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sediment transport near the bed and in the whole water column? (4) Are the biological impacts 1 

event-driven or characteristic for longer time periods?  2 

We address these questions by devising a coupled model system that resolves the relevant 3 

processes for coastal sediment transport. This coupled system includes effects of macrofauna by 4 

using the observed spatial distribution of bivalve F. fabula, which is a dominant species and 5 

eponymous characteristic of a macrozoobenthos community of the southern North Sea. We then 6 

compare simulated surface suspended sediment concentration (SSC) with satellite observations and 7 

in situ measurements and analyze the simulation results for a reference scenario including all 8 

processes and another scenario that disregards the macrobenthic effects.  9 

2 Materials and methods 10 

2.1 Study Area 11 

The study area comprises the southern North Sea, a shallow coastal system with water depths of 12 

up to 50 m, intertidal flats and a number of estuaries at the coastline (Figure 1). Currents are 13 

dominantly influenced by the semi-diurnal tides which propagate through the German Bight in an 14 

anti-clockwise sense, with amplifications in the estuaries and complex bathymetric interactions 15 

(Stanev et al., 2014). Substantial quarter-diurnal tidal components are generated (Stanev et al., 16 

2014), which show a significant seasonal signal (Gräwe et al., 2016). The tidal range varies from 2 m 17 

near the Dutch coast to about 4 m in the German estuaries. Tidal mixing inhibits thermal and haline 18 

stratification in the shallower parts of the German Bight (Schrum, 1997). Coastal upwelling and 19 

downwelling due to wind forcing affect the pathways of the discharge from the Elbe, Weser and Ems 20 

rivers (Krause et al., 1986). Stratification only occurs seasonally in the deeper parts of the southern 21 

North Sea and occasionally near the estuaries (van Leeuwen et al., 2013). At the fronts between the 22 

mixed German Bight waters and the stratified North Sea waters, a so-called line of no return 23 

(Postma, 1984) defines an area within which sediments are trapped in the German Bight. Between 24 

this line of no return and the coast, a thermohaline overturning circulation transports sediments 25 

towards the coast (Burchard and Badewien, 2015), such that sediments are accumulating in the 26 

Wadden Sea (Burchard et al., 2008) and as estuarine turbidity maxima in the estuaries (e. g.  27 

Kappenberg and Grabemann, 2001). 28 
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 1 

Figure 1 Bathymetry of the southern North Sea as represented on the numerical model grid. The study area of the 2 

German Bight is depicted by the red rectangle 3 

Macrobenthic infauna of the German EEZ has been classically categorized into five main benthic 4 

infauna communities based on  preferred habitat conditions (depth, sediment type), namely, 5 

Amphiura filifornis, Tellina (Fabulina) fabula, Nucula nitidosa, Goniadella-Spisula, Spio filicornis 6 

(Salzwedel et al., 1985). The categorization has been roughly confirmed by the ICES North Sea 7 

Benthos Survey (Duineveld et al., 1991) and the North Sea Benthos Project 2000 (Kröncke et al., 8 

2011) using a grid of sampling points, and by more refined cluster analysis (Neumann et al., 2012)  9 

2.2 Observational data 10 

2.2.1 Macrofauna data  11 

In the present study we accessed the macrozoobenthos database of the Institute for Applied 12 

Ecology (IfAÖ GmbH) which included 17710 hauls at 2347 infauna sampling stations and 2798 hauls 13 

at 1049 epifauna sampling stations in the German Bight by the time of query. Based on an analysis of 14 

species abundances, biomasses and presences derived from this database and by means of a 15 

specialist literature review, certain species were chosen that are particularly important for sediment 16 
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transport processes. Due to its bioturbation potential the bivalve F. fabula is among the most 1 

distinctive species of the study area (Borsje et al., 2009) which is also reflected by the naming of the 2 

F. fabula community that occurs in the German Bight (Rachor and Nehmer, 2003). The distribution of 3 

F. fabula  in the southern North Sea was  compiled based on observations in the German EEZ 4 

(Dannheim, 2014), which were extrapolated using available data (Creutzberg, 1986, Reiss et al., 5 

2011 ; van Moorsel, 2011 ; Dannheim, 2014) to the entire study area as shown in Figure 2. 6 

 7 

Figure 2 Interpolated annual mean abundance of the bivalve F. fabula in the southern North Sea Station data 8 

(Individuals m
-
²) 9 

Near-surface in situ time series in the area of West Frisia provided by the Dutch authority 10 

Rijkswaterstaat was accessed through OpenEarth (Rijkswaterstaat, 2017). The data covers 11 

measurement locations along cross-shore transects at low temporal resolution. The two stations 12 
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Terschelling and Rottumerplate (see Figure 3) were selected because of their close proximity to the 1 

