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8. NUMERICAL MODELLING OF BIOGEOMORPHOLOGICAL INTERACTIONS 

IN RELATION TO CLIMATE CHANGE ADAPTATION  

 INTRODUCTION 
As a result of economic and population growth the pressure on coasts, rivers and estuaries is likely to 

increase. Socioeconomic developments typically lead to stricter demands for safety or risk reduction, 

while leaving less room for the natural dynamics that characterize these areas. At the same time, 

anticipated sea level rise, higher temperatures and increased storminess resulting from climate change 

are expected to intensify natural forcing and consequent dynamics [Nicholls et al., 2007]. More and 

more, it seems likely that traditional, large-scale, hard engineering solutions are too costly - financially 

or in terms of their impact on the ecosystem - and that nature-based solutions, which can adapt to 

climate change, are a more viable option [Barbier et al., 2008, Narayan et al., 2016, Temmerman et al., 

2013, Spalding et al., 2013]. 

Sustainable management of such aquatic environments requires quantification of both the 

geomorphological behaviour at any given moment (i.e. during a storm event) as well as the trajectory 

of the development in time [Folke et al., 2005]. Such quantification must come from predictive tools 

that also give insight in the uncertainty of their predictions, in relation to the non-linear behaviour of 

the natural system. Physical experimental models and field experiments can provide quantitative 

information but are limited in scale and time. Numerical models can be useful predictive tools because 

they can cover multiple spatial and temporal scales and they can easily be forced with a multitude of 

climate change scenarios. In order to be of use for the assessment of management issues in relation 

to natural environments however, they need to represent both physics (hydraulics and morphology) 

and ecology and the interaction between these disciplines rather than a single discipline [Camporeale 

et al., 2013].  

The aim of this section is to describe how the use of physical and numerical models for 

biogeomorphology can complement each other in studies regarding climate change impact, 

adaptation or mitigation. Biogeomorphology is a very broad field of interdisciplinary science. Therefore, 

the overview of the present state of science is inevitably partial, but will give the reader insight in some 

key aspects and references. The focus of this review is on vegetation but most principles apply in 

similar fashion to other organisms that act as ecosystem engineers, such as corals, shellfish reefs and 

biofilms as well as many invertebrates and fish. The term numerical models here is used as a contrast 

to physical models, and actually implies process based computational fluid dynamics models that solve 

some (simplified) form of the Navier-Stokes equations or similar elementary partial differential 

equations for other media (i.e. soil, vegetation); not empirical models that are solved numerically. 
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  STATE OF THE ART IN NUMERICAL MODELLING OF BIOGEOMORPHOLOGY 

8.2.1. Scales and model types 

Interactions between organisms and hydro- and morphodynamic processes span a large range of 

environments and spatial and temporal scales [Camporeale et al., 2013]. Likewise, numerical models 

are available in many sizes and styles. The smallest describe the interaction of individual organisms, 

sometimes of individual cells, with their environment, for example to simulate photosynthesis and 

nutrient uptake [Koch, 1994] or reconfiguration [Dijkstra & Uittenbogaard, 2010] over a period of 

seconds. The largest models cover the entire globe and are used for meteorological and oceanography 

studies, such as the computation of storm surge levels in relation to coastal vulnerability [Muis et al., 

2016].  

Most numerical models of relevance for climate change adaptation studies operate at a scale in 

between these extremes, for example the scale of a river reach or estuary. On this scale, finite 

difference or finite element, grid-based models such as Delft3D, Telemac and MIKE21 are applicable. 

These models are based on considerable simplifications -e.g. only hydrostatic flow- that allow for fast 

computations but limit the range of problems they can solve. For studies related to impact on banks 

or coastal defences, scales of several tens to hundreds of metres are characteristic. Model types such 

as SPH (Smooth Particle Hydraulics), VOF (Volume of Fluid) or LES (Large Eddy Simulation) can be 

applied on this near-field scale of several tens of meters. These models, like COMFlow or OpenFOAM, 

stay closer to the original differential equations and allow for the assessment of a wider range of 

problems, at substantial computational cost.  

