

[image: Small-scale benthic faunal activities may lead to large-scale morphological change- A model based assessment]
Small-scale benthic faunal activities may lead to large-scale morphological change- A model based assessment





ORIGINAL RESEARCH

published: 17 October 2022

doi: 10.3389/fmars.2022.1011760

[image: image2]


Small-scale benthic faunal activities may lead to large-scale morphological change- A model based assessment


Peter Arlinghaus 1*, Wenyan Zhang 1* and Corinna Schrum 1,2


1 Institute of Coastal Systems - Analysis and Modeling, Helmholtz-Zentrum Hereon, Geesthacht, Germany, 2 Center for Earth System Sustainability, Institute of Oceanography, Universität Hamburg, Hamburg, Germany




Edited by: 

Chunyan Li, Louisiana State University, United States

Reviewed by: 

Regan Nicholaus, Mbeya University of Science and Technology, Tanzania

Benwei Shi, East China Normal University, China

*Correspondence: 

Peter Arlinghaus
 peter.arlinghaus@hereon.de 

Wenyan Zhang
 wenyan.zhang@hereon.de

Specialty section: 
 This article was submitted to Coastal Ocean Processes, a section of the journal Frontiers in Marine Science


Received: 04 August 2022

Accepted: 29 September 2022

Published: 17 October 2022

Citation:
Arlinghaus P, Zhang W and Schrum C (2022) Small-scale benthic faunal activities may lead to large-scale morphological change- A model based assessment. Front. Mar. Sci. 9:1011760. doi: 10.3389/fmars.2022.1011760



A novel 3-dimensional numerical model resolving dynamic interactions between environmental drivers and benthic fauna was applied to an idealized domain as analogous to typical tidal embayments. The aim is to derive insights into the role of benthic fauna in guiding long-term (decadal to centennial) coastal morphological evolution at a system scale. Three major functions by benthic fauna on sediment dynamics, namely bio-destabilization, bio-deposition and bio-stabilization, were incorporated. Results indicate that each of the three functions is able to guide a unique and profound long-term change of the embayment morphology. Bioturbation-induced sediment mixing and bio-destabilization may result in net sediment export out of the embayment, whilst bio-deposition and bio-stabilization tend to alter the embayment toward a net sediment import environment. Benthic fauna is able to modify large-scale hydro-morphology toward a state favorable for living. A combined effect of the three functions is not just a simple neutralization of the opposing impacts between sediment stabilization and destabilization. Rather, it leads to a unique response of the embayment morphology due to interactions between different benthic functional groups. Comparison with a real tidal embayment (Jade Bay from the Wadden Sea) justified a general validity of the model results in terms of statistics in both morphology and benthic fauna, and suggested an equal importance of interactions between benthic fauna and bed morphology and between different benthic functional groups in guiding morphological development of complex coastal systems.
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Introduction

Morphological evolution of coastal systems is jointly controlled by physical, biological and anthropogenic processes (Angamuthu et al., 2018). While the impacts of physical and anthropogenic drivers on coastal morphological development have long been acknowledged and extensively studied, the role of biota in guiding evolution of coastal landscapes is often overlooked and has become another focal point only until recent decades (Fagherazzi et al., 2004; Murray et al., 2008; Wang and Temmerman, 2013; Shi et al., 2020; Viles, 2020; Chen et al., 2021). The interaction between biota and environment is twofold. On one hand, coastal morphology, associated environmental forcing (e.g. tides, waves) and food availability exert a first-order control on the type of habitats as well as abundance and trait expression of biota (Murray et al., 2008; Holzhauer et al., 2019; Shi et al., 2021). On the other hand, biota in turn actively modify their environment to attain an optimized fitness for their living conditions (Jones et al., 1994; Hastings et al., 2007; Li et al., 2021). Understanding such dynamic interactions between environmental parameters and biota is essential in management and optimization of many coastal systems against present and future climate and anthropogenic threats (Murray et al., 2008; Viles, 2020).

Biota in coastal systems include flora and fauna. The former is well recognized to exert predominantly stabilizing effects on sediments and coastal morphology. In coastal lands and marshes, for instance, plants play an antagonist role to erosion by dampening tidal currents and waves, and trapping sediment (Möller et al., 2014; Zhang et al., 2015; Leonardi et al., 2018). Benthic fauna incorporates all animals living on or within the sea floor. Benthic faunal behaviors are highly complex and variable (Murray et al., 2014; Murray et al., 2017; Dairain et al., 2019), and can influence the stability of coastal morphology in either positive or negative ways depending on a variety of parameters such as age, biomass, community composition, sediment type, hydrodynamics (Arlinghaus et al., 2021). Benthic fauna is known to actively rework sediments and promote soil formation at small spatial scales (from millimeters to meters) within the habitat (Craft, 2000; Valdemarsen et al., 2018), which is via four main functions, namely (1) biomixing which transports and mixes sediment particles horizontally and vertically through foraging and sheltering behaviors (Kristensen et al., 2012; Lindqvist et al., 2016), (2) mediating particle flux over chemical and compositional gradients and grain transformation through processing of food (Andersen and Pejrup, 2011), (3) change of sea bed roughness through allogenic and autogenic structures (Alves et al., 2017), and (4) coating on sediment grain surface by biofilm (Stal, 2010).

An understanding of how small-scale benthic faunal behaviors may accumulatively lead to long-term and large-scale (km-scale) coastal morphological change is not trivial since benthic fauna may cause sediment deposition and erosion of the same order of magnitude as changes caused by natural physical drivers such as tides, waves, and sediment supply (Wood and Widdows, 2003). It requires an extension of current knowledge from species level to an integrated system level since many species may co-exist and interact among each other in a natural coastal system. In addition, variation in ecological traits may lead to large differences in bio-morphodynamics mediated by different species in different circumstances (Viles, 2020). Focus on only a few selected species but omission of other interacting species and feedback mechanisms among themselves and the environment may lead to incomplete or even biased knowledge (Reinhardt et al., 2010; Arlinghaus et al., 2021; Brückner et al., 2021). Despite of an increasing consensus that benthic fauna plays an important role in mediating morphological evolution at spatical scales much larger than its habitat (Nasermoaddeli et al., 2017; Brückner et al., 2021), development of numerical models quantifying associated bio-morphodynamics is still at an explorative stage. The hindering factors include not only limited understanding of fundamental biological/bio-physical processes affecting morphological development and dynamic feedback loops among them but also a shortage of data for model calibration and confirmation of simulation results especially at a large spatial scale (Arlinghaus et al., 2021).