East Anglia plume and data availability for the period of study. 2 

2.2.2 Satellite data 3 

Suspended sediment concentrations close to the water surface can be inferred from Envisat 4 

satellite images provided by the European Space Agency (ESA) at 300 m resolution. The satellite 5 

images were pre- and post-processed by ESA and Brockmann Consult using MERIS regional case 2 6 

water algorithms (C2R) explained in Doerffer et al. (2006). It should be noted that the calculated 7 

concentrations represent the total suspended matter of the near-surface layers, which also includes 8 

organic matter that is not considered in the simulated SSC. The penetration depth of the light 9 

emitted from the satellite-borne MERIS sensor depends on the turbidity of the water, for example 10 

1 m deep in case of high turbidity in our area of interest.  11 

2.3 Numerical models 12 

To investigate  large-scale macrofauna effects on the suspended sediment transport in the 13 

southern North Sea, a generic benthos module (Nasermoaddeli et al., 2014) was coupled to 14 

hydrodynamics, sediment transport, and erosion—sedimentation models via the Modular System for 15 

Shelves and Coasts (MOSSCO, Lemmen et al., 2013; Hofmeister et al., 2014; Lemmen et al., 2017) 16 

coupling framework. The MOSSCO framework is built on and extends the Earth System Modeling 17 

Framework (ESMF, Hill et al., 2004) 18 

Apart from five model components (hydrodynamics, suspended sediment, erosion—19 

sedimentation, waves and benthos effect) MOSSCO entails a generic input components that provide 20 

data on ocean boundary particle concentration, river loads and macrofauna distribution. 21 

 22 

2.3.1 Hydrodynamic model 23 

Hydrodynamics is simulated by the General Estuarine Transport Model (GETM; Burchard and 24 

Bolding, 2002). GETM is an open source coastal ocean model, which has been proven high skill  in 25 

various  studies for the North Sea and Wadden Sea (Stips et al., 2004; Burchard et al., 2008; 26 

Lettmann et al., 2009; van Leeuwen et al., 2013; Duran-Matute et al., 2014; Purkiani et al., 2016, 27 

Gräwe et al., 2016). It solves the incompressible Navier-Stokes-Equations and additional prognostic 28 
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equations for temperature and salinity (Klingbeil and Burchard, 2013). The free surface is calculated 1 

efficiently in an explicit mode-splitting algorithm and supports drying-and-flooding of intertidal flats. 2 

Quantities are transported with high-order, directional split TVD-schemes, which minimize numerical 3 

mixing (Klingbeil et al., 2014; Mohammadi-Aragh et al., 2015). Horizontal sub-grid scale dynamics are 4 

parametrized by a Smagorinsky closure (Smagorinsky, 1963). Turbulent vertical viscosities and 5 

diffusivities are provided by the General Ocean Turbulence Model (GOTM) which offers state of the 6 

art turbulence closure from Umlauf and Burchard (2005). For the present study a dynamic k-ε model 7 

with the 2nd-order closure of Canuto et al. (2001) “Model A” was applied. Bottom stresses are 8 

calculated based on the law of the wall with a prescribed bottom roughness length (here z0=1 mm). 9 

These current-only bottom stresses are modified according to Soulsby (1997) and consider the 10 

combined wave—current stresses.  Significant wave height and wave peak period were parametrized 11 

in terms of local depth and wind conditions (Breugem and Holthuijsen, 2007). 12 

2.3.2 Sediment transport model 13 

Suspended sediment is here represented by three size classes. Sediment mass is transported 14 

along the current vector computed by the hydrodynamic model, while diffusion due to turbulence 15 

and downward movement with a constant, size-dependent sinking velocity are applied additionally in 16 

the vertical. For the transport of the SSC, the same high-order, directional split TVD-schemes are 17 

used as for the transport of salinity and temperature in the hydrodynamic model. At open sea and 18 

river boundaries constant sediment concentration is prescribed as proposed by Gayer et al. (2006). 19 

At water-sediment interface, the net mass flux for each suspended sediment size class is prescribed 20 

as flux boundary condition for the sediment transport model.  21 

The modularity within MOSSCO allows the coupling of a separate model for the calculation of the 22 

net sediment flux at the water—sediment interface. For this purpose, the erosion—sedimentation 23 

routines of the Deltares Delft3d model were encapsulated and coupled via an ESMF interface to 24 

MOSSCO (Nasermoaddeli et al., 2014). The model uses the well-known Partheniades-Krone equation 25 

(Partheniades, 1965) for calculating the net sediment flux of cohesive sediment at the water—26 

sediment interface (see Table 1). 27 

 28 
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Table 1: Erosion and deposition fluxes as implemented in the numerical model following Partheniades (1965) 1 

𝐸𝑙 = 𝑔 ∙ 𝑀𝑙 ∙ 𝑆(𝜏, 𝜏𝑐𝑟,𝑒𝑟
𝑙 ) Eq. 1 

𝐷𝑙 = 𝑤𝑠
𝑙 ∙ 𝑐𝑏

𝑙 ∙ 𝑆(𝜏, 𝜏𝑐𝑟,𝑑𝑒𝑝
𝑙 ) Eq. 2 

𝑆(𝜏, 𝜏𝑐𝑟,𝑒𝑟
𝑙 ) = {

(
𝜏

𝑓 ∙ 𝜏𝑐𝑟,𝑒𝑟
𝑙

− 1) , τ > 𝜏𝑐𝑟,𝑒𝑟
𝑙

0, τ ≤ 𝜏𝑐𝑟,𝑒𝑟
𝑙

 