Generally, hydromorphodynamic models involve a computational control shell that successively calls 

hydrodynamic, sediment transport and bed level update modules, linked through a feedback loop 

[Lesser et al., 2004, Figure 1]. The hydrodynamics are solved using the unsteady shallow water 

equations for currents and the spectral wave action balance equations for waves [Booij et al., 1999]. 

Sediment transport rates are calculated using one of the many available sediment transport equations 

[e.g., Engelund and Hansen, 1967 or Van Rijn, 2007a, b]. Bed level update is facilitated via the sediment 

continuity or Exner equation. Biogeomorphic models add a fourth – biology-module to this scheme 

and some also take seed or nutrient transport into account in the second step. Various types of biology 

modules exist, which model vegetation, recruitment, growth, succession and mortality of vegetation: 

rule-based cellular automata, physics-based habitat models and individual-based models. 
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Figure 1. General setup of hydromorphological models and the working of the Morfac concept. [From: Ranasinghe et al., 2001]. 

A major advantage of process-based numerical models is that they are –if used carefully- valid across 

a range of scales and one can increase the spatial resolution in areas of specific interest for more 

efficient computations. Another advantage is that some widely available engineering models use a 

morphological acceleration factor (Morfac) that allows for simulations of morphological changes over 

decades and even centuries, at least for uniform forcing conditions [Ranasinghe et al., 2011, Van der 

Wegen et al., 2008]. Where Morfac applies boundary conditions sequentially, the Mormerge technique 

[Roelvink, 2009] applies them in parallel, which renders the end result less sensitive to the exact 

sequence. For bidirectional flows, the set of representative wave boundary conditions can be 

determined with tools from the OPTI-routine [Mol, 2007]; such tools are also applicable to physical 

experiments.   

8.2.2. Processes 

Flow is the key process in all simulations: water motion determines whether sediment is picked up, 

how constituents are mixed, where they are transported and deposited and exerts stress on organisms. 

At the same time, the flow is affected by the presence of the bed and organisms. This section discusses 

how the presence of vegetation can be taken into account and how organism development can be 

modelled.  

Steady flow 

In numerical modelling, representing vegetation started with the use of increased hydraulic roughness 

factors that had been estimated using Q-h curves over vegetated river transects. Such empirical bulk 

roughness values can be sufficient to simulate water levels and discharges, but lack predictive value 

and are only weakly linked to vegetation properties. Kouwen and Unny (1973) were the first to 

systematically derive roughness factors across a range of plant properties. Since then, interest widened 

to understanding turbulence and transport in relation to the spatial structure and submergence of 

plants [e.g. Nepf & Vivoni, 1995, Luhar & Nepf, 2013, and many others]. This experimental work 
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provided information to develop numerical models that simulate the effect of plants on flow and 

turbulence based on the presence of rigid elements in (part of) the water column [e.g., Baptist, 2007; 

Stoesser et al., 2009].  

Because organism characteristics can have a considerable effect on landscape development [Bouma 

et al., 2013], a physically correct representation of complex plant form and behaviour is important but 

challenging [Marjoribanks et al., 2014]. Acquiring data on plant morphology is labour-intensive and 

difficult due to the large variations between specimens and because not all plant parts contribute 

equally to the drag [Wilson et al., 2008]. Laser scanning and multispectral photography techniques [e.g. 

Västilä et al., 2013, Jalonen et al., 2015, Straatsma et al., 2007] can provide useful clues, but still require 

further development. Numerical models like those of Marjoribanks et al. [2014] and Dijkstra & 

Uittenbogaard [2010] relate hydraulic drag to vegetation buoyancy and elasticity (i.e. biomechanical 

reconfiguration), but are too computationally expensive to be used at a landscape scale. Luhar & Nepf 

[2011] offer a lighter, analytical approach based on the Cauchy-number (i.e. the ratio between bending 

and restoring forces) that has not found its way to numerical models yet. 

Waves 

Being more complex than steady flow, the effect of organisms on waves is less well known. 

