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Abstract
In order to quantify the effects of mutual feedbacks between geomorphology and benthic activity, we present a twoway coupled idealised sand wave model. This model allows for an extensive parameter analysis and gives insight in the
effects of different time scales. Our analysis shows that the behaviour of the coupled system is essentially different from
that of an abiotic system. Where in the latter, the basic state (flat bed) is essentially static, in the former, biomass may show
growth (or decay). In turn, this affects hydro- and sediment dynamics, such that the basic state can be considered dynamic.
1. Introduction
Sand waves are rhythmic bed forms that are observed in large parts of sandy, tide-dominated, shallow seas, such as the
North Sea (fig. 1). They can grow up to 25% of the local water depth, have wavelengths of a few hundreds of meter and
migrate several meter per year, characteristics which make them potentially hazardous to offshore constructions like wind
farms. Moreover, shallow coastal seas form the habitat for a large number of different benthic species (benthos), and large
spatial and temporal variations are observed within these communities, which are often related to the spatial variations of
the bed forms. Increasing offshore engineering activities, combined with an increasing environmental awareness, creates
the need for design tools which can help managers and engineers to design (ecologically) sustainable offshore operations.
In addition, previous studies have shown that benthos have the ability to significantly affect sediment transport, and
therefore bed topography (e.g., Borsje et al., 2009). These results emphasise the importance to invest in the understanding
of the interaction between biology and geomorphology. Although it is well known that these relationships can have
significant mutual effects, the two-way coupling between sand waves and benthos has never been studied before.
In this work we explore a two-way coupled model linking offshore sand waves and benthic activity. Hulscher (1996)
was the first to explain the formation process of sand waves using a linear stability analysis, after which many other
researchers have extended this work (for a review, see Besio et al., 2008). In general, sand waves are the result of the
interaction between oscillating tidal currents and small bed perturbations, which leads to tide-averaged recirculation cells
with near-bed flow directed towards the crests of the perturbation. In turn, this circulation induces a net sediment transport
from the troughs towards the crests, which is counteracted by stabilising bed slope effects. The competition between
these two mechanisms determines the growth of the sand waves. It is assumed that the fastest growing mode eventually
Figure 1: Example of a sand wave field in the North Sea,
with typical wavelengths of several hundred meters and
wave heights of around 4 m. Data courtesy: North Sea
Directorate.

4th International Symposium of Shallow Flows, Eindhoven University of Technology, NL, 26-28 June 2017

Figure 2: The biogeomorphological loop,
indicating the feedbacks between geomorphology and benthic activity and the associated time scales. Modified after Borsje et al.
(2009).

dominates bed topography. It is furthermore characterised by a wavelength, orientation, and a growth and migration rate.
Here, to include the effects of benthos in the system, we follow an approach analogous to that of Bärenbold et al. (2016).
Using our approach, we will show how the fully-coupled system differs from the abiotic morphological system. Due
to small changes to the system, caused by benthic activity, bed forms may grow or decay. In fact, the presence of benthos
may even lead to multiple equilibria. In particular, we will identify the different time scales (biological, hydrodynamic,
morphological, see fig. 2) within the two-way coupled system.
2. Model description
2.1 Sand wave model

We base our model on the sand wave model by Campmans et al. (2017), which extends the model of Hulscher (1996) to
include the effect of storms on sand wave formation. In contrast to the work of Campmans et al. (2017), we only consider
flow in one horizontal dimension, and we no not consider wind and wave effects. For now, we only take bed load transport
into account, although the model allows for suspended load transport as well. As some types of species directly influence
sediment in suspension, this might be an interesting case for the future. Further details are omitted for the sake of brevity.
2.2 Two-way coupling with benthic activity

To express the effect of benthic activity on hydrodynamics and sediment transport, we will make use of the following
typical relationships,
pbio = p0 Fbio (φ ),