Eq. 3 

𝑆(𝜏, 𝜏𝑐𝑟,𝑑𝑒𝑝
𝑙 ) = {

(1 −
𝜏

𝜏𝑐𝑟,𝑑𝑒𝑝
𝑙 ) , τ < 𝜏𝑐𝑟,𝑑𝑒𝑝

𝑙

0, τ ≥ 𝜏𝑐𝑟,𝑑𝑒𝑝
𝑙

 

Eq. 4 

 2 

The main parameters taken into account are erosion flux E (kg m-2 s-1) and the deposition flux D 3 

(kg m-2 s-1). l is the index of sediment class, g the biological destabilization factor for erodibility (Eq. 4 

6), M  the erodibility factor (kg m-2 s-1), S  the Heavy-Side function,  ws  the settling velocity for each 5 

sediment class l,  cb  the near bed suspended sediment concentration, τ  the bed shear stress, τcr,er  6 

the critical bed shear stress for erosion, f the biological destabilization factor for critical bed shear 7 

stress for erosion, and τcr,depr the critical bed shear stress for deposition. The factors f and g 8 

introduced here to the original formula are to account for macrofauna effects presented in the 9 

following section. 10 

The net vertical sediment flux for each class results from the difference between erosion and 11 

deposition, both of which are applied to the active single layer of the bed. In this approach, the bed is 12 

conceptualized as a well-mixed non-stratified layer with a given depth. An arbitrary number of 13 

sediment size classes can be considered within this highly idealized sediment inventory. The mass 14 

fraction of each sediment size class within the well-mixed layer is the ratio of its mass to the total 15 

mass of all fractions within the layer. The mass of each sediment size class for a unit area is initialized 16 

in the model by a given fraction, thickness, porosity and sediment dry density which is spatially 17 

constant. The deposited mass of each sediment size class is added to the rest of the mass of the 18 

same class within the layer and mixed instantaneously with the bed material throughout the whole 19 

layer thickness. Hereby, the mass fraction of the size class is changed for the whole depth, 20 

accordingly. In a similar manner, erosion of bed material for each sediment size class is calculated. 21 
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2.3.3 Benthos model 1 

Inclusion of biotic effects on sediment transport modelling is complicated partly by the lack of 2 

data and knowledge to quantify effects of biological processes on sediment transport, especially at 3 

the community level; further complicacy stems from the seasonal variation of biological components, 4 

spatial patchiness, and non-linear interactions within the benthic community (Le Hir et al., 2007). In 5 

addition, effects on sediment transport properties are highly specific, thus depend on the function of 6 

the considered benthic species, while collective effects of different species on sediments are difficult 7 

to predict due to reciprocal (antagonistic) influences in benthic communities (Kristensen et al., 2013). 8 

Currently available models of sediment transport only depict in a very simplified manner the high 9 

complexity of effects that macrozoobenthos in their entirety exert on the water-sediment boundary 10 

layer. Another issue is the lack of species- or community-specific parameterizations of macrofauna 11 

effects on sediment transport parameters. Most sediment transport models which resolve 12 

macrozoobenthos were so far parameterized only for few selected macrofauna species and with few 13 

affected sediment transport parameters (e.g. Wood and Widdows, 2002; Knaapen et al., 2003; 14 

Paarlberg et al., 2005) or they quantify such effects using process-based differential equations (e.g. 15 

François et al., 1997; Orvain et al., 2003; Orvain, 2005; Montserrat Trotsenburg, 2011; Orvain et al., 16 

2012). 17 

Due to the lack of suitable parameterizations for F. fabula, we applied parameterizations which 18 

were originally derived for the effect of Macoma balthica on critical bed shears stress and erodibility 19 

(Knaapen et al., 2003; Paarlberg et al., 2005). 20 

Our analysis of macrobenthic communities based on the trait-matrix by Darr et al. (2014) 21 

enabled a generalization of a species specific parametrization. Underlying (laboratory) studies are 22 

usually performed suing a single species and now can be extrapolated to specific communities. Given 23 

the extremely high number of macrobenthic species in coastal and shelf habitats, we encourage to 24 

further develop trait-based approaches, also for keeping model complexity and parametrization 25 

effort small. 26 

These two formulations are used as linear modification factors of the corresponding abiotic 27 

parameters. It should be noted that both relations rely on only few data collected by Widdows et al. 28 

(2000a, b) in an intertidal basin. The destabilization factor for critical bed shear stress and erodibility 29 

are given in Table 2. 30 
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Table 2: Factors accounting for destabilization of critical bed shear stress (fd) and erodibility (gd) 1 