Tidal embayments represent one of the most dynamic coastal systems which are persistently shaped by hydro-morphodynamics and bio-morphodynamics. Disentangling respective impact of individual abiotic and biotic drivers as well as their dynamic interactions and combined effects on morphological development of tidal embayments is difficult. For example, an investigation by Benninghoff and Winter (2019) of the German Wadden Sea, which consists of a series of tidal embayments and associated ebb deltas, barrier islands, salt marshes and estuaries, found that the region has undergone net sediment deposition in most tidal flats whilst net erosion in subtidal channels based on comparison of bathymetric data between 1998 and 2016. On the other hand, several abiotic (e.g. mean sea level rise, tides, waves and boundary sediment supply) and biotic (e.g. flora and fauna) factors can individually or jointly cause erosion in tidal channels and/or deposition in tidal flats (Marciano et al., 2005; Van Maanen et al., 2013a; Van Maanen et al., 2013b; Van Maanen et al., 2015; Zhang and Arlinghaus, 2022) and the exact mechanisms explaining the observed changes of the Wadden Sea have yet to be explored (Benninghof and Winter, 2019).

In this study, we intend to bridge part of the knowledge gap by quantifying the importance of benthic fauna in guiding long-term (decadal to centennial) coastal morphological evolution at a large and regional scale and disentangling its impact from abiotic drivers. To achieve this, we applied a novel 3-Dimensional numerical model, which resolves dynamic interactions between environmental drivers (hydrodynamics, morphodynamics, temperature), food availability and benthic fauna to an idealized domain as analogous to typical tidal embayments. Benthic fauna is represented by three functional groups according to its major impacts (bioturbation, bio-deposition and bio-stabilization) on sediment dynamics. Specifically, we aim to address the following questions:

I. How and to what extent can benthic fauna modify embayment-scale coastal morphology?

II. How and to what extent can interactions between different functional groups of benthic fauna influence long-term morphological development of tidal embayments?



Material and methods

In order to derive a general understanding of the importance of benthic fauna in guiding long-term and large-scale morphological development of tidal embayments, we have adopted an idealized initial coastal morphology which is composed of an offshore area, a tidal inlet and a tidal basin to mimic typical tidal embayments such as the Wadden Sea tidal basins (Figure 1). The similar initial morphology has been used in various studies to understand the sensitivity of morphological evolution to bottom slope, tidal current strength and sediment properties (Marciano et al., 2005), sea level rise (Van Maanen et al., 2013b) and coastal vegetation (mangroves, Van Maanen et al., 2015).




Figure 1 | The initial bathymetry (unit: m) used in this study shown in aerial perspective (A) and cross-shore along the center line (B). The blank areas in (A) indicate unerodible lands above the water limit.




Hydrodynamic module

The 3-dimensional semi-implicit modeling system SCHISM was used to simulate hydrodynamics (Zhang et al., 2016). It solves the Reynolds-averaged Navier-Stokes equation on an unstructured grid employing a Garlekin finite element method (FEM) for horizontal and a finite volume method (FVM) approach for vertical velocities. Turbulence closure is implemented according to the k-kl closure scheme described in Umlauf and Burchard (2003).



Sediment module

The sediment model SED3D (Pinto et al., 2012) is part of SCHISM. Sediment is divided into multiple classes, each with a characteristic grain size. Cohesive and non-cohesive sediments are distinguished. Non-cohesive sediments (sands) can be transported in both suspension and bed load depending on the shear stress and settling velocity, while cohesive sediment (clay, silt and organic detritus) is transported in suspension. Transport of each pre-defined sediment class is computed independently.

Due to the cohesion arising from electrochemical surface charges and extracellular polymeric substances (EPS) secreted by benthic organisms including diatoms and bacteria, fine-grained particles can aggregate into flocs with settling velocity increased by orders of magnitude (Mikkelsen and Pejrup, 2000). The processes of flocculation depend on a variety of parameters including salinity, suspended sediment concentration (SSC), turbulence shear , organic matter component and temperature (Manning et al., 2011; Klassen, 2017; Zhang et al., 2020). In this study, the impact of flocculation on sediment settling velocity is considered. Settling velocity of cohesive sediment is calculated by the following Equation 1, which has been proven robust in capturing sediment dynamics in the Ems and Weser estuaries (Malcharek, 1995; Weilbeer, 2005):



where w0 is a reference settling velocity in still water depending on the particle grain size, m=1 and n=100 are empirical constants, and G is the turbulence shear.

To account for morphodynamics, the seabed is represented by a dynamic layered system adopted from the model ROMS (Warner et al., 2008). Sediment layers (thickness, age, fraction of each sediment class) at each grid cell are modified at each computational time step according to deposition or erosion fluxes.

In mixed seabed with both sandy and muddy particles, sediment stability changes dramatically when a certain critical mud content pcrit is exceeded which marks the transition from non-cohesive to cohesive seabed (Van Ledden, 2001). The value for the critical mud content is highly dependent on the lithology of clay and ranges between 5% to 30% of mud (Van Ledden, 2002). The formulation by Van Ledden (2003) was adopted to calculate the in situ critical shear stress Tc:



where pm is the mud content, Tc,s and Tc,m are the critical shear stress for resuspension of sands and mud, respectively, and γ=1 is an empirical constant.



Benthic fauna module

The benthic fauna module represents a novel component in the 3D model system (Figure 2). It incorporates (1) growth/decline functions of benthic fauna in response to environmental drivers food availability, (2) bioturbation and related effect in vertical transport of particulate organic carbon in sediments as well as effects in sediment stability (bio-destabilization), (3) bio-deposition, and (4) bio-stabilization. Major model functions relevant to this study are introduced in the following sub-sections, with technical details (numerical implementation schemes) provided in the Supplement Information.




Figure 2 | Schematic overview of numerical model components and their coupling. The hydrodynamic and sediment modules are from the SCHISM model, while other components were integrated to the SCHISM model as module (benthic fauna module) or subroutines (flocculation of cohesive sediments and organic detritus). Exchange of parameters between the model components is indicated by the arrows.




Benthic infauna and bioturbation

Algorithms for calculating the growth/decline of benthic infauna and associated bioturbation intensity are adopted from the Total Organic Carbon-Macrobenthos Interaction Model (TOCMAIM) developed by Zhang and Wirtz (2017). The model mechanistically links benthic infaunal biomass and bioturbation intensity to food quantity and quality as well as constraint by stressors (mortality caused by predators and oxygen deficiency). Food quantity and quality are represented by the content and lability of particulate organic carbon (POC), respectively. The theoretical basis of the model is built on the hypothesis that (a) the community structure of benthic infauna is mainly dependent on the quality of POC settled on the seafloor, which further controls the intensity of bioturbation; (b) bioturbation in turn affects the vertical transport of POC in sediments; and (c) the vertical positioning of benthic infaunal biomass reflects a trade-off between benefits (i.e., quantity and quality of food) and costs (i.e., respiration and mortality). Details of model principles and mathematical descriptions, sensitivity analysis of model parameters and application to station data are elucidated in Zhang and Wirtz (2017). Model applications to case study areas (North Sea) were introduced in Zhang et al. (2019) and Zhang et al. (2021).