Consequently, fewer numerical models are available to simulate this process and their results are 

regarded as uncertain. Dalrymple [1984] developed a description for energy loss of regular waves by 

representing the vegetation as vertical, ridged cylinders, using the relative vegetation height, diameter 

and density and a drag coefficient CD. Vegetation motion is neglected and the drag coefficient is based 

on empirical relations to the Reynolds or Keulegan-Carpenter number. This bulk drag coefficient is a 

‘rubbish bin’ for many uncertainties: flexibility, buoyancy, response to different frequencies and plant 

shape. Unlike steady flow, where CD is O(1), literature values for CD in waves vary from 0.08 to 50; a 

warning for the lack of a sound physical understanding and a large uncertainty for the use of vegetation 

as part of a coastal flood defence [Henry et al., 2015].  

Mendez & Losada [2004] extended Dalrymple’s description to irregular waves. Suzuki et al. [2012] 

incorporated that formulation in the open source spectral wave model SWAN, also adding limited 

vertical and spatial variation of vegetation structure (Figure 2), thus creating the first easily applicable 

numerical model for wave attenuation by vegetation on the landscape scale. Vuik et al. [2015] 

successfully compared SWAN results to field observations of wave attenuation over a salt marsh under 

mild storm conditions. Recently, a similar approach was incorporated in the near shore wave and 

sediment transport model XBeach [van Rooijen et al., 2016], which opens up interesting opportunities 

to study e.g. salt marsh erosion and reduction of water level setup during storms. XBeach has also been 

applied to study the influence of coral reefs and climate change on wave-driven flooding of atols 

[Quataert et al., 2015]. 

Maza et al. [2013] developed a VOF model to couple water and plant motion, which reduces part of 

the uncertainty that would otherwise arise from using a bulk drag coefficient. Such models can be 

useful to study the more extreme conditions that are relevant for the design of nature-based flood 

protection measures that are limited by the size and husbandry possibilities of physical facilities 

[Moeller et al., 2014].  
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Figure 2. Schematisation of vegetation as cylinders in SWAN. 

Sediment transport 

Many studies have addressed critical bed shear stresses and critical velocities for sediment motion and 

resuspension on bare beds under currents and/or waves (e.g. Van Rijn, 2007a,b and references 

therein). Literature on sediment pickup and deposition specifically within patches of benthic canopies 

is very limited, however [e.g. Jordanova and James, 2003 (bed load); Le Bouteiller & Venditti, 2015], 

especially given the range of patch densities and submergence ratios that can occur.  

Some of these ‘bare bed’ transport formulas [like Van Rijn, 2007a,b; Engelund & Hansen, 1967] 

perform quite well in numerical simulations of fluvial environments if the hydrodynamics (i.e. 

reduction of bed shear stress) are simulated well [Vargas-Luna et al., 2015]. For suspended sediments, 

also the alteration of the turbulent eddy diffusivity profile by vegetation is important [Lopez & Garcia, 

1998] but not specifically addressed because the number of experiments on sediment transport in and 

over vegetation is limited.  

Specific effects of vegetation observed in physical experiments, like local scour around stems, the 

presence of stems and leaves that act as a filter in the water column or the stabilizing root mat [e.g. 

Bouma et al., 2007, Hendriks et al., 2008, Pollen-Bankhead & Simon 2010] are not yet incorporated in 

sediment transport formulations in numerical models. The process of (re)suspension and transport of 

sediment in the presence of vegetation in wave-dominated environments is largely unknown and 

contrary to the common perception of vegetation preventing erosion, the opposite can occur too: 

Tinoco & Coco [2016] observed that despite significant flow reduction inside dense arrays, the 

resuspension of sediment increases with an increase in array density increases due to cylinder-scale 

turbulence. Using an empirical coefficient to account for cylinder-scale turbulence, they propose an 

alternative approach for the Shields parameter (Figure 3) to predict suspended sediment 

concentration. 
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Figure 3. Modified Shields parameter to account for array turbulence at various array densities. From: Tinoco & Coco, 2016. 