𝑓d(M) =  0.0016 ∙ ln(𝑀2) − 0.085 ∙  ln(𝑀) + 1 Eq. 5 

𝑔d(𝑀) =
𝑏2 ∙ 𝛾

(𝑏2 + 𝛾 ∙ 𝑏1
𝑀) 𝐼

 
Eq. 6 

 2 

fd is the destabilizing factor for critical bed shear stress, M is the dimensionless abundance 3 

(actual abundance of individuals (ind.) divided by reference abundance of 1 ind. m-2), and gd  the 4 

destabilizing factor for erodibility. The derivation of Eq. 6 is based on the assumption that the 5 

biological effect reaches a maximum with increasing abundance M, after which it remains constant 6 

(S-shaped curve). The parameters applied here are the maximum biological erosion coefficient 7 

γ = 6 x 10-7 ms-1, the erosion coefficient without biological influence I = 4.68 × 10-8 ms-1 and the 8 

regression coefficients b1 = 0.995 and b2 = 5.08 10-8 ms-1.  9 

The mentioned parameterizations were implemented in MOSSCO’s benthos module, which is a 10 

generic object-oriented library. It provides an adaptive structure for linear superposition of 11 

macrofauna effects on sediment transport parameters such as critical shear stress, erodibility, 12 

roughness, settling velocity, biodeposition and bio-resuspension.  13 

2.4 Model setup 14 

The model resolves three silt classes , which differ in  settling velocity and transport parameters,  15 

similar to Gayer et al. (2006) and compliant to measurements of Puls et al. (1995) in the German 16 

Bight. Other sediment transport parameters for each silt class are presented in Fehler! 17 

Verweisquelle konnte nicht gefunden werden.3.  18 

The initial fraction of each silt class at the bed and in the water column was assumed spatially 19 

constant in the computational domain. They were determined by multiplying measured silt fractions 20 

in the shallow water (0-20 m) zone by the ratio of the area of shallow zone to the total area of the 21 

southern North Sea. The silt fractions at open sea boundaries and rivers were selected according to 22 

Gayer et al. (2006). 23 

The initial thickness of the active layer was chosen to be 10 mm to limit the available initial 24 

sediment at bed, which is not very far from values (2-5 mm) obtained by Lumborg et al. (2006) based 25 
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on field observations for the upper bed layer in Kongsmark, a tidal mudflat in the Danish Wadden 1 

Sea.  2 

The critical bed shear stress for erosion (τc,er ) of very fine silt was calculated according to the 3 

thresholds of bottom shear stress velocity for benthic fluff mud blanket and coarse silt given in Gayer 4 

et al. (2006). The critical bed shear stress of 0.6 N m-2 for fine silt was calibrated by comparing the 5 

simulated SSC with available satellite data and in-situ measurements. 6 

The existence of a critical bed shear stress for deposition (τc,dep ) is under debate. Winterwerp 7 

(2007) showed the irrelevance of τc,dep  by reproducing successfully  experimental results without 8 

inclusion of this parameter in his model. In contrast, Maa et al. (2008) argue that deposition ceases 9 

beyond a specific bed shear stress based on their laboratory experiments. We carried out a 10 

sensitivity analysis by testing a range of values of τc,dep for each silt class varying between 0.096 N m-2 11 

to 2 N m-2, as well as ignoring this parameter. The selected range reflects literature values (i.e. Gayer 12 

et al., 2006, and Lumborg et al., 2006). The best fit between simulated and measured SSC was 13 

reached by the values of τc,dep given in Fehler! Verweisquelle konnte nicht gefunden werden.3. Also 14 

erodibility, constant for the three silt fractions, was calibrated.  15 

Table 3: Sediment parameters in of the numerical model (SNS setup) 16 

Silt 

class 

Settling 

velocity  

(m s
-1

) 

Initial 

Fraction* 

(%) 

Initial 

concentration  

(g m
-3

) 

Initial 

thickness  

(m) 

τc,er  

(N m
-
²) 

τc,dep 

(N m
-
²) 

Erodibility 

(kg m
-2 

s
-1

) 

coarse 0.001 8.24 2.5 0.01 0.78 - 1.0×10
-5 

fine 0.0001 5.46 2.5 0.01 0.6 1.5 1.0×10
-5 

Very 

fine 
0.00002 1.21  0.5 0.01 0.1 1.5 1.0×10

-5 

*fraction in respect to the total mass including all other sediment size classes, for example sand 17 

 18 

 19 
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2.5 Model setup 1 

The model domain covers large parts of the southern North Sea (SNS). We use a curvilinear 2 

horizontal grid with 140x100 grid points in the horizontal to align the main axes with the coastline 3 

and to increase the resolution in the German Bight up to 1.5 km at the South East corner and 4.5 km 4 

at the North West corner (see Figure 1 for the model grid). In the vertical, 20 sigma layers are used, 5 

which results in a vertical resolution of 0.5 m in 10 m water depth and 2.0 m in 40 m water depth. 6 