(1)

where pbio and p0 in general denote any biologically influenced and original model parameter, respectively. The biological
correction factor Fbio controls the effect of the benthic activity on the model parameter. This factor depends on benthic
biomass φ and can either be a linear or a more complex function. A potentially affected model parameter is for instance
the (critical) shear stress, while also sediment sorting processes may be affected. As Borsje et al. (2009) already noted,
the actual affected parameter differs highly between types of species.
Conversely, the feedback towards benthic activity is quantified in an evolution equation for biomass φ (x,t):
∂φ
∂ 2φ
= αg φ (φeq − φ ) + D 2 .
(2)
∂t
∂x
Here, we assume the evolution of the biomass to satisfy a logistic growth model (with growth parameter αg and
carrying capacity φeq ). The biological dispersion parameter D controls the spatial spreading of benthic activity and t and
x denote time and horizontal coordinate, respectively. In order to actually couple the interactions, we let the carrying
capacity be a function of the bottom shear stress τ. It is widely accepted that the bottom shear stress is a suitable predictor
for benthic activity (e.g., de Jong et al., 2015).
Note that we intend to let the carrying capacity — and thus benthic activity — to evolve on the same scale as the
morphodynamics, i.e. a much longer time scale than the tidal scale, which will be shown by the scaling procedure below.
2.3 Scaling procedure

First, we carry out a scaling procedure to identify the time scales associated to the problem. To this end, the following
scaled quantities are introduced (denoted by a tilde),
x̃ = Kx,

t˜ =

t
,
Tb

φ̃ =

φ
,
φeq

(3)
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with topographic wavenumber K of the sand waves and a yet to be determined biological time scale Tb . Equation (2) is
now cast in non-dimensional form, and reads

∂ 2 φ̃
∂ φ̃
= ν̃g φ̃ 1 − φ̃ + ν̃D 2 ,
∂ t˜
∂ x̃

(4)

where we can identify the non-dimensional parameters ν̃g = αg φeq Tb,g and ν̃D = DK 2 Tb,D . As a result, two biological
time scales can be identified, the biological-growth time scale (Tb,g ) and the biological-dispersion time scale (Tb,D ):

Tb = min Tb,g , Tb,D ,

Tb,g =

1
,
αg φeq

Tb,D =

1
.
DK 2

(5)

Typical values for φeq and αg are in the order of 1/m2 and 1 m2 /year, respectively, and so the biological(-growth)
time scale becomes
Tb,g ≈ 1 year.

(6)

The resulting biological time scale is thus much larger than the hydrodynamic (tidal) time scale. Similar to morphodynamics, it is therefore appropriate to calculate the evolution of biomass on a tide-averaged scale, i.e. φeq = f (hτit ),
with the tide averaged bed shear stress hτit . This corresponds to taking ∂ φ /∂t = 0 in the flow model when calculating
hydrodynamics on a tidal cycle.
3. Results and discussion
To analyse the response of the system, we identify four distinct situations; the basic and perturbed state, and two
intermediate perturbed states, where either the bed or biomass is perturbed.
If we consider the basic state, i.e. a flat bed, we see that the second term on the right hand side of eq. (4) vanishes
(no dispersion of benthic activity), but that logistic growth does play a role. This is an important difference with the
morphological response to the basic state, where in the basic state no sand wave growth can be observed. Consequently,
the basic state is not a static situation any more, as growth (or decay) of benthic activity does affect hydrodynamics and/or
sediment transport. However, as the ‘biological’ basic state represents a spatially uniform distribution of biomass, it is
hence not possible that this new situation will lead to actual sand wave growth.
Furthermore, we have two different situations where we see either a bed perturbation, or a biological perturbation. As
the system is fully coupled, a perturbation in one part, will trigger a response in another. For instance, it is possible that
change in biomass may disturb the ‘morphological’ basic state in such a way that sediment accumulation occurs which
then leads to the presence of bed forms. Sand wave growth can thus be affected by the logistic stage of the basic state.
4. Conclusions
In this work, we developed an idealised model for benthic activity and coupled it to the classical morphodynamic
system. It allows for two-way coupling, in such a way that it can quantify the feedback from benthic activity towards
hydrodynamics and sediment transport, and vice versa. The resulting evolutionary equations show a complex interplay
between the different time scales, which will be further addressed during the symposium.
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