Organism development 

Many simulation models for the development of ecosystems and organisms therein exist, with the 

Lotka-Volterra model as the most well-known example of a simple predator-prey model, consisting of 

a single pair of ordinary differential equations. For the complex real world, such a model is too 

simplistic and more powerful systems are used, such as Ecopath for marine systems. In the field of 

biogeomorphology, there is no single standard model, but often ecological models based on the 

following principles are linked to morphodyanamic models: 

 physics-based habitat distribution models; 

 rule-based cellular automata; 

 individual-based models.  

The habitat models predict the possible occurrence of habitats for organisms based on a set of physical 

conditions like water depth, inundation time or salinity that occur over a representative period in time 

via response curves, much like a GIS tool. In principle these models are static, but by generating new 

maps of representative physical conditions over time, e.g. based on different flood frequencies, one 

gets an impression of possible developments.  

The rule-bases cellular automata resemble the habitat models, but add temporal dynamics such as 

growth and clonal expansion, and enable feedbacks between species and between nearby cells.  

Individual-based models are the most computationally intensive because they take (patches of) 

individuals as the starting point, rather than model grid cells. This offers the possibility to get more 

natural variation of organism properties in the model and consequently a more natural (dynamic 

equilibrium; Folke et al., 2002) behaviour, but also requires substantial simplifications because 

morphological models cannot deal with millions of individuals.  

Good knowledge on tolerance limits (e.g. what is the critical wave load under which mangroves 

collapse, or what is the minimum amount of light seagrasses need to stay healthy?) is essential for all 

three model types. For the model types that simulate temporal dynamics, also growth and mortality 

rates are crucial. Combined biogeomorphological models are very sensitive to settings for these rates, 
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but do enable studies of regime shifts that go beyond a simple set of differential equations, e.g. Carr 

et al. [2010].  

 KEY NUMERICAL MODELLING RESULTS IN FLUVIAL AND COASTAL 

BIOGEOMORPHICAL SETTINGS 
To illustrate the state of the art in numerical modelling of biogeomorphology, the approach and results 

of two recent numerical model studies are discussed: for a fluvial environment [Van Oorschot et al., 

2015] and for a coastal environment [Schwarz et al., 2014].  

8.3.1. Numerical modelling of hydromorphological vegetation dynamics in rivers 

The dynamic interaction between river channel patterns and populations of riparian species is 

important for river management because vegetation affects bend migration by increasing bank 

stability and water levels by increasing flow resistance. Moreover, the presence of different types of 

vegetation is related to ecosystem services such as recreation, nature and logging. Many studies have 

described such interactions in rivers [e.g. Bertoldi et al., 2009; Gurnell 2014], but most are mainly 

empirical and lack the quantitative understanding required for predictive river management models. 

Van Oorschot et al. [2015] quantify effects of vegetation-type dependent settling, growth and 

mortality with life-stage dependent hydraulic resistance on the morphodynamics of a meandering river.  

 

Figure 4. Flow diagram of processes and dynamic interactions in the combined hydromorphological-vegetation dynamics 
model of Van Oorschot et al. [2015]. 

Their model coupled a vegetation model in Matlab, which accounted for multiple vegetation types 

depending on seed dispersal, colonization, growth and mortality to a two dimensional model for flow 

and sediment transport in Delft3D (Figure 4). With this model, they compared river planform and 

vegetation patterns for a scenario with dynamic vegetation properties to reference scenarios with 

static vegetation and without vegetation.  

Because of the simulation time of 300 years, the morphodynamics were simulated with a two-

dimensional depth averaged model, using the relation of Baptist et al. [2007] for hydraulic resistance 

caused by vegetation, the Engelund-Hansen transport formula and a morphological scaling factor 

(Morfac; section 8.2.1) of 30. Due to the specific implementation of the Baptist-relation in Delft3D, the 

presence of vegetation affects the hydraulic resistance correctly, without an artificial and incorrect 
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increase in bed shear stress that would mess up sediment transport, as would be the result of an 

increase of a standard bed roughness factor. For each ecological time step -the ecological updating 

occurred 24 times per year-, the vegetation model retrieved bed levels, flow velocities and water levels 

from the morphological model.  Riparian trees of the Salicaceae family were selected as the main 

vegetation types because these are the dominant ecosystem engineering species that grow on river 

floodplains in Europe.  