This strategy has been shown to work successfully in hindcast simulations with GETM (Hofmeister et 7 

al., 2013, Hetzel et al., 2015).  8 

The numerical time step as well as coupling time step among the components was set to 2 9 

minutes. The setup is forced with output data from a regional atmospheric model at the sea surface 10 

and the sea surface height at the open boundaries is taken from a barotropic hindcast simulation. A 11 

more detailed description of the setup and its validation is given in Kerimoglu et al. (in prep.). The 12 

effect of bottom friction is implemented as temporally and horizontally constant. The bathymetry of 13 

the model domain and model grid is shown in Figure 1. Ten major rivers along the coasts in the 14 

southern North Sea were considered with respect to the freshwater fluxes and the suspended 15 

sediment loads (Radach and Pätsch, 2007).  16 

Suspended sediment concentration was available only in the Humber and the four rivers which 17 

are collectively referred to as the 'Wash' with constant silt concentration (different for each river).  18 

For the other rivers, the silt fraction was chosen according to Gayer et al. (2006). We prescribe the 19 

suspended sediment concentration at the northern and western open boundaries of the model 20 

domain using estimates of total SSC by Heath et al. (2002).  21 

The simulation period  from January  to September, 2010 covered both winter as well as summer 22 

months (for qualitative assessments) but also matches availability of  validation data for 23 

hydrodynamic and partly for suspended sediment. For the fully coupled simulation of sediment 24 

transport (including macrobenthic effects), the observed distribution of the bivalve F. fabula was 25 

implemented as modular forcing. The configuration used for this study can be reproduced by 26 

downloading the open source MOSSCO setups repository from https://sf.net/p/mossco/setups , 27 

selecting the „sns“ example setup with the „spm“ configuration. 28 

 29 

https://sf.net/p/mossco/setups
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3 Results 1 

3.1 Model validation 2 

The hydrodynamic model provides a realistic description of horizontal mixing as inferred from 3 

domain-scale salinity gradients and vertical stratification from May to September within the deeper 4 

(> ~30 m) regions of the German Bight (Kerimoglu et al., in prep.). 5 

For the SSC validation, two satellite images on March 1, and April 14, 2010 were selected (Figure 6 

3 a, c). The former is representative for a storm event and the latter for a typical neap tide. Both 7 

images display the typically observed coastal gradient (strongly decreasing offshore concentration) as 8 

well as the East Angelia plume.  9 

Their comparison with simulated near-surface total SSC confirmed a high model skill in terms of 10 

reproducing the coastal gradients in the eastern part of the German Bight; but SSC at the Elbe and 11 

Weser estuaries are overestimated and at the Ems estuary underestimated, which could be due a too 12 

coarse resolution of estuarine dynamics, as addresses by Kerimoglu et al. (in prep). The East Angelia 13 

plume could be also fairly well reproduced on March 1 (Figure 3 a, b). It is, however, missing in the 14 

simulation results on April 14 (Figure 3 c, d). It should be noted that the satellite images show total 15 

suspended matter and simulations only suspended sediment concentration. 16 

 17 
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 1 

Figure 3 Total suspended matter (TSM) calculated from satellite images on March 1, 2010 (a) and April 14, 2010 (c) 2 

vs simulated total suspended sediment concentration (SSC) near-surface at the same days (b and d) 3 

The sediment transport model was further validated using the time series from satellite images 4 

as well as in-situ near-surface SSC at several locations nearshore and offshore of West Frisia. Near-5 

surface simulated SSC with and without macrofauna compare relatively well to satellite derived data 6 

(Figure 4). At least the order of magnitude of observations and the simulated near-surface SSC agrees 7 

in near shore and offshore regions of West and North Frisia. The temporal variation of SSC could be 8 

well reproduced in some periods and locations (for example at Terschelling T50 and Rottumerplate 9 

R3, Figure 4b, c), but was overestimated at 10 km off Terschelling (T10, Figure 4a). The simulated SSC 10 

scenario without macrofauna performed better at T10, which could be due to the overestimation of 11 

F. fabula abundance by the extrapolation at this location. 12 
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 1 

Figure 4 Comparison between in situ measurements (blue diamond), remote sensing observations (red crosses) and 2 

simulations (green areas) of concentration of suspended material for coastal transects represented by stations T10 and 3 

T50 (10 and 50 km off the Westfrisian island of Terschelling),R3 and R70 (3 and 70 km off the island of Rottumerplate 4 

outside the Dollart estuary, and S9 and S62 (9 and 62 km off the Northfrisian island of Sylt); The simulation was sampled 5 

in a 2500 m radius around the station and the satellite (with higher resolution than the simulation) in a 500 m  radius. 6 

3.2 Simulations with macrofauna effects 7 

In the following the results are presented for a storm event as well as temporal mean effect of 8 

macrofauna on SSC. Simulation results for SSC including macrofauna effects (i.e. using the observed 9 

spatial distribution of average abundance of F. fabula) reveal a number of differences to the scenario 10 

without macrofauna.  11 

3.2.1 Storm event 12 

Simulated near-bed SSC with macrofauna effects differs from the SSC in the scenario without 13 

macrofauna, depending on the sediment class, macrofauna abundance, and location. 14 