In the model, POC is divided into three pools depending on the degradability, namely, labile (i.e., of high quality nutrient), semi-labile (i.e., of intermediate quality nutrient), and refractory (i.e., of low-quality nutrient). These three POC pools are modeled as cohesive sediment classes, with each characterized by a first-order degradation rate (representing a sink term). Degraded POC provides a source for inorganic cohesive sediment class. The mass balance equation of each sediment class in seabed taking into account the impact of bioturbation, deposition/erosion caused by bottom currents and degradation of POC is calculated by:

	

where Cs,i is the mass concentration of class i in sediment depth z, p is the sediment porosity, w is the deposition/erosion rate, and Db is the bioturbation diffusivity. The source term on the right hand side of the equation refers to the transformation of organic sediment to inorganic sediment (i.e., Source = 0 for all organic cohesive sediment and sand classes, and > 0 for inorganic cohesive sediment class), and the sink term refers to loss of organic cohesive sediment due to degradation and uptake of benthic infauna. Temporal change of benthic infaunal biomass B is calculated by:



where G and L represent the rate of gain and loss, respectively. The former is dependent on available food resources and temperature, and the latter is controlled by respiration and mortality (Zhang and Wirtz, 2017).

Bioturbation diffusivity Db scales with the local benthic infaunal biomass through a power law and inversely proportional to local food resource (i.e., the three POC pools):



where β, b are empirical parameters linking body-size and abundance to biomass (Zhang and Wirtz, 2017). ai (i=1, 2,3) are coefficients representing the efficiency of the POC pool in terms of gaining benthic infaunal biomass, with higher quality POC gaining biomass more efficiently as expressed by a1>a2>a3. The above formulation explicitly links the bioturbation diffusivity with (1) the body-size and abundance of benthic infauna (through scaling with biomass), and (2) the local food resource which determines the intensity of vertical movements of benthic infauna to derive enough nutrition for metabolism and growth.

TOCMAIM is coupled to the sediment module adopting the same dynamic seabed layer scheme (section 2.2) so that a two-way exchange between hydro-morphodynamics and benthic faunal functioning is ensured (Figure 2). In this study, all empirical parameters and coefficients of the benthic infauna module including those in Equation 3-5 are adopted from the field application in Zhang et al. (2021) listed in Table 2. As shown in Equation 3, bioturbation is considered as a diffusive process in the seabed sediment module. Not only the mass of each sediment class but also associated properties (e.g. median grain size and mud content) are mixed by bioturbation, which consequently modify the critical shear stress for sediment resuspension. Such mixing effect in sediment properties is termed biomixing. Biomixing has a destabilization effect in sediment because it loosens the upper-most sediment layers (normally up to 20-30 cm deep in sediments) where bioturbation exists (Sanford, 2008). The numerical scheme to implement the destabilization effect of biomixing in sediments and the empirical constants is explained in Supporting Information.



Bio-deposition

The benthic infauna model (section 2.3.1) provides estimates on the growth and decline of biomass in response to deposition and erosion of POC caused by bottom currents but does not account for deposition induced by benthic fauna themselves (so-called bio-deposition). The presence of suspension and filter feeders such as mussels effectively increases the settling velocity of sediment particles in the bottom most water layer. The magnitude of resulting bio-deposition of sediments depends on the filtration rate, ingestion rate and biomass of suspension/filter feeders. To account for bio-deposition, the suspension feeder model from the (US Army Corps of Engineers, 2000) was added as part of the benthic fauna module (Figure 2). Temporal change of the biomass S of suspension/filter feeders is given by:



where g is the growth rate, r and φ  are the loss rates cause by respiration and predation, respectively. The growth rate depends on the ingestion rate I, the concentration of suspended POC in bottom water, and respective nutritional value ai for the POC class i as defined in Equation 5. Parameterizations of g, r and β are provided in Supporting Information. The rate of bio-deposition is then calculated by:

	



Bio-stabilization

A major contribution to sediment stabilization is made by extracellular polymeric substances (EPS) secreted by benthic organisms including microphytobenthos (e.g. diatoms) and bacteria that are correlated with Chlorophyll-a content in the sediment (Arlinghaus et al., 2021). The approach from Paarlberg et al. (2005) was adopted to include bio-stabilization by relating the critical shear stress for erosion and erosion rate Er to the stabilization functions fT and fE associated with EPS:





where Tc and Er are the reference values of the critical shear stress for erosion (see Equation 2) and the erosion rate without biological impact, respectively. Chl- normally degrades with a decay constant between 7/yr and 30/yr (Stephens et al., 1997), which is close to that of the labile POC class (20/yr) (Zhang and Wirtz, 2017). Therefore, it is assumed that Chl- is contained only in the fresh, labile POC class in our model. A constant ratio of labile carbon (unit: g) to Chl- (unit: μg) as 40 found by (Jakobsen and Markager, 2016) is used to estimate the content of Chl-a in sediments, which is then used to calculate fT and fE (Paarlberg et al., 2005) given by:








Model configuration

The total domain size is 17 by 17 km² (Figure 1). The horizontal resolution of each grid cell is about 150 m in the tidal inlet and the basin, and gradually decreases offshore to 300 m at the seaward boundary. Eleven equidistant vertical layers using the Generalized sigma coordinates (Song and Haidvogel, 1994) were used. Configuration of key model parameters is given in Table 1.


Table 1 | Configuration of model parameters.



The initial seabed material consists of uniform sands with D50 = 120 μm. Cohesive sediments (inorganic and organic classes) are imported from the seaward boundary (30 mg L-1 for inorganic mud and 10 mg L-1 for labile POC). This concentration of suspended particulate matter (SPM) represents a typical value in coastal waters (Pleskachevsky et al., 2005). In total five sediment classes are considered in the study and their corresponding reference values of settling velocity, critical shear stress for erosion and erosion rate are listed in Table 2.


Table 2 | Parameter setting of five sediment classes in this study.



