
 

Protocols for scaling biogeomorphology  
in time 

 

Deliverable 8.V 
 

 

 

 

 

 

 

 

 

 

Status:  final 

Version:  2 

Date:  Saturday, 02 March 2019 

 

EC contract no 654110, HYDRALAB+  



Deliverable 8.5  Representing climate change in physical models 

Version 2 2 Saturday, 02 March 2019 

DOCUMENT INFORMATION 

Title Protocols for scaling biogeomorphology in time 
Lead Authors Rocio Luz Fernandez (University of Hull), Jasper Dijkstra (Deltares), Moritz 

Thom (FZK) 
 

Contributors Rocio Luz Fernandez (University of Hull) 
Jasper Dijkstra (Deltares)  
Moritz Thom (FZK)  
Stuart McLelland (University of Hull) 
 

Distribution Members of JRA1  
Document Reference  

DOCUMENT HISTORY 

Date Revision Approved by Status 

02/03/2019 V1.0  Draft 
02/03/2019 V2.0 F.C. Hamer Final 

ACKNOWLEDGEMENT 

The work described in this publication was supported by the European Community’s 
Horizon 2020 Programme through the grant to the budget of the Integrated 
Infrastructure Initiative HYDRALAB+, Contract no. 654110. 

DISCLAIMER 

This document reflects only the authors’ views and not those of the European Community. This work 
may rely on data from sources external to the HYDRALAB project Consortium. Members of the 
Consortium do not accept liability for loss or damage suffered by any third party as a result of errors 
or inaccuracies in such data. The information in this document is provided “as is” and no guarantee or 
warranty is given that the information is fit for any particular purpose. The user thereof uses the 
information at its sole risk and neither the European Community nor any member of the HYDRALAB 
Consortium is liable for any use that may be made of the information.  



Deliverable 8.5  Representing climate change in physical models 

Version 2 3 Saturday, 02 March 2019 

TABLE OF CONTENTS 

Document Information ........................................................................................................................... 2 

Document History ................................................................................................................................... 2 

Acknowledgement .................................................................................................................................. 2 

Disclaimer................................................................................................................................................ 2 

Introduction ........................................................................................................................................ 5 

1. Scaling Biogeomorphology in Time: Flume Studies ........................................................................ 7 

1.1. The biogeomorphic framework .............................................................................................. 7 

1.1.1. Vegetation as an active component in flume studies ..................................................... 7 

1.1.2. Plant-fluvial geomorphic interactions ............................................................................. 8 

1.2. Use of live vegetation in flume studies ................................................................................. 10 

1.3. General approaches for scaling plant-fluvial geomorphology in time.................................. 11 

1.3.1. Characteristic time scales ............................................................................................. 11 

1.3.2. Selection of temporal scale and model evaluation ....................................................... 12 

1.4. Case study: Experimental approach for long-term river’s response characterization (impact 
of flood sequencing) ......................................................................................................................... 14 

1.4.1. Brief description of experimental data ......................................................................... 14 

Overview of experimental procedure and model calibration ....................................................... 14 

1.4.2. General aspects of experiments ................................................................................... 17 

2. Design of biofilm surrogates: a first approach to scaling biostabilization in time ........................ 21 

2.1. Natural biofilms and the use of surrogates .......................................................................... 21 

2.2. Mixing surrogate EPS and experimental setup ..................................................................... 22 

2.3. The erosion threshold of different EPS-sand mixtures ......................................................... 23 

2.4. Comparison to natural biostabilization processes ................................................................ 25 

2.5. The outlook for experimental scaling of biostabilization in time ......................................... 27 

3. Scaling Biogeomorphology in Time: Numerical Studies ............................................................... 29 

3.1. Numerical modeling of biogeomorphology: advantages, issues and practice ..................... 29 

3.2. Basics of numerical ecological modeling .............................................................................. 29 

3.3. Size and age classes: plant-based or hydrodynamics-based? ............................................... 31 

3.4. Characteristic time scales ..................................................................................................... 32 

3.4.1. Scaling biology in time in numerical models ................................................................. 32 

3.4.2. Forcings: calm conditions vs. storms and floods .......................................................... 35 

4. Conclusions and outlook ............................................................................................................... 38 



Deliverable 8.5  Representing climate change in physical models 

Version 2 4 Saturday, 02 March 2019 

5. List of references ........................................................................................................................... 40 

 

 

  



Deliverable 8.5  Representing climate change in physical models 

Version 2 5 Saturday, 02 March 2019 

INTRODUCTION 

In the context of climate change adaptation for planning and policy purposes, ecosystem management 
has the potential to enhance the development of more sustainable and diverse aquatic environments 
that have an increased capacity to withstand environmental stresses like more frequent floods and 
droughts. The requirement to model the impacts of climate change on ecohydraulic environments 
presents significant challenges to modelling studies since they require a full understanding of the 
complex interaction between the biotic (flora and fauna) and abiotic (geomorphological) components 
of ecosystems (i.e. their biogeomorphic or ecogeomorphic functioning) over a range of different 
timescales. For example, some organisms (e.g. insects) can respond to changes in climate conditions 
within weeks, whereas riparian vegetation may require several months or years to become 
established and grow to maturity. Other processes, like catchment formation, are likely to take place 
over centuries or even longer time periods. Hence, a range of different time scales are needed to study 
the impacts of climate change on ecosystems. 

To address modelling on different timescales, physical modelling offers a unique opportunity to 
improve the current understanding of ecosystem response to climatically driven changes. There is a 
wide range of laboratory experiments where vegetation has been included to investigate its effect on 
the flow field, sediment transport, or soil cohesion at different spatio-temporal scales (e.g. Gran and 
Paola, 2001; Tal et al., 2004; Siniscalchi et al., 2012; Zong and Nepf, 2010; Perucca et al., 2007, and 
others). Although in most experiments hydraulics and fluid mechanics in abiotic environments are the 
main focus of experiments, recently an increasing number of studies aim to reproduce a more complex 
framework, where vegetation is one of the experimental parameters simulating the plant-geomorphic 
related processes. However, the main challenge for executing experiments with processes driven by 
vegetation are accurate scaling of the relevant time scales in the context of vegetation growth and the 
(seasonal) interaction with floods and in terms of climate change adaptation (i.e. 101-102 years). 