The near-bed SSC of the coarse silt class (Figure 5a) is clumped distributed over a large area in 15 

the shallow zone and partly offshore. This patchiness seems to be the imprint of F. fabula 16 

inhabitation zones, when compared to the contour lines of F. fabula abundance in Figure 5b. 17 



 

17 

 

Additionally, macrofauna in the model has led not only to an increase of the near-bed SSC in some 1 

inhabited areas but also to a decrease in other areas. Zones with reduced near-bed SSC correspond 2 

mostly to inhabited zones with higher abundance of F. fabula (shown by thicker contour lines). 3 

Increases in near-bed SSC due to macrofauna effects were more frequent than  reductions and the 4 

absolute value of maximum increase (10 g m-3) was larger than the absolute value of maximum 5 

decrease (-6 g m-3) as apparent from the histogram in Figure 5a.  6 

Much less patchiness is observed in the near-bed SSC distribution of fine silt class (Figure 5c). A 7 

closer comparison of macrofauna enhanced SSC zones with F. fabula abundance contours in Figure 8 

5d reveals for the first time (to the knowledge of authors) that near-bed SSC has been modified 9 

beyond the zones inhabited by macrofauna modifying sediment erosion and deposition properties. 10 

This is particularly obvious in the shallow zones such as north of Sylt or offshore of the Ems estuary, 11 

which suggests that biological contribution may trigger large scale modification of near-bed SSC of 12 

fine silt. Figure 5d shows a significant macrofauna-related increase of SSC primarily in front of Sylt 13 

and also in some parts of the shallow waters along East and West Frisia. These zones correspond to 14 

the inhabited regions with F. fabula (shown by contour lines).  15 

Also near-bed SSC of fine silt is reduced by macrofauna in a number of regions (Figure 5d). The 16 

pattern of near-bed SSC of fine and coarse silt is similar, with the former showing higher magnitudes 17 

of change and over larger areas. The near-bed SSC of fine silt has been reduced significantly offshore 18 

of West Frisia and along the Elbe glacial channel beyond Helgoland, whereas it has mostly increased 19 

for coarse silt due to macrofauna. Similar deviations are noticed to the west and north of Sylt as well 20 

as offshore of East Frisia. Seaward of West Frisia, however, macrofauna activities have resulted in a 21 

decrease of near-bed SSC of fine silt and coarse silt. Finally, the histogram shows a significant 22 

increase of differences due to macrofauna effects (from -15 to 30 g m-3). Here again the number of 23 

elements with enhanced SSC due to macrofauna exceeds the ones displaying the opposite trend.  24 

No patchiness can be detected from near-bed SSC distribution for very fine silt in Figure 5e. The 25 

modified near-bed SSC due to macrofauna for very fine silt, depicted in Figure 5f, shows a very low 26 

difference (almost negligible) and mostly a reduced concentration in coastal shallow areas, 27 

irrespective of the F. fabula distribution. It is inferred that the macrofauna effect plays no significant 28 

role for near-bed SSC for very fine silt during a storm event, in contrast to the other two silt classes. 29 
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The concentration of near-bed total silt (sum of all three silt classes) shown in Figure 5g 1 

represents similar gradients and magnitude to those of the fine silt fraction.  Patchiness of the near-2 

bed SSC offshore along the coasts and the SSC plume west and south west of Helgoland can be still 3 

observed. The macrofauna contribution to the near-bed SSC (Figure 5h) is quite similar for near-bed 4 

total silt and fine silt class. This implies that the dominant macrofauna effects on the near-bed SSC 5 

may be represented by fine silt fractions in case of a storm event. It should be however noted that 6 

the magnitude of enhancement of near-bed SSC due to macrofauna decreases when integrating over 7 

all silt fractions, since in some regions concentration increased for fine silt, but decreased for coarse 8 

silt, such as west of Sylt.  9 
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 1 

Figure 5 Simulated near-bed suspended sediment concentration (SSC) at a storm event in February 2010. The left 2 

hand panels show the near-bed SSC for coarse (a), fine (b), very fine (e) and total (g) SSC; the right hand panels (b, d, f, h) 3 

show the calculated modification due to benthos effects, respectively. Contours denote the presence of F. fabula at 10, 4 

100, and 500 individuals m
-2

 levels. The histogram shows the logarithmically scaled distribution of biotic modifications in 5 

n = 8,997 grid cells. 6 
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3.2.2 Depth-averaged SSC 1 