The model is forced by a semidiurnal tide at its seaward boundary with an amplitude of 1.5 m. Higher-order components are produced by bottom friction and current-topography interaction during the propagation of the tidal wave through the model domain. The chosen value for the tidal amplitude at the open boundary is comparable to the average tidal amplitude of 1.42 m at the mouth of a tidal embayment (Jade Bay) in the German Wadden Sea measured by Bundesanstalt für Gewässerkunde (BfG). Morphological acceleration in updating the bed level change is used to save the computational time so that a stable state of coastal morphology can be reached more rapidly. Sensitivity runs using an acceleration factor of 10 indicate similar results to that of 40 but requires much longer computational time. Larger values produced spurious features such as random pockmarks and mounds. Therefore an acceleration factor of 40 was used in all simulations presented in this study. Benthic fauna induced bed level change is added up to the hydrodynamics induced change in the same grid cell at every time step. Wind-waves, Coriolis force, effect of temperature and seasonality on growth and decline of benthic fauna were excluded in order to reduce complexity of the model.



Channel detection and extraction

Morphological change of the embayment driven by tides is characterized by development of complicated channel network, as is the case in nature. In order to quantify the morphological changes, a channel detection method was developed based on image analysis inspired by Passalacqua et al. (2010). The stepwise procedure is illustrated in Figure 3 and utilizes the python library OpenCV (Gracia et al., 2015; Guillen, 2019). As a first step the raw image was converted into a greyscale image with pixel values between 0 and 255. In order to remove background noise while preserving the channel structures, anisotropic diffusion (Perona and Malik, 1990; Borroto-Fernandez et al., 2013) was applied to the greyscale image. Next, an adaptive thresholding method was used to create a binary image depending on the averaged local pixel values. Some channels might get disconnected after the adaptive thresholding. To solve this problem, a correction algorithm was then performed to reconnect those channels and remove irrelevant features (e.g. islands at both sides of the tidal inlet). The new image was then turned into a one-pixel-width representation. Intersections and end points of all channels were subsequently identified by counting the non-zero neighbors of each pixel. All intersecting pixels were then changed to zero to identify different branches. The total number of channels as well as the length of each channel branch were finally quantified as the last step in the procedure (Figure 3). The derived values serve as a database for our analysis of simulation results.




Figure 3 | A step-by-step procedure of the channel extraction method is shown starting from a color image leading to the identification and extraction of all channel branches. The python library OpenCV is utilized.





Scenarios for modeling

Previous studies have revealed a significant control by bottom slope, tidal current strength and sediment properties (Marciano et al., 2005), sea level rise (Van Maanen et al., 2013b), coastal vegetation (Van Maanen et al., 2015), initial bathymetry and tidal forcing (Van Maanen et al., 2013a) on morphological development of tidal embayments. In this study, we focus on the impact of benthic fauna which has not been investigated yet in tidal embayment systems. Benthos is represented by three major functional groups (as described in section 2.3) instead of specific species. To this end, simulation results of an abiotic scenario by switching off the benthic fauna module in the 3D model system are used as the reference results. Four other simulations which include the benthic faunal impacts individually or jointly, named as Bio_destabilization, Bio_stabilization, Bio_deposition and Bio_all, are then compared with the reference results (named as Reference) for a quantitative analysis.




Results


Morphological development

Starting from the initial bathymetry (Figure 1), all simulations show a quick morphological development in the first 100 years especially in the first few decades (Figure 4A). Sediment scouring in the tidal inlet due to accelerated flood currents leads to a massive redistribution of sediment over the entire tidal basin within the first few years. During ebb-tides large amounts of sediment are transported offshore and exported out of the embayment through the inlet, subsequently deposited and forming an ebb tidal delta (Figure 5). The development of channel network in the embayment starts with the formation of two main channels at the inlet, which become increasingly deeper and gradually extend into the basin. During the extension of the main channels, secondary channels in the form of bifurcations appear, and further develop into more bifurcations when they extend to shallower area, ultimately forming a complex of channel network in all simulations (Figure 5). Following a rapid morphological development in the first few decades, a general pattern of the channel network is established and the speed of development slows down. In the scenarios Bio_stabilization, Bio_deposition and Bio_all, a stable state in which sediment import and export through the inlet are balanced is reached after simulation of 500 years (Figure 4A). In the other two scenarios (Reference and Bio_destabilization) a stable state is not yet reached after simulation of 500 years and the embayment is still governed by a net sediment export (i.e. erosion). However, statistical results indicate that a clear spatial distribution pattern of channels is established at this time and shows only minor changes afterwards in both scenarios (Figure 6). Based on the relatively stable morphology established after year 500 in all scenarios, and for the sake of affordable computational effort, the simulation results till year 500 were analyzed to understand the role of benthic fauna in mediating long-term coastal morphological evolution at an embayment-scale.




Figure 4 | (A) Temporal evolution of the tidal embayment in all simulations with regard to the net sediment volume change at the basin (normalized by the initial total water volume in the basin; negative value implies export). (B) Hypsometric curves of all simulation results after 500 years. Note that the hypsometry curve of a real tidal embayment (Jade Bay in the Wadden Sea) for two different years 2001 and 2016 (data source: Sievers et al., 2020) are also plotted in (B) for comparison.






Figure 5 | Simulated morphology at year 500 in (A) Reference run, (B) Bio_destabilization, (C) Bio_stabilization, (D) Bio_deposition, and (E) Bio-all. Bathymetry of a real tidal embayment (Jade Bay) is shown in (F) (data source: Sievers et al., 2020). Unit is m. Note that the belt-like deposition on the offshore side of the unerodible islands in all simulations is due to an exclusion of alongshore transport in the model.






Figure 6 | Statistics of channels in all simulations at year 500. (A) Number of channels in relation to the channel length. Note that the y-axis is in logarithmic scale. (B) Number of channels in relation to the distance from the inlet. (C) Average channel depth in relation to the distance from the inlet. (D) Change of average channel depth with simulation time. Note that statistics of channel in a natural tidal embayment (Jade Bay) are also included in (A–C).





Channel network

Statistics of channels in all simulations shown in Figure 6A indicate that the relationship between channel length and number of channels in each of the scenario follows an exponential function, which is consistent with the concept proposed by Horton (Horton, 1945; Strahler, 1953). Along with a consistent decrease in channel length with distance from the tidal inlet, the number of channels increases until a maximum is reached, and then start to decrease with further distance from the inlet (Figure 6B). The average channel depth shows an increasing trend when moving away from the inlet until a maximum is reached at a distance between 0.8-1.1 km from the inlet, and then decreases gradually with further distance from the inlet (Figure 6C). Temporal change of the mean channel depth shows that the value rises rapidly in the first 100 years in all simulations, and gradually slows down afterwards. In three scenarios (Reference, Bio_deposition and Bio_all) the mean channel depth still continue to increase at year 500 with a small rate, while in the other two scenarios (Bio_destabilization and Bio_stabilization) the values approach a stable level (Figure 6D).