Two distinct typical Salicacaea were parameterised to resemble trees of the Salix and Populus genera, 

each with general characteristics (maximum age, initial sizes, growth factors and dispersal timing) and 

life stage-specific parameters (spatial density, drag coefficient and mortality rules). Salix disperses in 

June, has a maximum age of 60 years and is more tolerant to flooding, whereas Populus disperses in 

May, has a maximum age of 150 years and is more tolerant to desiccation. Settling of seedlings 

occurred on moist substrate between minimum and maximum water levels during the dispersion 

window. Vegetation growth was implemented as a logarithmic growth function depending on 

vegetation age. Mortality was calculated at the end of each calendar year, depending on the days of 

subsequent flooding and/or desiccation, maximum flow velocity, burial or scour and the maximum 

vegetation age. Using a similar principle as habitat models, dose-effect relations (Figure 5) determined 

the percentage of plants not surviving a physical stressor. The initial river planform and boundary 

conditions were loosely based on the largely natural Allier River in France, using a flood discharge of 

400 m3/s in winter and 50 m3/s in summer.  

 

Figure 5. Example of a dose-effect relations between morphodynamic pressure (e.g. inundation time) and mortality. From: 
Van Oorschot et al. [2015]. 

All three basic scenarios (bare, static vegetation and dynamic vegetation) displays typical behaviour of 

rivers like the Allier River: lateral expansion and longitudinal migration of meander bends, with 

periodical chute cut-offs. The rate of change and eventual river planform at the end of the simulation 

differ considerably, however: The default scenario with dynamic vegetation shows an active 

meandering behaviour, while the scenario without vegetation develops into low sinuous river. 

Compared to the static vegetation that results in a static vegetation dominated state, the vegetation 

patterns in the dynamic scenario reduce lateral migration, increase meander migration rate and create 

a smoother floodplain. The simulated percentage vegetation cover in the dynamic scenario is of the 

same order (10-20%, vs. 80% for the static scenario) as the real cover observed by Geerling et al. [2006], 

but especially the 2-10 year vegetation class is underestimated considerably (2% vs. 10% in reality). 
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This indicates that the model provides more quantitatively realistic answers than many earlier 

modelling efforts, but also that the error margin is still substantial. 

 

Figure 6. Bed level and vegetation cover after 150 years of several scenarios used for a sensitivity analysis in Van Oorschot et 
al. [2015]. 

A sensitivity analysis for differences in dispersal timing, seedling survival, maximum spatial densities, 

drag coefficient and growth strategy revealed considerable differences in bed level and vegetation 

cover (Figure 6). This implies that changes in species distribution, e.g. native species being replaced by 

invasive species as a result of climate change, can have strong effects on river morphology. The model 

was not used to assess how these different river planforms affect discharge capacity or flood levels. 

This would be an interesting application that would give insight in how important the exact vegetation 

cover is to accurately predict flood levels, i.e. how small the error margin needs to be to make the 

model suitable for answering management questions. 

8.3.2. Numerical modelling of salt marsh development 

Like river plains, salt marshes are ecosystems that support a variety of ecosystem services such as 

providing a habitat for birds and fish, carbon sequestration and possibly flood risk reduction. Also like 
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river plains, salt marshes are complex environments and their development is the result of interactions 

between ecological and physical drivers. Fagherazzi et al. [2012] provide an overview of numerical 

models that simulate salt marsh evolution, focusing on survival under sea level rise scenarios. They 

distinguish three spatial scales:  

1. zero-dimensional (point) models at the smallest scales that simulate local elevation change 

and net primary production. Example: Morris et al. [2002]; 

2. one- (transect) or two- (marsh platform) dimensional models that are often  based on 

biogeomorphic processes and require considerable computational effort. Example: 

Temmerman et al. [2007]; 

3. landscape scale models that simulate general trends at large spatial scales. Example: Park et 

al. [1986]. 