Depth-averaged SSC is especially important for both ecosystem modelling and sediment 2 

management and therefore was subject to further investigations. As results for all three silt classes 3 

were quite similar to those for near-bed SSC, we present only the total depth-averaged SSC in the 4 

following. 5 

The total depth-averaged SSC in Figure 6 shows similar patterns as the total near-bed SSC, except 6 

for a weaker patchiness, which is an implication of vertical and horizontal mixing of SSC. The major 7 

difference seems to be the plume around Helgoland, which lacks for total depth-averaged SSC and 8 

thus appears specific to the near-bed layer. The plume may hence be due to local resuspension of silt 9 

near the bed, usually deposited south east of Helgoland (Puls et al., 1999). The horizontal distribution 10 

of macrofauna contribution to the depth-averaged SSC shown in Figure 6b is similar to that of near-11 

bed SSC depicted in Figure 5h. This is a significant outcome confirming that biological activities of 12 

macrofauna at the sea floor may impact the concentration beyond the extent of the inhabitation 13 

zone and throughout the water column, at least in a storm event.  14 

Areas and magnitude of enhanced and reduced concentration due to the macrofauna effects are 15 

quite similar for near-bed and depth-averaged values.  16 
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 1 

Figure 6 Simulated depth averaged total suspended sediment concentration (SSC) at a storm event in February 2010 2 

(upper panels a,b) and temporally averaged over a tidal cycle in February 2010 (lower panels c,d) . The left hand panels 3 

(a,c) show concentration; the right hand panels (b,d) show the included contribution of biotic benthic modification. 4 

Contours denote the presence of F. fabula at 10, 100, and 500 individuals m
-2

 levels. The histogram shows the 5 

distribution of biotic modifications in n = 5,869 grid cells. 6 

3.2.3 Temporal mean macrofauna effects 7 

For a spring-neap tidal cycle during a typical winter month (February 2010), the patchiness of 8 

total mean depth-averaged SSC disappears (Figure 6c), in contrast to the storm event (Figure 6a). 9 

This may indicate strong horizontal mixing of macrofauna-induced changes in SSC during a spring-10 

neap tidal cycle. It can be furthermore inferred from Figure 6d that mean depth-averaged SSC is 11 

generally enhanced by macrofauna in most areas of the southern North Sea, also in contrast to the 12 

storm event. Specifically, contrary to the storm event, the SSC is increased offshore of West Frisia 13 

due to biological contribution. The only area with slightly decreased SSC is along the glacial valley of 14 

the Elbe. The SSC has been biologically increased mostly along the coastal belt and the effect is 15 

highest around the East Frisian Islands and Sylt. The magnitude of increased SSC due to the 16 
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macrofauna effects is still significant (up to 15 g m-3), but the maximum reduction of SSC reaches to 1 

only -3 g m-3.  2 

These results confirm that macrofauna exerts an effect on the spatio-temporal distribution of 3 

SSC beyond the inhabited areas and thus invokes a large-scale impact on SSC in the southern North 4 

Sea regardless of the physical condition.  5 

4 Discussion 6 

Suspended sediment concentration increases due to macrofauna effects (Davis, 1993, Le Hir et 7 

al., 2007) beyond the inhabitation zones for the fine silt class while not so for the coarse silt (Figure 8 

5). This can be explained by the smaller settling velocity of this sediment class (0.0001 m s-1) 9 

compared to that of coarse silt, allowing transportation beyond their origin of production . For 10 

example, for a residual tidal velocity (root mean square) of 0.2 m s-1 and a water depth of 10 m in 11 

shallow area, the fine silt can be transported 20 km. Moreover, the biological contribution to fine silt 12 

(maximum 30 g m-3) is three times larger than that for coarse silt (histograms in Figure 5b and Figure 13 

5d), which provides more suspended sediment to be transported much farther, triggering a large-14 

scale impact on SSC. The very fine silt at the bed was rapidly exhausted due to its very low critical bed 15 

shear stress (0.1 N m-2), making this class of sediment less sensitive to the biologically mediated 16 

sediment properties at the bed (erodibility, critical bed shear stress). Therefore, the difference in 17 

near-bed SSC between biologically mediated sediment and without biological effect is small. 18 

Moreover, the very low settling velocity of particles (0.0002 m s-1) allowed a large spatial distribution 19 

of the slightly modified near-bed SSC by horizontal transport processes beyond the inhabited zones. 20 

The unexpected decrease of near-bed SSC in some areas especially those with high abundance 21 

(>100 ind. m-2) can be attributed to two factors, biologically mediated entrainment rate and 22 

sediment availability (Stammermann and Piasecki, 2012). In model areas covered or dominated by 23 

F. fabula the erodibility is increased and the critical bed shear stress is decreased. These two 24 

processes lead to higher and more frequent resuspension primarily over these zones. Consequently, 25 

the mass in bed is eroded more frequently and finally exhausted more quickly than is the case 26 

without considering macrofauna-related effects. Figure 7 demonstrates this situation for west of Sylt 27 

before and after the storm event. Sediment mass at the bed for the coarse silt had been already 28 

exhausted prior to the storm event on February 3 (shown with a vertical green line) so that no 29 
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sufficient sediment was available for erosion during the storm (Figure 7b). Compared to the case 1 

without macrofauna effects, the sediment mass is at least two orders of magnitude larger and the 2 

erosion process is not limited by sediment availability. Consequently, the concentration of near-bed 3 