Apart from the effects of vegetation, the stabilisation of sediments by benthic microalgae/bacteria 
and fungi (biofilms) is also a topic that has received increasing attention in recent years. Biofilms are 
ubiquitous in nature and important for the stabilisation of sediments in marine, intertidal and 
freshwater environments. Furthermore, it has been reported that biofilms quickly adapt to changes 
in environmental conditions (Graba et al., 2013; Thom et al., 2015) and there are indications that 
climate change will have an effect on biofilm development (Piggott et al., 2015; Russel et al., 2013) 
with consequent implications for sediment stability. The main two challenges in modelling these 
systems are: (i) biostabilization depends on environmental conditions which change throughout the 
year (seasonality and climate induced changes), such that physical modelling must necessarily cover a 
wide range of these conditions resulting in an unmanageable number of experimental settings with 
extended experimental runs; (ii) growing natural biofilms requires flumes in which environmental 
conditions (e.g. temperature, lights, nutrients) can be set to specific values and these kinds of 
environmental flumes are uncommon in hydraulic engineering laboratories. To overcome these 
challenges research in biofilm induced stabilisation processes could make use of chemical surrogates 
that represent the complex nature of live biofilms. This has been done in other ecohydraulic disciplines 
(for example to mimic seagrass: Paul et al. 2012, Ghisalberti and Nepf, 2002) but is in early stages for 
biofilms.         
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In addition to using physical modelling approaches for forecasting environmental change impacts, it 
is also possible to use numerical modelling to represent biotic processes in ecohydraulics. For example, 
whilst a physical model may be better suited for investigating complex flow and sediment transport 
processes associated to static vegetation, a computer-driven numerical simulation may be more 
efficient for investigating processes related to vegetation dynamics (e.g. colonization, survival, growth, 
succession, etc.).  

The aim of this report is to review and identify suitable protocols for scale modelling to forecast 
biogeomorphic system response over time scales relevant to the management of climate change 
adaptation (decades). The report is structured into three key sections that review recent work carried 
out in flume experiments (with both vegetation and chemical surrogates) and numerical studies to 
gain and improved understanding of: 

 The timescale criteria for representing long term biogeomorphic processes in flume 
studies, in order to better assess biota dynamics, flow characteristics, and reach scale 
morphological evolution. 

 How to investigate and develop artificial biostabilization to better understand the 
interaction between surrogate EPS (Extracellular Polymeric Substances), sediment and 
hydraulics and provide fundamental information for designing experiments on 
biostabilization.  

 The use of numerical modelling to test different strategies for time scaling of 
biogeomorphological interactions, to minimise the experimental tests required or take full 
advantage of laboratory results (hybrid modelling). 

The document presents the following three illustrative examples of biomass modelling, with focus on 
the considerations of the timescales adopted: 

 Experimental approach for long-term river’s response characterization. A laboratory study 
on the mechanism of bed morphology adjustment in response to vegetation growth and 
flood sequencing is reported. The biota involved in the study is riparian vegetation, and 
relevant geomorphological factors are bed topography and the transport of sediment.   

 Experimental method for scaling biostabilization in time. Artificial biofilms and their impact 
on sediment stability is studied in a physical experiment. The impact of three different 
parameters (grain size, EPS content and stickiness of EPS) on the erosion threshold and the 
mode of erosion is analysed.  

 Numerical modelling of eelgrass development. A field campaign by multiple Hydralab+ 
partners in the Rødsand lagoon in eastern Denmark, during which plant properties, 
turbidity and hydrodynamic forcings were measured, provided data to construct and 
validate a numerical model. Subsequently, this model was used to analyse the possible 
effects of climate change (e.g. increase in temperature, water level and storminess) on this 
shallow coastal system.  
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1. SCALING BIOGEOMORPHOLOGY IN TIME: FLUME STUDIES  

1.1.      THE BIOGEOMORPHIC FRAMEWORK 

1.1.1. Vegetation as an active component in flume studies 

Vegetation is a general term for plant life and understanding its interaction with fluvial 
geomorphology is critical for determining processes and forms in alluvial rivers. In this context, flume 
studies have advanced our understanding of the influence of individual plants or patches of plants on 
turbulence intensities (Nepf, 1999; Wilson et al., 2003; Siniscalchi et al., 2012), flow resistance (Green, 
2005; Västilä and Järvelä, 2014), sediment transport (Jordanova and James, 2003; Zong and Nepf, 
2010; Yager and Schmeeckle, 2013), morphodynamics around plants (Bouma et al., 2007; Perucca et 
al., 2007; Meire et al., 2014), and velocity profiles (Jarvela, 2005; Lightbody and Nepf, 2006; Aberle 
and Jarvela, 2013; Luhar and Nepf, 2012).  

In particular, flume experiments have shown that vegetation can be a key ingredient in the 
simplification of river planform and the maintenance of single thread channels (e.g., Gran and Paola, 
2001; Tal et al., 2004; Jang and Shimizu, 2007; Tal and Paola, 2007; Braudrick et al., 2009; Li and Millar, 
2010). It has also provided insights into the plant-related processes leading to channel blockage and 
avulsion (e.g., Tal and Paola, 2010) and landform building (Braudrick et al., 2009; Li and Millar, 2011). 
Whilst many flume experiments have indicated a simplification of planform in response to bank and 
floodplain vegetation, other flume studies have showed that vegetation growth in ephemeral rivers 
may cause the flow to divide (e.g., Coulthard, 2005), increasing the braiding intensity (or number of 
channels) of the fluvial system. 

At a smaller scale, the relative importance of vegetation-related hydrological and hydraulic processes 
for bank stability has been investigated widely in the laboratory (Thorne, 1990; Simon and Collison, 
2002; Tal et al., 2004; Gray and Barker, 2004; Van Dijk et al., 2013). These experiments have revealed 
important spatio-temporal variations in plant rooting depths and density that are important for bank 
stability.  

While the previous studies have shown how vegetation can control physical processes within the 
fluvial context, other studies have focused on how hydrogeomorphic processes and fluvial landforms 
can control plant communities (e.g. Naiman and Décamps, 1997; Steiger et al., 2005).  

These one-way relationships between flow dynamics, geomorphology and vegetation investigated by 
the previous studies have been the main focus of previous studies of river system function. However, 
more recently studies have begun to look at how biogeomorphic processes lead to reciprocal 
adjustments (or two-way interactions) between landforms and the biological communities that define 
fluvial landscape dynamics. In this context, a conceptualization of the fundamental interactions 
between hydrogeomorphic processes and vegetation dynamics driving the fluvial landscape dynamics 
was proposed by Corenblit et al., 2007 (Figure 1).  
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Figure 1 A schematic overview of the vegetation as an active component in fluvial systems (Corenblit et al., 2007). 