Reference result - abiotic scenario

Both the simulated morphology and statistics of channel networks (Figures 4–6) indicate significant differences among the simulations. In the abiotic scenario (Reference run), two similarly long and deep channels develop in the inlet (Figure 5A). Tides passing through the narrow inlet creates strong currents reinforcing the deepening of the main channels. They extend into the tidal basin and bifurcate into various channels which become smaller and shallower along a landward extension. The average channel depth in the entire basin is 4.5 m at year 500 (Figure 6D). The maximum number of channels is reached at approximately 4 km from the tidal inlet which is similar to the result in Van Maanen et al. (2013b). The highest order in the channel network is four, which is also in line with the study by Marciano et al. (2005).

The scenario is ebb-dominated with a net export of sediment over the whole course of the simulation period (500 yrs, see Figure 4A). Due to a lack of biomixing between sediment layers, all deposited mud accumulates on the seabed surface until being resuspended or buried beneath new deposits. As consequence, mud content is very high in the surface sediment layer at the tidal flat (outside the channels). At year 500, mud content takes up more than ~10% in most tidal flats and at some places even close to 100% (Figure 7A). In contrast, mud content is normally within a few percentage in the channels due to energetic tidal currents which impede deposition. As mud content increases, the seabed sediment becomes more resilient to hydrodynamic erosion (see Equation 2), which further facilitates accumulation of mud and stabilizes the morphology of the embayment.




Figure 7 | Simulated mud content (in percentage) at year 500 for the (A) Reference result, (B) the Bio_destabilization scenario, (C) the Bio_stabilization scenario, (D) the Bio_deposition scenario and (E) the Bio_all scenario. (F) Comparison of typical vertical profile of mud content in seafloor sediment at tidal flats between the reference result (exclusion of benthic faunal impact) and the Bio_destabilization scenario (inclusion of bio-mixing). Locations of the sites are indicted by X mark in (A) and (B), respectively.





Impacts of benthic fauna


Bioturbation and biomixing

Simulated morphological development of the tidal embayment with a destabilization effect caused by benthic fauna through bioturbation (i.e. the Bio_destabilization scenario) shows a remarkable difference with the reference result (Figures 5A, B). Compared to the reference scenario in which the two main channels at the inlet are deep, with a large depth gradient at their banks and long extension offshore, the two main channels in the Bio_destabilization scenario appears less distinctive with a relatively small depth gradient at the banks and much shorter in their length. The average channel depth in the entire basin is 3.7 m, being the smallest among all scenarios. The spatial gradient of depth in the channel network is also lowest among all scenarios. On the other hand, the channels are wider than the reference result. The embayment area within 2.5 km from the inlet is featured by erosion which makes the channels less distinctive and the first channel bifurcations occur further onshore than the reference results (Figure 5B). Compared to the reference results, less long channels (length > 1.5 km) whilst shorter channels (length < 1.5 km) develop in the Bio_destabilization scenario (Figure 6A). The hypsometric curve of Bio_destabilization in Figure 4B shows that the basin as a whole is deeper although the main channels are shallower than the reference result. This is accompanied by a decrease in area of intertidal flats. A unique feature in the hypsometric curve of the Bio_destabilization scenario is a plateau indicating a considerable portion (~15%) of the embayment area within water depth between 4 and 5 m (Figure 4B), which corresponds to the erosional semicircle area within 2.5 km from the inlet (Figure 5B).

The above-mentioned differences are attributed to a reworking of sediments by benthic fauna. Input of organic carbon driven by tides through the inlet and subsequent deposition in the embayment (Figure 8B) fosters a growth of benthic fauna with biomass between a few tens and a few hundred g C m-2 in the tidal flat (Figure 9A). In contrast, benthic faunal biomass is persistently low (<10 g C m-2) in the channels due to lack of deposition. Mud and POC are vertically mixed into deeper layers of sediment by benthic fauna through bioturbation (Figures 7B and 8B). As consequence, mud content in the upper-most surface sediment layer is generally below 10% over a major part of the tidal flat, much smaller than the reference result (Figure 7B). Reduction of mud content together with a loosening effect on the sediment caused by biomixing leads to a decrease of critical shear stress for resuspension, which makes surface sediment more susceptible to erosion and transport. To adapt to the impact of bio-destabilization, the basin morphology evolves in a way that less mud and POC are imported to the basin (so that benthic fauna becomes less leading to less bio- destabilization) and more sediment is exported out of the basin compared to the reference result (Figure 4A). The channel widening in the Bio_destabilization scenario is also caused by a dynamic feedback between deposition, benthic facilitated erosion and hydrodynamics. In the tidal flat area that is in a direct vicinity of the channels, a reduction of current velocities allows deposition of mud and POC, which feeds a growth of benthic fauna there. However, subsequent bio-destabilization caused by benthic fauna facilitates sediment resuspension, causing an erosion at the channel banks. As consequence, the channels become wider instead of deeper compared to the reference result. Deposition of mud and POC as well as resultant benthic faunal biomass are spatially re-organized until a balance between deposition and erosion is established. This feedback mechanism is responsible for creation of the erosional area within 2.5 km from the inlet (Figure 5B) and accounts for wider but shallower channel morphology than the reference result. Bio-destabilization also leads to generation of more short and lower order channels (Figure 6A).




Figure 8 | Simulated labile POC content in percentage at year 500 for the (A) reference result, (B) the Bio_destabilization scenario, (C) the Bio_stabilization scenario, (D) the Bio_deposition scenario and (E) the Bio_all scenario. (F) Comparison of typical vertical profile of labile POC content in seafloor sediment at tidal flats between the reference result (exclusion of benthic faunal impact) and the Bio_destabilization scenario (inclusion of bio-mixing). Locations of the sites are indicted by X mark in (A, B), respectively.






Figure 9 | Biomass (unit: g C m-2) of destabilizing benthos in the Bio_destabilization scenario (A) and the Bio_all scenario (B). Biomass of filter/suspension feeders in the Bio_deposition scenario (C) and the Bio_all scenario (D).