All these models follow roughly the same computational framework for salt marsh evolution (Figure 

7). The deposition of suspended sediments onto the marsh platform is the dominant process that 

determines spatial patterns; surface erosion is usually considered negligible due to the low energy 

hydrodynamics. Most process-based numerical models also ignore the erosion of the marsh margin as 

a result of wave impact, except for Tonelli et al. [2010] who used a numerical model solving the coupled 

Boussinesq-nonlinear shallow water equations. Other issues are that even the more advanced 

numerical models are hydrostatic, thus not fully capture full three-dimensional hydrodynamics, 

consider the vegetation as rigid elements and assume fully turbulent flow whereas the low flow 

velocities typical for a marsh might actually be in the viscous regime [Fagherazzi et al., 2012]. The 

simulation of aboveground and belowground production of biomass, inorganic sedimentation and soil 

consolidation is a feature of numerical models that physical models usually do not have due to the long 

timescales, although the necessary parameterisations need to come from dedicated laboratory or field 

experiments.  
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Figure 7. Simplified scheme of the interactions between ecology and morphology in salt marshes. From: Fagherazzi et al. 
[2012]. 

The study of Schwarz et al. [2014] is an example of a numerical modelling study of two different salt 

marshes that compares the simulated landscape development to remote sensing observations, aiming 

to establish a threshold for dominance of either vegetation-induced channel erosion or vegetation-

stabilized channel inheritance.  

The model setup was largely similar to that of Temmerman et al. [2007], except for the use of an 

ecological module in Delft3D-WAQ instead of Matlab. This vegetation module simulates 

spatiotemporal changes in the stem density and -height of Spartina alterniflora. The morphodynamics 

were modelled using Delft3D in a 2D depth-averaged mode, using a k-ε model that explicitly accounts 

for the influence of rigid cylinders on drag and turbulence.  Initial plant establishment is modelled 

stochastically and lateral expansion of plants to neighbouring cells is modelled through a diffusion 

equation. Like in the model of Van Oorschot et al. [2015], stem density and stem height are 

characterized by logistic growth up to a maximum, whereas stem diameter is related to stem height. 

Plant mortality is a result of inundation stress and bed shear stress exerted by flow; waves are not 

included. The model is forced with a sinusoidal mesotidal tide (1.2 m), with the highest point of the 

initial platform 0.2 m below the tidal amplitude, resembling conditions in the Yangtze estuary, China. 

The sediment is also representative of the conditions there: D50=80μm; the equilibrium concentration 

at the boundary and the sediment transport are determined according to Van Rijn [1993]. 

Morphological developments are sped up by using a Morfac of 24. Because vegetation is only present 

during 8 months per year, a simulation time of one month represents 3 years of real time. The Pearson 

correlation coefficient of the bathymetry reached unity within these 3 years, indicating the 

establishment of a dynamic equilibrium. A Pearson coefficient of 1 means that the actual bathymetry 

can still be changing, but that the changes have become uniform over channels and platform. Thus, it 

can also be used as an indicator of self-organisation. The ecological and morphodynamic model 

interact every 12 hours. The temporal representation of stress factors (e.g., mean, maximum or 90th 

percentile) is not described.  

Four scenarios of initial bathymetries were studied (Figure 8) all with the same vegetation 

development settings: plain (uniform), shallow dense channels, shallow sparse channels with the same 

volume and deep dense channels with a higher volume. When patches start to develop, some bare 

areas develop into channels whereas at other bare areas the critical bed shear stress is not exceeded 

and patches merge. This pattern is largely the same for all scenarios but differs in magnitude: The 

dense shallow channels display some erosion in the channels and on the platform, whereas for the 

sparse channels the erosion is more concentrated in the channels. For the deep channel scenario, the 

effects are smaller but even more restricted to the channels.  
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Figure 8. Plan view of the modeling results for the four initial bathymetries used in this study (flat bathymetry (plain), shoal 
imposed channels with high density (shoal dense channels; Shoal ChD), shoal imposed channels with low density (shoal sparse 
channels, Shoal ChS), and deep imposed channels with high density (deep dense channels; Deep Ch)). (a) The configuration of 
the initial plant cover and (b) the plant cover after 3 years is shown as a percentage of the maximum stem density. (c) The 
morphologic evolution from initial bed level to (d) the bed level after 3 years is shown through the platform elevation in meters. 
(e) A comparison between the initial and final bed configuration is shown across a long-shore transect, indicated by the black 
line in b. (f) The sediment movement throughout our simulation is shown through the cumulative change in 
sedimentation/erosion after 3 years in meters. From Schwarz et al.  