Moreover, recent studies have investigated the effects of vegetation on fluvial landform development 
during its growth, from seedling to a mature plant, leading to the notion of the biogeomorphic 
succession (Corenblit et al. 2007, 2009, 2014). The cyclic dynamics of the biogeomorphic succession 
(regression or progression in time and space) depends mainly on the relation between resisting 
(sediment cohesiveness, bed and vegetation roughness) and destructive (flood) forces. Here, 
vegetation acts as a key parameter in controlling the biogeomorphic cycle at a number of different 
levels: (i) through its ability to colonise and to develop sufficiently quickly between destructive floods 
on a bare substrate in the channel; (ii) by its ability to trap sediment; (iii) by its ability to resist total 
destruction by flow; (iv) and finally, by its ability to increase substrate cohesiveness. Then again, the 
growth and succession of riparian vegetation is highly dependent on the local abiotic conditions, and 
this leads to feedback cycles that affect the overall natural development of river systems. 

1.1.2. Plant-fluvial geomorphic interactions   

In nature, plants have different size and shape according to species, growth stage and environmental 
conditions. Moreover, each plant has an almost unique combination of height, stem diameter and 
stiffness, foliage and other properties. In flume studies, this complexity and variability of natural 
vegetation have been greatly simplified to represent the geometric and biomechanical properties that 
affect fluvial processes (for instance, see Nepf, 2012).  

In experimental studies, the above ground biomechanical properties of a plant include (Figure 2): 
canopy biomass, flexibility and tensile strength; while below-ground properties are: root biomass, 
depth, tensile strength, uprooting resistance, architecture and root reinforcement.  
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Figure 2 Geometric properties for a real vegetation (alfalfa) and their influence on the flow field and substrate. 

Until recently, the one-way interactions between flow dynamics, geomorphology and vegetation have 
been considered dominantly when studying the functioning of river systems. In relation to this abiotic 
or passive role of vegetation, plants can affect the flow field, fluvial transport processes, and 
morphology of the river through several mechanisms. Hence, the above-ground biomass can modifies 
the flow field: (i) by reducing flow velocities and near-bed shear stresses, (ii) by increasing turbulence 
intensities near canopy tops for submerged vegetation and along the interface between emergent 
riparian vegetation and the main channel, (iii) by reducing the transport capacity of the flow and cause 
sorting and deposition of sediment, (iv) by creating secondary circulation patterns, and retain 
sediment (Bennet et al., 2008; Piégay and Gurnell, 1997; Gregory et al., 2003; Corenblit et al. 2007, 
2009, 2011; Zong and Nepf, 2010), whereas their below-ground biomass might affect the hydraulic 
and mechanical properties of the substrate (Docker and Hubble, 2008, Burylo et al., 2012) and 
consequently the moisture regime and erosion susceptibility of the soil, potentially changing bank 
strength and other surface resistance properties.  

Regarding the opposite way of the interaction, the effect of the flow on vegetation, it includes: flood-
induced death of riparian plants through uprooting, burial, or anoxia, saturation of the soil, and 
geomorphological impacts through erosion and deposition of sediment, where floodplain elevation 
determines the type of riparian vegetation that establishes (e.g. Bendix and Hupp, 2000).  

Models that consider the two-way interactions or the reciprocal adjustments between the fluvial 
landform and plant communities have been started to be contemplated in more recent years. These 
models consider that vegetation ecological actions (competition, colonization, succession, etc.) 
influence several hydraulic and morphodynamic processes and interact with them to affect riparian 
vegetation dynamics. For example, after seeds are deposited on landforms created by fluvial 
processes, they start to germinate and the plants to grow, then the new vegetation starts to affect the 
local flow field, altering sedimentation/erosion processes and initiating vegetation-induced 
morphological changes (Camporeale et al., 2013).  
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These one- and two-ways mechanisms of interaction between vegetation and hydro-morphological 
processes have guided the approaches for using live vegetation in flume experiments described in 
Section 1.2. 

1.2.    USE OF LIVE VEGETATION IN FLUME STUDIES 

A review is presented in Deliverable 8-IV (2018) for the different categories: seagrass, seaweeds, 
saltmarsh plants, riparian vegetation, grasses and freshwater macrophytes. Here, the class of riparian 
vegetation is presented in more detail.  

The use of live plants in flume experiments for modelling alluvial geomorphology it has been solved in 
two different ways: as static vegetation (which includes the passive role of plants), that considers the 
mechanical and morphological actions of the riparian vegetation; and as dynamic vegetation (which 
includes its active role), where plant colonization, succession, growth and survival influence hydraulic 
and morphodynamic processes and interact with them to create the distinct patterns in alluvial 
morphologies.  

Static vegetation experiments consider a one-way interaction (i.e., the effects of vegetation on hydro-
morphological processes, or vice-versa). In this approach, vegetation seeds are usually distributed by 
hand (uniformly distributed) or by the flow (seeds added in the feed) at the start of the experiment 
and not reseeded further. Seeds can be pre-soaked (48 - 72 hours) and air dried (6 - 12 hours) before 
being disperse over the experimental floodplain at different densities and allowed to germinate (4 - 
25 days). The use of static vegetation has enabled the assessment of the effects of different densities 
and ages of vegetation on alluvial morphology. This technique that considers the one-way effects of 
channel dynamics on vegetation and vice versa has been employed in experiments conducted by Gran 
and Paola (2001), Van de Lageweg et al. (2010), Van Dijk et al. (2013), Kleinhans et al. (2014). 
Regarding seed preparation techniques and vegetation growing conditions required for use in flume 
experiments for both alfalfa (Medicago sativa) and oat (Avena sativa) a detailed description is 
reported in Clarke (2014). As an alternative, to the previous studies that used alfalfa and oat, 
Coulthard (2005) employed three different varieties of similar sized bedding plants: Gomprena, 
Impatiens and Petunias to simulate trees/shrubs. In this particular case, the static vegetation was 
planted at random locations along the flume.   

In contrast, dynamic vegetation experiments consider the two-way coupled interactions between 
vegetation and hydro-morphological processes. These experiments include reseeding during the 
experiment and allow for both vegetation growth and colonization, and there is a co-evolution of 
riparian vegetation and channel dynamics. For instance, the laboratory channels are allow to evolve 
through time, letting for both channel migration and successive vegetation growth. In these on-going 
experiments, vegetation is reseeded following repeat flow events, simulating the natural process of 
vegetation encroachment on the floodplain and channels. Examples of flume experiments with 
dynamic vegetation are given in Tal and Paola (2007) and Braudrick et al. (2009). This methodology 
has confirmed that dynamic vegetation plays many diverse roles in alluvial environments beyond 
simply disturbing the path of flood flows. Notably it has been found that differences in vegetation 
colonization conditions, density and survival create distinct patterns in alluvial morphology.  
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1.3.    GENERAL APPROACHES FOR SCALING PLANT-FLUVIAL GEOMORPHOLOGY IN TIME 

1.3.1. Characteristic time scales 

In fluvial environments, one way to deal with different temporal scales is to identify them in terms of 
a hierarchy of scales (Frissell et al., 1986; Baptist, 2001); i.e., spatial and temporal scale levels are 
coupled with small-scale phenomena being associated with small-scale processes, and large-scale 
phenomena with large-scale processes, or potentially with small-scale processes that are coherent 
over a large scale. In this context, Kirkby (1990) presented an example for the wide variety in scales 
for river systems (Baptist, 2005). Kirkby proposed a measure for the response rate of systems, defined 
as a diffusive transport rate, i.e., the ratio of the squared spatial dimension (m2) over the temporal 
dimension (year) (Figure 3). Vegetation growth has a relatively small response rate (about 1 m2y-1), 
meaning that changes in vegetation patterns are a less dynamic landscape element than changes in 
morphology. However, morphodynamics leading over vegetation dynamics might not be always true, 
like in vegetation-dominated rivers for example.  