Bio-stabilization

Bio-stabilization caused by benthos and POC on sediment also has a profound impact on long-term morphological development of the tidal embayment (Figure 5C). The effect is opposite to the Bio-destabilization scenario. Time series of calculated net sediment volume change suggest that in this scenario a stable state is met before year 500 (Figure 4A). The hypsometric curve of this scenario (Figure 4B) indicates that the tidal basin exports much less sediment than other scenarios, resulting in a higher overall elevation of the tidal embayment compared to other scenarios and a larger intertidal flat area. Import of mud from offshore area and subsequent deposition increases both the mud content and bio-stabilization effect associated with POC content. These jointly lead to a higher threshold for sediment resuspension and seabed becomes more resilient to erosion. Therefore, the two main channels at the inlet are much shorter compared to the reference result (Figure 5C). The entire embayment becomes increasingly stable along time and impedes the development of low-order bifurcations. This explains why the total number of channels in this scenario is smallest among all scenarios (Figures 5C and 6B). Since tidal currents are confined in fewer major channels, enhanced current velocity during peak tidal flows leads to a scouring in the channels. The average channel depth is 4.1 m at year 500 (Figure 6D). However, this value is smaller than the reference result (4.7 m). This is mainly due to the stabilization effect which is also present in lower order channels, where tidal currents are less energetic and allow more deposition of mud and POC than in higher order main channels (Figure 7C).

Benthic stabilization exerted by deposited mud and POC gradually changes the embayment geometry. Due to the stabilization effect less sediment is eroded in the basin and meanwhile deposition of imported mud and POC in the tidal flats is increasingly facilitated. Furthermore, altered hydrodynamics increase the overall concentration and import of mud and POC to the basin compared to the reference scenario (see Supplement Information). These jointly lead to a net sediment import to the embayment, and an increased basin elevation. Both mud content and POC content are strongly increased in the seabed surface sediment compared to the reference scenario (Figures 7C and 8C). In a large portion of the tidal flats mud content even approaches 100% in the surface sediment layer at year 500.



Bio-deposition

The impact of bio-deposition caused by suspension and filter feeders on morphological development of the embayment (Bio_deposition scenario) shows both similarities as well as significant differences to the Bio_stabilization scenario. The average channel depth is 4.15 m at year 500 in this scenario (Figure 6D), being very close to the result (4.1 m) in the Bio_ stabilization scenario. High mud and POC content are also seen in a large portion of the tidal flats (Figures 7D and 8D). The hypsometric curve of this scenario lies in between the curves of the reference result and the Bio_stabilization scenario (Figure 4B), indicating that bio-deposition is able to elevate the overall bed level of the embayment, increase the intertidal area and reduce net sediment export compared to the reference result. The statistics of number of channels with regard to the distance to the inlet (Figure 6B) shows a similar channel development pattern to the reference results within a distance of ~3.5 km from the inlet, but with more channels developed further away from the inlet. This indicates that bio-deposition may facilitate bifurcations in low-order channels.

A clear feature in the sedimentation of mud and POC in the Bio_deposition scenario, which marks its major difference with previously mentioned scenarios, is that mud and POC also accumulate inside the channels (Figures 7D and 8D). Mud content ranges from a few up to 10% in the main high-order channels and slightly decreases in secondary low-order channels. POC content shows a similar pattern with maximum value of ~2% in the main channels. Such abnormally high mud and POC content in the channels, in comparison to other scenarios, is attributed to bio-deposition. The simulated biomass of filter/suspension feeders ranges between 20 and 100 g C m-2 in the main channels as well as over the tidal flats between the channels (Figure 9C). The high biomass ensures a high ingestion rate of suspended particles in the bottom water layer and results in a high rate of bio-deposition (as implemented in Equation 7). The spatial distribution of filter/suspension feeder biomass shows a clear difference with that of bioturbating infauna (Figure 9A). This is because that the latter depends on abiotic (only related to bottom hydrodynamics) deposition of POC, which is favored in tidal flats but impeded in channels due to energetic tidal currents, while the former depends on the amount of suspended POC in the bottom water, which shows small difference between tidal flats and channels.



Combined effects of benthic fauna

In a natural embayment environment, all biological impacts are combined and interact with physical drivers. The hypsometric curve of the scenario which combines all biological impacts (Bio_all) lies in between the curves of the reference result and Bio_destabilization, indicating that in this scenario more sediment is exported out of the embayment than the reference result but the amount is less than that in Bio_destabilization (Figure 4B). Unlike the hypometric curve of Bio_destabilization which is characterized by a plateau corresponding to a similar depth (4-5 m) in the erosional semicircle area within 2.5 km from the inlet (Figure 5B), such pattern is not seen in the Bio_all scenario. Another clear difference is also seen in the channel morphology (Figure 5E). The two main channels at the inlet are deep and wide in this scenario, with relatively sharp boundary (large gradient in bathymetry) with adjacent tidal flats. The number of channels developed within 3.5 km from the inlet is similar to that of the Bio_destabilization scenario and smaller than the reference result. However, more channels develop further away from the inlet (> 3.5 km) in this scenario than the reference result, although being less than the Bio_destabilization scenario (Figure 6B).

The average channel depth is 5.1 m at year 500, being largest among all scenarios (Figure 6D). This is attributed to interactions between different benthic functional groups (bioturbators and filter/suspension feeders, Figure 11). The coexistence of bioturbators (which destabilize sediments) and filter/suspension feeders (which stabilize sediments) has a profound impact on the embayment morphology. Bioturbators are mainly distributed in the tidal flats while filter/suspension feeders are located in both tidal flats and channels (Figures 9B, D). However, biomass of bioturbators in this scenario is significantly higher than that in the Bio_destabilization scenario (Figure 9A), whilst biomass of filter/suspension feeders is remarkably lower than that in the Bio_deposition scenario (Figure 9C). This result indicates that filter/suspension feeders promote the growth of bioturbators (positive feedback), whilst bioturbators in turn would lead to a decline of filter/suspension feeders (negative feedback). Such feedback is caused by a change of food (POC) availability. Mud and POC content in surface sediments in the Bio_all scenario is higher than that in the Bio_destabilization scenario but lower than the Bio_deposition scenario (Figures 7, 8). This indicates that more food (POC) is transferred into sediment through bio-deposition compared to the Bio_destabilization scenario which excludes this process. The increased POC facilitates an increase of bioturbators in terms of biomass in both tidal flat and channel area. At some parts of the tidal flats (e.g. area between the main channels) the biomass of bioturbators is even increased by an order of magnitude (Figures 9A, B). As the biomass increases, bioturbators exert an increasing destabilization impact on sediment at both the channel edges and within the channel, leading to a widening and deepening of the channels (Figure 5E) compared to the Bio_deposition scenario. Cozzoli (2016) found that in strong hydrodynamic conditions, benthic bioturbation impact may increase at lower density of abundance because of a mutual feedback between hydrodynamics and benthic fauna. This is confirmed in the simulation results showing that the average channel depth is largest in the Bio_all scenario among all scenarios. A widening and deepening of the channels caused by bioturbators lead to a decrease of current velocity and sediment transport rate in the channels. As a consequence, POC availability to filter/suspension feeders is reduced, leading to a decline of their biomass compared to the Bio_deposition scenario (Figures 9C, D).