The results suggest that channel inheritance is the dominant mechanism if deeply incised channels 

already exist before vegetation starts to colonize. This finding is in line with the ‘excess momentum’ 

concept discussed in Temmerman et al. [2007]. Without inheritance, differences in hydraulic drag 

between plant species would become more important but multiple species were not studied. Likewise, 

the authors remark that erosive processes will also be affected by the soil cohesiveness and soil 

stabilization by plant roots, which were not studied either. Because erosion is limited to wet cells, bank 

erosion is underrepresented. The coarseness of the grid (cell size 6m) means that feedbacks are only 

resolved down to this scale and effectively leads to larger channels. The absence of waves has an effect 

on sediment transport and likely allows the tide to create more intricate patterns that would otherwise 

be flattened by waves, whereas a lack of temporal variations in forcing would result in a steadier spatial 

pattern.  

Due to the above, the model cannot completely reproduce the developments in the field but does 

capture the main aspects of channel initiation and inheritance that are important for landscape 

evolution. Nevertheless, models like these and the concept of ‘excess momentum’ are of practical use 

in wetland rehabilitation or restoration efforts where they can be applied to optimize initial 

topography in relation to hydrodynamics, sediment and plant properties to promote the often desired 

spatial heterogeneity. 
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 KNOWLEDGE GAPS AND FUTURE DEVELOPMENTS IN NUMERICAL MODELLING 

OF BIOGEOMORPHOLOGICAL INTERACTIONS  

8.4.1. Organism properties and the importance of diversity 

A realistic representation of relevant organism properties such as dimensions, flexibility and buoyancy 

is necessary to simulate the effect of organisms on hydrodynamics. For unidirectional flow, many 

accepted techniques are available for this, ranging from a simple roughness coefficient, via k-ε 

turbulence representations in engineering models, to fully coupled flow-plant bending models. Which 

technique is most appropriate for the problem at hand depends on the time- and spatial scale of 

interest [Nepf, 2012, Luhar & Nepf, 2013].  

For waves, the state of the science is less advanced. Just a few wave models account for the presence 

of vegetation and the range of drag coefficients in relation to wave conditions and plant properties 

found in the literature is distressingly high. This is not solely a deficit of numerical models: there is no 

literature that describes a physical experiment that could be used to fully understand wave-plant 

interaction at the patch scale. Such experiments are typically hampered by the large facilities required, 

as scaling this interaction is virtually impossible due to the different scaling laws involved [Thomas et 

al., 2014]. 

On the topic of sediment transport in vegetated flows, numerical models are not up to the state of the 

art of physical modelling, especially not for coastal environments where waves are involved. There are 

numerous accepted formulas for sediment transport on bare beds that can be incorporated in 

numerical models, and some [like Van Rijn, 2007a,b, Engelund & Hansen, 1967] perform quite well in 

fluvial environments if the hydrodynamics (i.e. reduction of bed shear stress) are simulated well 

[Vargas-Luna et al., 2015]. Some effects of vegetation observed in physical experiments, like local scour 

around stems, its presence as a filter in the water column or the stabilizing root mat [e.g. Pollen-

Bankhead & Simon 2010] are not yet incorporated in sediment transport formulations in numerical 

models. The process of (re)suspension and transport of sediment in the presence of vegetation in 

wave-dominated environments is largely unknown and contrary to the common perception of 

vegetation preventing erosion, the opposite can occur too [Tinoco & Coco, 2016].  

To model landscape development, it is not sufficient to simulate only hydro- and morphodynamic 

processes. Organism related processes such as colonization, growth, succession, competition and 

mortality also require quantification to simulate vegetation dynamics because landscape development 

is very sensitive to the rate of vegetation development [Perucca et al., 2007, Bärenbold et al., 2016]. 