 

Figure 3 Temporal and spatial scales for geomorphological processes. The response rate indicates the evolution 
rate of the processes. Modified by Baptist (2005) from Kirkby (1990). 

Another generalized approach is the classification of Frissell et al. (1986), in which streams and their 
watershed environments are classified within the context of geomorphic features and events, and 
spatio-temporal boundaries are identified. This classification distinguishes between river basin (103 

m), river segment (102 m), river reach (101 m), pool/riffle system (100 m) and microhabitat system (10-

1 m).  Biomorphological interactions can have effects on the different scale levels (Baptist, 2001), but 
particularly at the river reach scale those interactions become relevant, as it is explained below.   

At the hierarchical level of river reach, spatial and temporal scales of development of processes and 
patterns are smaller than for the river basin. Channel characteristics for river reaches range from one 
to hundreds of kilometres and typical time scales of development range from tens to hundreds of 
years. This means that the development processes in river reaches is close to the specific time scales 
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for ecological development such as tree growth. In this context, bio-geomorphological interactions 
become stronger at the river reach scale, and for this reason, it is important to include vegetation in 
flume studies that model river reaches.  

 At this reach scale, two major time-scales were distinguished by Kondolf and Piégay (2016); 
temporary channel changes linked to an episodic event, which strongly modify the channel, such as a 
large flood event, versus long-term, irreversible changes (in this case, the system is not able to go back 
to the initial equilibrium state). In this case, the concept of ‘dynamic equilibrium’ represents the 
channel to be metastable around an average condition, fluctuating in response to the magnitude and 
frequency of floods (Hack, 1960). This dynamic equilibrium is broken when the river adjusts to new 
control conditions and shifts to a new equilibrium state (Kondolf and Piégay, 2016).  

In this context, with the increasing recognition of climate change and changes in the pattern of climatic 
phenomena, it is particularly relevant to investigate variations in hydrograph characteristics (i.e. 
duration, magnitude and frequency) over time scales that are similar to the system recovery time for 
morphodynamics and vegetation. As highlighted by Baynes et al. (2018), all systems have a 
characteristic time scale for recovery following a perturbation (Brunsden and Thornes, 1979). This 
time scale can range from >103 years in erosive bedrock settings to 101 - 102 years in alluvial 
depositional fluvial environments due to the relative differences in the mobility of sediments. With an 
increased frequency of extreme events, this recovery timescale may be significantly altered, with 
subsequent events of possibly greater magnitude occurring before the system has fully recovered 
from the initial perturbation with potentially unknown consequences (Baynes et al., 2018).  

In flume experiments, models that replicate the prototype with (or without) reduction in dimensions 
are typically used to study the physical processes at smaller temporal scales in river reaches (e.g. days, 
months or years); while the evolution of plant-river geomorphodynamics over larger temporal scales 
is often investigated in so-called analogue models, which are designed to represent the longer periods 
of time (e.g. years, decades or possibly centuries). In both cases, reversible channel changes are being 
modelled. 

In this respect, time scales associated with the growth and behaviour of vegetation are inherently 
difficult to downscale in flume experiments using classical Froude similarity approaches or even 
distorted models. Therefore, it is more suitable to use living or artificial surrogates within the 
framework of an analogue modelling approach, where the effects of vegetation in the system are 
replicated, but not necessarily directly. For plants, many studies have used alfalfa (as described in 
section 2.1) whose size and growth time-scale fit with a downscaling approach to physical modelling 
of sediment and flow dynamics.  

1.3.2. Selection of temporal scale and model evaluation 

Appropriate temporal scales can be selected in plant-fluvial geomorphic models by considering the 
intended applications and the time-scales over which conditions change in the case study. An 
experiment designed explicitly to examine the effects of vegetation on bank erosion and channel 
migration could be intended to evaluate river evolution after a single major storm event. In contrast, 
a flume experiment intended to estimate the long-term response of a river reach to variations in 
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hydrograph characteristics (magnitude, frequency) would assess rates over a sufficient period of time 
to either evaluate or smooth out annual variations. In this last configuration, the identification of 
response timescales of morphodynamic processes to individual events could act as a starting point for 
evaluating the response to sequences of multiple events of different frequencies and magnitudes 
(Martin and Jerolmack, 2013).  

In this context, the time scales employed for scaling and representing fluvial bio-geomorphic 
processes in physical models can be selected from 1:1 experiments that reproduce processes at real-
time or time scales up to 100 years, to analogue models that include time compression to simulate 
processes over time scales of decades or exceeding 100 years, which can include the representation 
of variable forcing, the impacts of climatic change, land-use and other long-term drivers of system 
change. As mentioned above, models that replicate the prototype with (or without) reduction in 
dimensions are typically used to study the physical processes at the small temporal scales in river 
reaches; while the biogeomorphic evolution over larger temporal scales is often investigated in 
analogue models. In any case, the performance or evaluation of the models should be conducted 
systematically to ensure that the characteristic temporal scales are represented.  

Within this framework, identification of characteristic temporal scales is important in assessing the 
rate at which models function and the relationship to spatial characteristics. Typically, a common 
approach to derive the time scale for the formation of a movable bed surface in a flume-river is based 
on the comparison of the model response time to known prototype response times (Vollmers and 
Giese, 1972; Kamphuis, 1975). This knowledge about the scales of characteristic river features is 
invaluable for model evaluation. For example, characteristic time-scales for a braided river may be 
defined in various ways. Possibilities include: (i) the time that the system takes to establish its 
statistical equilibrium; (ii) the average time of existence of channel confluences and bifurcations 
(Paola, 2000); (iii) the time in which a channel increases sinuosity before a different process such as 
channel avulsion or cut-off takes place. When considering interactions between vegetation and 
hydrogeomorphic processes, models should ensure that the dynamic behaviours of the surrogate 
vegetation correspond to the original criteria, i.e., the reproduction of the process observed in nature 
(e.g., plant to plant interaction, effect of vegetation on sediment transport). Assuming that validation 
procedures are achieved successfully, the model can be described as being reliable for a particular 
context and is ready to be applied in a predictive model the case of experiments involving time 
compression effects (analogue models) the seasonal changes of plant characteristics may be lost, but 
those models are potentially helpful to develop an understanding of targeted processes under 
controlled conditions, such as the exploration of the impact of a sequence of events on the overall 
system behaviour across longer time scales relevant for climate adaptation purposes.  