Discussion


Comparison with existing literature and real environments

Since our simulation results are based on idealized model domain and simplified forcing, a direct point-to-point validation of our simulation results against a real coastal system is not feasible. To assess the reliability of the model results, we divide the model domain into two zones, namely sub-tidal and inter-tidal zones, and compare the simulation results in these two zones with existing literature and data from the Jade Bay in the German Wadden Sea that shares similar environmental configuration (hydrodynamic forcing, domain size, sediment composition) with the idealized model setup in a qualitative and statistical manner. In particular, we focus on comparison of parameters that are relevant to benthic faunal impact, including the spatial distribution of biomass, functional groups, bioturbation intensity, bio-depositional rate and the magnitude of erosion/deposition thickness caused by benthic fauna.

Statistics of the Jade Bay exhibits similar distribution in channel network (Figure 6) and hypsometric curve (Figure 4B) with the simulation results. Biomass of benthic fauna in tidal embayments of the Wadden Sea is found to range between 1 and 100 g C m-2 (Beukema, 1974; Dekker, 1989; Essink et al., 1998). In the Jade Bay, measurements conducted in 1930s, 1970s and 2009 show that the spatially averaged biomass of benthic fauna varied between 12 and 20 g C m-2 (Schückel et al., 2015a). In 2009, the spatially averaged biomass in the Jade Bay was 19.2 g C m-2, with ~7 g C m-2 from filter/suspension feeders and ~12 g C m-2 from bioturbators (Schückel et al., 2015a). Compared to the measurement data in the Jade Bay, our simulation result (Bio_all) shows a larger spatially averaged biomass over the entire embayment area (~40 g C m-2), with local peak values up to a few hundred g C m-2 (Figure 9). However, although being larger than the measured value in the Jade bay, our simulation result is comparable to data from other tidal embayments. Measurements in the western and northern parts of the Wadden Sea show seasonal fluctuation of spatial average biomass between 10 and 90 g C m-2 (Reise et al., 1994; Beukema and Dekker, 2020). In local sites with high abundance of filter/suspension feeders such as mussel beds of M. edulis, biomass can reach to 2000 g C m-2 (Büttger et al., 2008). Therefore, the predicted biomass of benthic fauna in our simulation results lies in a reasonable range when compared to real tidal embayments. With regard to spatial distribution pattern of functional groups, existing literature suggested its correlation with environmental variables. In the Jade Bay, abiotic variables most strongly correlated to benthic faunal communities are tidal current velocity, water depth, mud and TOC contents, which together account for 35% of the total variation (Schückel et al., 2015b). In addition, Chlorophyll- content, which is correlated with fresh POC, appears to be another important variable significantly correlated with some bioturbating species (e.g. Peringia ulvae, Retusa obtusa) (Singer et al., 2016). These major influencing variables are taken into account in our model (section 2). The species distribution maps in the Jade Bay compiled by Singer et al. (2016) show that the inter-tidal flats are mainly dominated by bioturbating species (Tubificoides benedii, Peringia ulvae, Retusa obtusa), whilst sub-tidal channels are inhabited by both bioturbators (Tubificoides benedii, Scoloplos armiger) and filter/suspension feeders (Macoma balthica). Such distribution pattern is also reproduced in our simulation results (Figure 9).

Bioturbation diffusivity derived by fitting observed vertical distributions of tracers varies over 3 orders of magnitudes (10-2–10 cm2 day-1) among different seafloor settings in the North Sea including the Wadden Sea (Boon et al., 1998; Teal et al., 2008; Jørgensen and Parkes, 2010). In addition, bioturbation may vary by more than one order of magnitude even at the same site because of seasonal changes in food supply and in the metabolism of benthic organisms (Brown et al., 2004; Zhang et al., 2019). Compilation of existing measurements by Teal et al. (2008) indicates that the mean value of bioturbation diffusivity in the North Sea is 0.16 cm2 day-1. Given that the average biomass of benthic fauna in the southern North Sea is ~8 g C m-2 according to the ICES survey in 2000 (Rees et al., 2007), the higher abundance of benthic fauna in the Jade Bay (19 g C m-2) should result in higher bioturbation intensity than in the southern North Sea. Therefore a mean value of bioturbation diffusivity larger than 0.16 cm2 day-1 is expected in the Jade Bay, despite that actual field measurements in the Jade Bay are absent. Our simulation results indicate that the bioturbation diffusivity ranges between 0.01 and a 10 cm2 day-1 in the tidal embayment with a spatial mean value of 0.41 cm2 day-1 (Figure 10A), which may serve as a reference value for the Jade Bay and other embayments in the Wadden Sea to assess a regional impact of bioturbators in mediating particle fluxes. Modeled bio-deposition rates range from 0.1 to 100 g m-2 day-1 (Figure 10B). This value range is in line with studies of Mytilus edulis with bio-deposition rates between 0.2 – 1.2 g m-2 day-1 for sparsely populated small patches (Kautsky and Evans, 1987). Oyster beds of Cassostrea gigas are reported with rates of 40-180 g m-2 day-1 (Mitchell, 2006). Mussel beds in the North and Wadden Sea can reach several 100 g m-2 day-1 (Dittmann, 1987; Flemming and Delafontaine, 1994).




Figure 10 | Bioturbation diffusivity (A, unit: cm2 day-1) by bioturbators and bio-deposition rate (B, unit: g m-2 day-1) by filter/suspension feeders in the Bio_all run.



A comparison of hypsometric curves of the Jade Bay between 2001 and 2016 (Figure 4B) suggests that the area underwent slight erosion during 2001-2016. The curve of 2016 shows a plateau at water depth of ~2 m which is the transition depth between intertidal (tidal flats) and subtidal (channel) areas. Such plateau is a characteristic of the scenario Bio_destabilization as described previously. On the other hand, this feature is not evident in the curve of 2001. A remarkable shift in proportion of functional groups between 1970s and 2009 was observed in the Jade Bay, with bioturbating deposit feeders (destabilizers) increased from ~ 20% to almost 70% (Schückel and Kröncke, 2013). Such increase of bioturbators might explain the plateau feature and decrease in the hypsometric curve of 2016, which is supported by our simulation results (Bio_destabilization).