Here, numerical models have an advantage over physical models because they can cover much longer 

timescales and multiple species, whereas physical modellers are constrained by the availability of 

facilities and husbandry demands [Thomas et al., 2014]. We know that these processes are steered by 

the physical and chemical environment in which the organisms live. See Figure 9 for an example of 

how plants respond to different environmental conditions, and imagine the effects of different plant 

morphology on flow and soil properties. 
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Figure 9. Types of grass meadows under four different management scenarios. From top to bottom: grazing, fertilizing and 
pesticides; hay and fertilizer, grazing and light fertilizer, hay without fertilizer. From: Wageningen University. 

Ecological modellers have done a great deal to quantify these relations, albeit not on a time and spatial 

scale that corresponds to that of numerical models for biogeomorphic development. Colonization or 

lateral expansion of vegetation patches, for example, typically occur on the scale of decimetres or 

meters per year, whereas the spatial resolution of numerical models for landscape development is 

usually deca- to hectometres due to computational limits. Sub-grid techniques that allow for high-

resolution bathymetry and roughness on a coarse computational grid [e.g. Volp et al., 2013] may aid 

to bridge this gap in the future.  

8.4.2. Plant tolerance limits 

The tolerance of organisms to environmental conditions is an organism property that deserves special 

attention because this property determines whether organisms occur or not. Occurrence has a much 

larger effect on hydro- and morphodynamics than properties like size and flexibility [Nepf, 2012], 

although the importance of organism properties should not be ignored [Bouma et al., 2013]. Tolerance 

limits are difficult to establish however, as they are not only species specific [e.g. Erftemeijer & Lewis, 

2006] but they also depend on the combination of several stress factors such as light deprivation and 

heat [Yaakub et al., 2013, de Los Santos et al., 2010] and they can change over time due to phenotypic 

plasticity [e.g., Maxwell et al., 2014, Peralta et al. 2005]. Establishing coherent sets of tolerance limits 
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for key species in fluvial and coastal environments is therefore crucial. To model steady state 

conditions, existing habitat suitability studies [e.g. Koch 2001, van der Heide et al., 2009] can provide 

useful information. Tolerance under extreme conditions during events has been studied less, and is 

often not just an organism property but also related to soil properties [Bywater-Reyes et al., 2015, 

Bendoni et al., 2016]. The study of Bankhead et al. [2016] is a nice example of a combined numerical 

and physical study to establish when conditions for vegetation removal occur.  

8.4.3. Combination of soil and (ground)water 

The great majority of numerical models have been made to simulate surface hydrodynamics or 

groundwater dynamics or soil dynamics; either fluid or solid phase. For complex processes that 

determine long-term landscape formation as well as critical changes (failure) during events such as 

riverbank and salt marsh cliff erosion, the coupling of the two phases is relevant. Numerical methods 

such as the Material Point Method [MPM; e.g. Abe et al., 2014, Tan, 2016] can provide crucial insights 

in the behaviour of fluid-solid interfaces.  

Groundwater can also be important for riparian vegetation dynamics [Gurnell, 2014], especially if the 

groundwater table and soil moisture vary substantially as a result of the hydrologic regime or changing 

land use (e.g., dam construction or removal). Examples of both surface- and groundwater models are 

rare [e.g. Hooke et al., 2005] but are a logical extension for studies into landscape change. 

8.4.4. Upscaling from near field to landscape 

Landscape-scale models require simplification of processes to be applicable within reasonable 

computation times. At the same time, small-scale processes at the individual plant scale or the patch 

scale can be relevant for the development of the landscape. Integration of near field models that solve 

the dynamics inside a meadow with larger scale models offers a pathway to better representation of 

important processes. Such an approach can be offline, where the detailed model is used as a numerical 

flume to derive parameterisations to be used by the large-scale model, or online where a small-scale 

model is activated by an event in the large-scale model and feeds back the consequences after the 

event. An example of such an application is dune development under sea level rise: the response to 

gradually changing conditions is calculated by the large-scale model, whereas dune erosion during 

storms –a very different process- is calculated by a dedicated small-scale model. Tools like BMI (Basic 

Model Interface; Peckham et al., 2013) offer promising possibilities for robust model integration.  