Below, a case study is examined as an example of how options were selected to address a specific 
question regarding the long-term (decades) river’s response to flood events: with flood frequency 
increased, is the impact of flood sequencing important to be included in modelling studies? In this 
respect, the following experiments are a representation of a fluvial reach over time scales relevant for 
managing the immediate impacts of global climatic change and where knowledge is currently lacking: 
i.e., 101 – 102 years. 
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1.4.   CASE STUDY: EXPERIMENTAL APPROACH FOR LONG-TERM RIVER’S RESPONSE 

CHARACTERIZATION (IMPACT OF FLOOD SEQUENCING) 

With river flooding being more frequent due to climate change, the interaction between fluvial 
morphodynamics and riparian vegetation may depend in part on the sequence of the flood events. In 
this context, the impact of flood sequencing on some of the bio-geomorphic interactions listed in 
section 1.1.1 was investigated through a physical modelling approach in which a combination of low 
and high floods were released on a braiding river. The event-based observations could then be 
translated into an improved understanding of river behaviour over long-time periods. Hence, the time 
distortion (compression) that is implicit in the analogue model might allow for the characterization of 
the impact of flood sequencing across a time scale that might be relevant for climate adaptation 
purposes. The model also investigated the river’s response over variable life stages of vegetation, 
allowing for the characterization of the impact of flood sequencing for different sizes (height) of the 
plants. 

1.4.1. Brief description of experimental data 

Experimental data used in this case study was collected in the Total Environment Simulator (TES), 
University of Hull. The TES flume was subdivided into two mobile bed channels (2.5 m wide, 10 m long) 
with constant longitudinal slope (0.015) and uniform grain size (d50 = 0.46 mm) as shown in Figure 4. 
A pump located at the upstream end of the flume generated a constant discharge into a small 
overflowing reservoir located upstream of each channel. Above these reservoirs, sediment feeders 
released sand at a constant rate in the centre of the overflowing outflows. During the experiment 
sediment was collected at the downstream end of the flume, while water recirculates. The 
downstream collecting boxes were located on scales that allowed for a continuous record of the 
sediment weight, as shown in Figure 5. 

Overview of experimental procedure and model calibration 

Three sets of experiments were performed to identify the critical role played by vegetation (alfalfa) 
during the release of a sequence of low and high magnitude flood events. Each set of runs started 
from a flat sloping bed (0.015 m/m) with an initial straight channel (0.25 m wide and 0.01 m deep) 
carved down the centre of the entire bed, to encourage the initial river to develop in the middle of 
the experimental domain.   

The first set of experiments had the main objective of calibrating the flows and sediment rates, as the 
floods were designed to maintain the bed equilibrium (i.e., with no net trend towards either 
aggradation or degradation) during the experiment. For all the discharges performed, the associated 
sediment feed rates were initially estimated based on empirical equations (e.g., Meyer, Peter and 
Muller, 1948) and then they were adjusted in order to keep the initial bed slope. From this calibration 
process, a discharge of 2 L/s was selected for the small flood event, with an associated sediment rate 
of 8.0 g/s. The large flood resulted 3 L/s with a sediment rate of approximately 15.5 g/s.  
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Figure 4 Overview of the laboratory flume (Total Environmental Simulator at the University of Hull) investigating 
the morphological response of braided rivers to flood sequencing: 1, sediment feeder; 2, water inlet; 3, lateral 
rails. At the initial time, t = 0, and after reaching equilibrium conditions, t = 24 h. 
 
 
 

 
 

Figure 5 Schematic side view of experimental set-up. 
 
 
Sediment conditions included runs with the equilibrium loads (described above), but also some flood 
events with a sediment deficit (in which transport capacity exceeded supply) to quantify the sensitivity 
of the river’s response to significant disturbance events. For these floods with sediment deficit within 
the inflow the feed rate was reduced to 20% (1.5 g/s).  
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Once flows were calibrated, two more set of experiments were carried out for bare and vegetated 
bed conditions. In both sets, the constant, channel-forming discharge used for the development of 
the braided bed was the same (1.5 L/s and 6 g/s), which permitted to reach the equilibrium state (i.e. 
no net long-term trend towards either aggradation or degradation) in about 24 hours. As part of the 
model evaluation, the agreement of characteristic scales observed in the laboratory (in equilibrium 
conditions) and predicted from empirical studies was strong (Table 1): total channel width (Van den 
Berg, 1995), total sinuosity, maximum bar height and maximum scour depth (Robertson-Rintoul and 
Richards, 1999; Ashmore, 2000).  

After the equilibrium bed state was achieved, the braided river system was subjected to the flood 
sequence that included a succession of the low (2 L/s) and high (3 L/s) floods. The outcomes of each 
run were characterized by a detailed digital elevation models, DEMs (before and after each flood 
event), digital imagery and continuous monitoring of the sediment transported through the flume 
outlet.  
 

    Table 1 Characteristic scales estimated from empirical studies and observed in the laboratory.  

By considering a 1:100 generic scale, the experimental setting described can be well though as a 
hydraulic model of a non-specific braided stream prototype with a reach length of 1000 m and mean 
width of 250 m, subject to a sequence of floods of 200 m3/s and 300 m3/s of magnitude; discharges 
that could be associated to a return period of 2 and 10 years, respectively. A number of rivers can be 
found in nature with the characteristics scaled above (e.g., upper Drôme River in France, Landon and 
Piégay, 1999).  

Seeding: In the third set of experiments, alfalfa seeds were uniformly spread on the bed (1 seed/cm2) 
and allowed to grow before the release of the floods. Note that prior to the seeding, the braided bed 
was in statistical equilibrium, so that, all subsequent alluvial channel adjustment will be a direct result 
of vegetation and its impact on the flow and morphology.  

Four different growth periods (Figure 6) were investigated (4, 8, 14 and 20 days) along with a dying 
phase, to get insights into the relative role of the plant’s age (size) in the geomorphic impact of the 
sequential floods. A top view of different vegetation patterns through the experiments is shown in 
Figure 7. The experimental procedure did not allow a recovery of neither vegetation nor morphology 
in between floods, as the goal was to model the situation where the subsequent event occurred before 
the system had fully recovered from the previous perturbation. As there was not reseeding, vegetation 
was continuously removed.  