Former bio-morphological modeling studies indicate that changes in deposition and erosion caused by benthic fauna can be in the same order of magnitude as changes caused by hydrodynamic drivers (Wood and Widdows, 2002). This is confirmed in our results. Existing investigations on short-term (monthly to decadal scale) impact indicate that the average thickness of deposition and erosion caused by benthic fauna ranged from a few cm (Wood and Widdows, 2002; Paarlberg et al., 2005; Lumborg et al., 2006) to a few tens of cm on a monthly scale (Paarlberg et al., 2005), from a few mm (Borsje et al., 2008) to a few tens of cm on an annual scale (Orvain et al., 2012) and several m on a decadal scale (Brückner et al., 2021). Such order of magnitude in morphological change and its time scale dependence are also seen in our simulation results. Further, our results indicate that the difference in average thickness of deposition or erosion between bioturbated and non-bioturbated scenarios is around 1 m at both the channel and tidal flats at year 500 (Figure 6). Such results imply that on a long-term (centennial) scale, the most significant impact of benthic fauna on large-scale coastal morphological development is a re-organization of the channel network and hypsometric distribution, rather than an absolute change in elevation.



Future research needs

Dynamic interactions between biota and landform have been recognized as a critical mechanism in controlling morphological evolution of complex coastal systems (Murray et al., 2008; Reinhardt et al., 2010; Marani et al., 2010). On the other hand, a recent review by Arlinghaus et al. (2021) pointed out that the development of bio-morphodynamic numerical models remains still at an initial stage and these models are of limited use for explanation and prediction of natural systems. The authors attributed the reasons to (1) lack of understanding of fundamental biological/bio-physical processes affecting morphological development and especially dynamic feedback loops among them, (2) scarcity in data for model calibration of biological/bio-physical processes, and (3) scarcity in data for confirming model results. An appropriate model complexity needs to be found in order to reconcile the limitations of process understanding on one hand and the ability to calibrate and validate the model on the other hand (French et al., 2016; Larsen et al., 2016). For this reason, most existing modeling studies only regard one-way control of benthic fauna on morphodynamics, and are focused on species level with a few species and small spatial scale (Arlinghaus et al., 2021). Some recent studies underline the necessity of differentiating between species of the same functional group and focusing on their mutual interactions (such as competition and grazing) and interaction with the environment (Brückner et al., 2020; Brückner et al., 2021). In an estuarine environment, Brückner et al. (2021) found that morphological change can be mainly driven by efficient bioturbators albeit with a small abundance, whilst highly abundant but less effective species only have minor impact. Direct interactions between these species determine each other’s abundance and indirect feedback over eco-engineering of the habitat creates suitable area for co-existing species. These results clearly highlight the importance of feedback control and implementation of species interaction in numerical modeling.

In this study, we propose a simplified implementation of multi-functional groups instead of species. Although no direct species interaction was implemented in the model, indirect feedback was mediated via the availability of food (POC). A negative feedback from erosion to bioturbators is a shortage of food that limits the increase of biomass and therefore would lead to a decrease of bioturbation and bio-destabilization. Sedimentation of mud and POC promoted by EPS and filter/suspension feeders is a positive feedback increasing the biomass of bioturbators. In addition, a geomorphological feedback arises between the benthos and the altered hydrodynamic conditions of the system towards a higher or lower sediment and POC import. This geomorphological feedback is guided by the relative expansion (Bio_stabilization, Bio_deposition) and reduction (Bio_destabilization) of tidal flats seen in the hypsometry (Figure 4B) which favors flood dominance and subsequent sediment import in the first case and ebb dominance and sediment export in the latter case (Zhou et al., 2017). Such indirect feedbacks between functional groups and between functional groups and morphology are illustrated in Figure 11. The positive geomorphological feedback of species promoting bio-deposition and stabilization may thus lead to a continuous growth of tidal flats which become increasing shallower over time, while at the same time the benthic faunal biomass continuously increase. Adding the negative feedback control of bioturbators may counteract this trend by preventing tidal flat expansion and reducing the food supply to deposition- and stabilization-promoting species. Therefore, the hypsometric curve of the Bio_all scenario lies in between the purely destabilized scenario on the lower limit and the purely stabilized scenario on the upper limit (Figure 4B). Furthermore, bio-stabilization and deposition may facilitate growth of bioturbators in hydrodynamically active regions, resulting in a larger channel depth (Figure 6D) and width (Figure 5E) when comparing Bio_all with the other scenarios. Clearly, more research efforts are needed to incorporate dynamic interactions between biota and landform as well as interactions between different functional groups of biota in quantitative analysis and modeling of coastal systems.




Figure 11 | Illustration of feedback between two major functional groups in terms of growth (“+”) or decline (“-”) in biomass. Internal feedback within each of the group is also indicated.






Conclusions

By application of a novel 3-dimensional numerical model resolving dynamic interactions between environmental drivers and benthic fauna to a simplified tidal embayment configuration, this study aims to understand (1) the quantitative importance of benthic fauna in guiding long-term (decadal to centennial) coastal morphological evolution at a large and regional scale, (2) the individual and combined impact of multiple benthic functional groups in shaping coastal morphology and (3) interaction between benthic fauna and hydro-morphodynamics. Comparison with a real tidal embayment (Jade bay in the Wadden Sea) and existing literature justified the general validity of the model results, leading to the following conclusions.

Each of the investigated benthic faunal impacts, namely bio-destabilization caused by bioturbators, bio-deposition by filter/suspension feeders, and bio-stabilization associated with EPS secreted by benthic organisms including microphytobenthos and bacteria, may lead to a profound change of the embayment morphology in terms of development of channel network (channel depth, width, length and bifurcations) and overall elevation of adjacent tidal flats. Bioturbation-induced sediment mixing and bio-destabilization may result in a net sediment export out of the embayment, whilst bio-deposition and bio-stabilization tend to alter the embayment toward a net sediment import environment. A combined effect of these biophysical processes leads to a unique response of the embayment morphology due to interactions between different benthic functional groups. While bioturbators promote erosion which has a negative feedback (reduction of food) to their growth, a positive feedback exerted by suspension/filter-feeders increased the biomass and spatial abundance of bioturbators. In addition, a negative geomorphological feedback by bioturbators through enhanced erosion decreases the biomass of suspension/filter-feeders compared to the case in which bioturbators are absent.

From a modeling perspective, development of bio-morphodynamic models should consider not only dynamic interactions between biota and landform but also interactions between different benthic lifeforms, which is equally important in guiding morphological development of complex coastal systems.
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