SSC during the storm event is larger for the case without biological effect (light shaded area in the 4 

upper Figure 7b). 5 

It was found in Figure 5d that at the same location (west of Sylt) macrofauna resulted in 6 

enhancement of the near-bed SSC of fine silt in contrast to a reduction for near-bed SSC of coarse silt. 7 

The reason can be demonstrated by sediment availability for both cases (with and without 8 

macrofauna effects) presented in Figure 7a. These two figures indicate the importance of sediment 9 

availability as a limiting factor for macrofauna effects. Moreover, it can be observed in Figure 7a that 10 

the sediment mass is reduced more rapidly, when including macrofauna effects on sediment 11 

erodibility and critical bed shear stress (compare the slope of the two curves of the lower diagram 12 

just before the storm event). 13 

 14 

Figure 7 Near-bed simulated suspended sediment concentration (SSC, for coarse and fine silt fractions) including the 15 

contribution of biotic modification (blue and yellow shading, upper panel) in the first two weeks of February 2010. 16 

Available mass is shown in the lower panel indicating frequent depletion of available sediment for resuspension, 17 

especially after the storm event (green line). 18 

Our results have important implications for ecosystem modeling. Light penetration through the 19 

water column is affected by increased turbidity induced by macrofauna at the sea bed, which 20 

impacts primary production and population dynamics of phytoplankton. This finding indicates the 21 

indirect coupling between macrofauna and phytoplankton through SSC. It should, however, be 22 

investigated whether such linkage is limited to storm events or may have long-term effects. 23 
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Our results reflect the given model parameters. In the absence of sufficient data for 1 

determination of sediment parameters, these were calibrated by comparing the simulated SSC with 2 

measured ones or values adopted from literature. The same shortage holds for F. fabula abundance 3 

data. These were restricted to the locations of observation and were therefore extrapolated and 4 

interpolated for other regions. Seasonal variation of macrofauna abundance was not considered. 5 

Furthermore, in the present study, the macrofauna effect of a single dominant species was 6 

considered ignoring the effect of several other species and their non-linear interaction within the 7 

community. The parametrizations adopted for the inclusion of macrofauna effects were based on 8 

very limited data from literature. According to Eq. 6, these effects can be highly non-linear, as 9 

erodibility increases exponentially between an abundance of 100 to 800 ind. m-2, following a S-10 

shaped equation, leading to highly increased erosion rate in inhabited areas and finally exhausting 11 

the available bed material. Another possible limitation of our model is that macrofauna effects were 12 

assumed to be constant over time and other macrofauna effects such as those on roughness or 13 

biodeposition were not considered. In case of F. fabula, however, the temporal variability of 14 

abundance is known to be limited (Creutzberg, 1986). 15 

Finally, we suggest more laboratory experiments addressing the functional form of how 16 

macrobenthic organisms (communities) alter sediment transport properties. This would greatly 17 

reduce the uncertainty in critical model formulations. Also, our results should be verified by field 18 

measurements, in which simultaneous measurements of hydrodynamics and sediment concentration 19 

as well as bed sediment and biological probes are conducted. This may result in new and more 20 

accurate and integral (because biological) parameterizations of sediment transport models. 21 

5 Conclusions 22 

The observed influence of macrofauna on sediments at the seabed and the seabed structure 23 

itself has been investigated in terms of large-scale impacts on suspended sediment concentration for 24 

a shallow shelf sea. The southern North Sea has been taken as an example to study the impact of 25 

macrofauna in a numerical model by integrating a generic benthos module in a coupled 3D model 26 

system. Modification of critical bed shear stress and erodibility constituted the major proxies for 27 

macrofauna impacts on sediment. What distinguishes the present study from previous ones is the 28 

focus on large-scale effects (>100 km) combined with the application of the measured spatial 29 

distribution of the bivalve F. fabula as a chosen characteristic species.  30 
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The simulation results indicate that macrofauna not only can significantly modify SSC locally but 1 

also beyond the inhabited zones. As expected, the enhanced SSC due to macrofauna is most 2 

pronounced for high energy conditions such as storm events but persists also over a spring-neap tidal 3 

cycle. Changes of SSC were not confined near the bed but extended through the water column due 4 

to vertical mixing.  5 

Furthermore, it was shown that magnitude and horizontal extent of macrofauna modified SSC 6 

are constrained by sediment availability and depend on the sediment properties, such as settling 7 

velocity and critical bed shear stress for deposition and erosion. Fine silt, being the dominant fraction 8 

for suspended sediment in the water column, was found to be very sensitive to the occurrence of 9 

macrofauna. While the present study contributes to the improvement of ecosystem and sediment 10 

transport modelling by offering new insights into large-scale effects of macrofauna on SSC in the 11 

southern North Sea, it should be noted that physical and biological processes in the model are less 12 

complex as in nature and rely partly on simplified parameterizations, which offers various new 13 

research questions both in empirical and modeling research.   14 
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