 

Measure Laboratory river Empirical estimate 

Total channel width 520 mm 380 mm 

Average number of channels per cross-section 5.3 4.8 

Total sinuosity 2.5 2.0 

Average maximum bar height 2.2 mm 2.4 mm 

Average maximum scour depth -2.01 mm -2.2 mm 
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Figure 6 Mean growth curve of root length and stem length of alfalfa sprouts. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 Top view of remaining vegetation for different plant’s life stages in channel 1: a) 8 days: before floods; 
b) 14 days: before floods; c) 20 days: before floods; d) 20 days: after floods; e) dried stage: before floods. 
Percentages indicated the proportion of alfalfa removed. 

1.4.2. General aspects of experiments  

Vegetation significantly impacted on the erosion-transport-deposition processes during the flood 
sequence (Figure 8) released in the channels. The bedload transport efficiency (ratio between the 
sediment output and the sediment input of the system) decreased to a minimum value (0.48) when 
the plants were allowed to grow for 14 days, and started to increase as they were allowed to grow 
more.  Hence, as alfalfa grew for 14 days, the plants provided increasing control on the proportion of 
sediment transport rates during the sequence of floods. However, at the age of 20 days, bedload 
transport efficiency slightly increased (Figure 8), which can link to the scour induced by plants in some 
areas of the river reach as indicated in Figure 9. In this respect, Figure 10 illustrates the increase of the 

a b c d e 

- 24% - 6% - 4% 
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maximum scour depths measured for the vegetated bed conditions by contrasting them with the 
scour values measured during the experiments with no vegetation cover.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Transport efficiency (in channel 1 and channel 2) during the flood sequence released for runs with 
vegetation cover.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Figure 9 Examples of scour areas from the DEM measured for the runs with vegetation. a) Topography post flood 
10th in channel 1. Flow direction is from left to right and the panel is 10 m long and 2.5 m wide. b), c) and d) scour 
areas (log-scaled images for visualization purposes).    

As the recovery of vegetation (colonization, reseeding) was not allowed in the experiments, the initial 
plant uniform distribution was continuously disrupted by the successive flood events over the 
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different life stage of the plants, with the effects of the vegetation disturbing the flow being more 
significant for the plant’s size linked to the 20 days of growth.  

In this respect, this type of approach can give basic and useful information on the mechanism of bed 
morphology adjustments in response to flow variability (flood sequence) under conditions similar to 
nature where the subsequent event occurs before the system has fully recovered from the previous 
flood event. Figure 8 also shows the sediment transport efficiency for three floods with deficit in 
sediment. The inclusion of these disturbances during the experiments can provide information on how 
the river works and how sensitive it is to management actions. For the experiments performed here, 
the recovering from those deficit floods, the changes (cutting/filling) were reversible in the short term 
(during the following flood event). 
 

 

 

 

 

 

 

 Figure 10 Maximum scour depths measured during the release of flood sequence for a) bare and b) vegetated 
bed conditions.  

Forcing effects of vegetation growth 

Once the seeds germinates and the plants started to grow, vegetation started to affect the local flow 
field, altering sedimentation/erosion processes and initiating vegetation induced morphological 
changes, particularly to the end of the experiment. In this context, Figure 11 shows the evolution of 
morphological changes of the river at the end of some released floods. As a result of the constant 
removal of vegetation by the successive floods, the non-uniformly distributed vegetation induced 
sediment deposition downstream of vegetation patches leading to island development and channel 
pattern changes. As mentioned earlier, scouring depths also increased for the higher plants conditions, 
as it is shown in Figure 10. Overall, during the experiment an increase in the forcing effects was 
established by the vegetation, which magnified as the plants grew up.  

Several features observed on the river’s response over the plant’s life stages (braiding intensity, 
width/depth relationship) could be then translated into an improved understanding of river behaviour 
over long-time periods (Fernandez et al., 2019). The seasonal variations of vegetation characteristics 
and colonization were not included in the referred model, but vegetation dynamics (the different life 
stages of the plants, so that, different plant’s heights) and their effects on the river morphology during 
flood sequencing were considered in the design executed. In this respect, the model described can 

4 days             8 days           14 days            20 days                dried   

a. b. 
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allow for the identification of different processes in the river’s response that could be useful when 
assessing the long-term dynamics of natural rivers.  

These close relationship between morphodynamics and vegetation implies that the two dynamics 
cannot be modelled separately. If recovering of vegetation is not allowed during the sequence of flood 
events, the effects of non-uniformly distributed vegetation have a large effect on the morphology and 
dynamics of the rivers, which may lead them to patchy multi-thread rivers. Whereas a recover of 
vegetation (by reseeding) on a floodplain of a laboratory braiding river may increase sinuosity and lead 
to a single-thread meandering river, as it was shown in the experiments performed by Tal and Paola 
(2010).  

The experimental approach presented here underlines the significance and potential for physical 
models in advancing our skills in representing the ecological actions of vegetation (colonization, 
succession, etc.) in fume studies (and in hybrid modelling, see section 3). Conveniently, river geometry 
evolution and vegetation development have comparable temporal scales that allow us to explore 
hydro-bio-geomorphological interactions with a high degree of control in the laboratory.  

 

 

 

 

Figure 11 Channel pattern changes due to bar formation induced by vegetation patches. Flow direction is from 
left to right. a) Topography at the beginning of 8th flood. b) Before 11th flood event. c) At the end of 12th flood. d) 
At the end of 14th flood. 
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2. DESIGN OF BIOFILM SURROGATES: A FIRST APPROACH TO SCALING 

BIOSTABILIZATION IN TIME  

2.1.    NATURAL BIOFILMS AND THE USE OF SURROGATES 

Biofilms are complex assemblages of bacteria/algae and fungi (Gerbersdorf and Wieprecht, 2015). 
These communities secrete a glue-like substance called EPS (Extracellular Polymeric Substances), 
which is often responsible for increased sediment stability (Grabowski et al., 2011) and alterations of 
(river-) bed morphology (Parsons et al., 2016; Pique et al., 2016).  

Biostabilization (this term will be used to describe biogenic stabilization mechanisms by biofilms) has 
been studied for the last two decades both in the field and in physical flume experiments. Essential 
information on, for example, the seasonal effects and ranges of the biostabilization index BI (i.e., 
biostabilized erosion threshold divided by non-stabilized sediment threshold, equation 2) have been 
gathered in the field but to study the impact of single parameters on biostabilization laboratory 
experiments are necessary.  

However, investigating natural biofilms in flume studies is often not possible since it requires 
“environmental flumes” in which essential parameters like light intensity, nutrient availability and 
temperature need to be controlled and maintained. For that reason purpose-built multi-channel 
flumes have been developed (e.g. Thom et al., 2015) in which, apart from impacts of light intensity 
and flow velocity, the seasonal effects have also been studied during a cultivation period of 
approximately one month.  

Such purpose-built facilities are still uncommon in hydraulic laboratories and furthermore the time to 
run such experiments may be a limiting factor particularly when it is necessary to test a number of 
different environmental conditions. To overcome these limitations and enable modelling 
biostabilization over even longer time scales (e.g. time scales relevant to climate change processes), 
the use of surrogate materials has been investigated as part of this Joint Research Activity in 
Hydralab+.   

Surrogate materials, such as cylinders and flexible structures made of different materials, have been 
used widely in the hydraulic experimentation community to mimic the idealized behaviour of higher 
level plants (see for example: Frostick et al., 2014). Equivalent approaches however, are not yet widely 
available for studies of biofilm mediated stabilization even though pioneer work on using a “chemical 
surrogate” has been carried out by Tolhurst et al. in the early 2000s. In their study, Tolhurst et al. 
(2002) studied the erosion (rate and threshold) of a mix between sand and Xanthan Gum (a 
commercially available EPS produced by bacteria in an industrial reactor) and compared their findings 
to results from field studies. Another field of application of such polymers is the large scale modelling 
of e.g. delta morphology simulating the impact of cohesive sediments (Hoyal and Sheets, 2009; 
Kleinhans et al., 2014). Despite these advances, the fundamental knowledge to guide the handling and 
design of these EPS sediment mixtures is limited and currently prevents deeper investigations on the 
scaling of biostabilization.  

The aim of this part of the report is to broaden the knowledge on artificial biostabilization by exploring 
the stability enhancements (in terms of erosion threshold) of an added industrial EPS on different 
grain sizes in a small erosion flume. The results reported in this protocol should help researchers to 
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better understand the interaction between a surrogate EPS, sediment and hydraulics and provide 
fundamental information to design their experiments on biostabilization. Furthermore, differences 
and similarities between natural biostabilization processes (and more specifically: the mode of 
erosion) and the surrogates are assessed to approach the important question of transferability of the 
results.   

2.2.    MIXING SURROGATE EPS AND EXPERIMENTAL SETUP 

To explore the stabilization potential of added EPS two different sets of experiments were conducted. 
In the first set of experiments different types of commercially available EPS surrogates were mixed at 
different ratios of EPS-powder to water, since this was expected to result in changes of the surrogate’s 
material properties. For these experiments surrogate-EPS adhesion was measured using the device 
described in HYDRALAB+ deliverable 9.3. From these tests, Xanthan Gum was identified as the best 
potential candidate for flume studies since i) the adhesiveness of the material can be easily controlled 
and ii) the measured adhesion was similar to that of natural biofilms (from an earlier study). For more 
details of these experiments, the reader is referred to deliverable 9.3.  

The second set of experiments, which are described here, concern erosion measurements conducted 
in a small flume experiment. For these experiments, Xanthan Gum is added to three different size 
classes of sand, using six different ratios EPS/Sand (+ one with no EPS) and three different mixtures 
EPS-powder to water (corresponding to three different adhesive mixtures). In total roughly 60 erosion 
experiments were conducted (see Table 2).  

Table 2 Matrix of EPS mixtures added to FS = fine sand (D= 0.063 – 0.355 mm), MS = medium sand (D = 0.5 – 0.71 
mm) and CS = coarse sand (D = 1.4 – 2.5 mm). In addition to these mixtures, also pure sand was eroded acting as 
a reference for non-biostabilized sediments. 

The EPS-sand samples are prepared following the steps described below: 

● Xanthan Gum powder  is added to 0.5 l of tap water (room temperature) at five different 
concentrations (CEPS = 0.3, 1.0 and 1.5 weight-%) corresponding to measured adhesion values 
of 1.0, 3.5 and 7.7 N/m² respectively. 

● The water plus powder is mixed with an immersion blender for 2-3 minutes to destroy larger 
aggregates and to produce a homogeneous mixture (this is what is called EPS). 

● The EPS is mixed carefully with dry sand at ratios EPS/sand of 0.02, 0.03, 0.05, 0.07, 0.10 and 
0.67 g/g until all grains appear to be fully saturated. 

● Reference samples without additional EPS are also produced (i.e. adhesion = 0 N/m², EPS/sand 
= 0). 

Adhesion 

[N/m²] 

EPS/Sand [g/g] 

0.02 0.03 0.05 0.07 0.10 0.67 

1.0 

FS/MS/CS 3.5 

7.7 
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The EPS-sand mixtures are eroded in a small tilting flume (Armfield sediment transport demonstration 
channel – S8MkII, L x W x H = 1.55 x 0.078 x 0.11m). The flume is slightly modified by including a false 
bottom (made of PVC) within the test section (see Figure 12a). The samples to be eroded are produced 
in two layers as typically biofilms only occupy the first few millimetre of a bed. Therefore, the bottom 
layer (thickness = 10 mm) consists of pure sediment and the top layer consists of the EPS/sand mix 
(thickness = 5 mm, a realistic value as reported by Chen et al., 2017). The surface of both layers is 
levelled to prevent any hydraulic disturbance at the transition between test section and inlet. 
Furthermore, the roughness of the false bottom is adapted to the roughness of sand to be eroded by 
glueing the specific sand size on the PVC bottom (see Figure 12b, note: for the fine sand fraction the 
medium sand was used). 

 

 

 

 

 

 

Figure 12 a) Tilting flume setup for investigations on erosion threshold and observation of bed failure 
mechanisms. b) Top view on the different initial sediments in the test section of the flume.  

After preparing the test section, water is carefully filled into the flume and the flow velocity is 
increased incrementally by adjusting the slope of the flume at a rate of 0.1°/min. The resulting bed 
shear stress is calculated as: 

𝜏 = 𝜌𝑔𝑟  𝐼                                           (1)  

where ρ is the density of water (here: 1000 kg m-3), g is the gravitational acceleration, rhy is the 
hydraulic radius and I0 the slope of the flume. The biostabilized bed is carefully observed and the 
critical bed shear stress (here defined as the increment of slope where most of the surface is mobile) 
is noted. This step was mostly followed by a complete failure of the bed or the occurrence of 
characteristic bedforms such as ripples or dunes (see also Thom and Schimmels, 2018).  

2.3.    THE EROSION THRESHOLD OF DIFFERENT EPS-SAND MIXTURES 

Figures 13-15 illustrate the results from the erosion experiments for the different sand sizes. Only data 
from experiments are presented where the sediment surface failed in the middle of the test section, 
i.e. data from sediment erosion that started at the transition between the roughened surface and the 
test section was neglected. To compare results from different sediment sizes the non-dimensional 
biostabilization index (Manzenrieder, 1983) is used:  

𝐵𝐼 =  𝜏 , /𝜏                                            (2) 
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with 𝜏 ,  being the critical bed shear stress for EPS stabilized sediments and τc the critical bed shear 
stress of the initial sediment.  

 

Figure 13 Observed erosion thresholds for different mixtures with fine sand (D= 0.063 – 0.355 mm). The symbols 
indicate the adhesion as measured on the EPS. Asterisk: 7.7 N/m², Square: 3.5 N/m² and circle: 1.0 N/m². The 
right hand axis informs about the biostabilization index (BI).  

Generally, the stability increased in all cases with increasing adhesion as well as with the ratio 
EPS/sediment. The only exception here is for coarse sediments and an adhesion value of 1.0 N/m², 
which stays constant. Reasonably good linear relationships were found between the stability and 
EPS/sediment or adhesion, respectively.  

 

Figure 14 Observed erosion thresholds for different mixtures with medium sand (D = 0.5 – 0.71 mm). The symbols 
indicate the adhesion as measured on the EPS. Asterisk: 7.7 N/m², Square: 3.5 N/m² and circle: 1.0 N/m². The 
right hand axis informs about the biostabilization index (BI).  

The biostabilization index ranges from 1 (here no EPS was added) to a BI of 8.9. As also illustrated in 
Figure 16 the width of the BI - range and the maximum stabilization potential (i.e. the highest BI) is 
mainly dependant on the grain size. The finer the grain size, the larger the range of BI. For the coarse 
sand, the BI only ranges from 1 to 2, approximately. For medium sand it ranges from 1 to 4.7 and for 
the fine material it ranges from 1 to 8.9. This means that the stabilizing effects vanish with coarser 
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grains where it may be speculated that gravitational forces are dominating. Theoretically, for the EPS 
mixes used in these experiments, the biostabilization effect should be completely negligible at mean 
grain diameters of around 3 mm. 

 

Figure 15 Observed erosion thresholds for different mixtures with coarse sand (D = 1.4 – 2.5 mm). The symbols 
indicate the adhesion as measured on the EPS. Asterisk: 7.7 N/m², Square: 3.5 N/m² and circle: 1.0 N/m². The 
right hand axis informs about the biostabilization index (BI).  

 

Figure 16 The biostabilization index plotted versus the mean grain diameter. Crosses: Fine sand, circles: medium 
sand and squares: coarse sand.  

2.4.    COMPARISON TO NATURAL BIOSTABILIZATION PROCESSES 

The use of commercially available EPS as a surrogate for natural biostabilization has several potential 
implications for experiments. Before considering these implications, it should be noted that Perkins et 
al. (2004) suggested that commercial EPS is not a good analogue for natural biofilms. Natural biofilms 
are complex three-dimensional structures which are not well-modelled using Xanthan Gum using the 
procedure described here. For example, in this study the impact of surface roughness was completely 
ignored even though it is well known that biofilms shape the surface depending on their surrounding 
conditions. Furthermore, biofilms can have a layer-wise structure, where older layers are “overgrown” 
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by newer ones. All of these factors can have effects on both the stability and the prevailing near-bed 
hydrodynamics.  

Despite these potential reservations, the “designed” biostabilization has some similarities to its 
natural counterparts. First, the results of this study showed BI values ranging from 1 to 8.9 which is 
comparable with some reported literature values on non-cohesive substrate (see Table 3). 

Study BI [ -] Research method 

Neumann et al. (1970) 6 In-situ flume 

Grant and Gust 4.9, 4.5 Sediment cores 

Dade et al. (1990) 3 Laboratory study 

Madsen et al. (1993) 4 Laboratory flume 

Yallop et al. (1994) > 10.6 CSM 

Vignaga (2012) 2.5 Laboratory study 

Thom et al. (2015) 1 – 10 Laboratory flume 

Van de Lageweg et al. (2017) < 4 CSM 

Table 3 An overview on some of the results of biostabilization on non-cohesive substrates from literature. CSM is 
the abbreviation for Cohesive Strength Meter. 

Second: The mode of erosion is very similar to that which has been described for natural biofilm 
erosion. In the experimental work we identified three modes of erosion (see Figure 17 a - c): Individual 
grains rolling (as typical for sediments in absence of biofilms), aggregates of different sizes eroding 
and mat-like erosion. These modes, and additional modes, have also been identified in an earlier 
experimental study (Thom et al., 2015).  

 

 

 

 

 

Figure 17 Different modes of erosion as identified during the experiments on surrogates. 

In the current study, the mode of erosion depends on all three investigated parameters. Single grains 
were eroded for all types of sediment with low adhesive EPS and a low ratio EPS/sediment but still 
with a small biostabilization effect. This is different to the findings of Thom et al. (2015) where the 
single grain erosion was only associated with non-biostabilized sediments. Aggregates (often 
additionally to single grains) were only eroded for the sediment that was fine and medium in size when 
one parameter was increased more drastically (i.e. adhesion or ratio EPS/sediment) or when both 
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parameters are increased moderately (i.e. adhesion and ratio EPS/sediment). Mat-like erosion 
occurred for all three sizes of sediment but only when both adhesion and ratio EPS/sediment was 
increased drastically, with a slight tendency for it to occur at lower adhesion and EPS/sediment values 
for finer sediments.  

The mode of erosion is further linked to the biostabilization capacity (as also indicated in the earlier 
study of Thom et al., 2015). The most stable mode is the mat-like, followed by aggregates and single 
grains. In fact, in these experiments the mixtures that lead to mat-like erosion modes all failed at a 
bed shear stresses far exceeding the bed shear stresses reported for the other erosion-modes. 
Unfortunately, the mat-like erosion process only occurred at the transition between the test-section 
and the artificially roughened bed, so that the data could not be properly analysed (and thus is not 
presented here).      

2.5.    THE OUTLOOK FOR EXPERIMENTAL SCALING OF BIOSTABILIZATION IN TIME 

Using Xanthan Gum as a surrogate has been shown to be useful for modelling biostabilization effects. 
Qualitatively, the fits presented in Figures 13 - 15 are good which means that biostabilization effects 
can be designed with a good level of confidence to mimic everything between “no biostabilization 
effect” to “a ten-fold increase” in biostabilization. The question that then arises is how these data can 
be used to scale biostabilization in time, for example to simulate different growth states of the biofilm 
or seasonal effects.  

In fact, the data presented here and additional data from literature could form the basis for scaling 
biostabilization in time by either physical experiments or numerical modelling. For example, biofilm 
growth could be modelled to determine EPS production and the EPS/sediment ratio (e.g. Mariotti and 
Fagherazzi, 2012) and adhesion curves could be used to extract adhesion values for different states of 
biofilm growth (see Figure 18). These two sources of information in addition to the grain size could be 
used to determine the biostabilization index and model the impact of biofilms on morphology for 
longer periods of time in numerical studies. 

 

 

 

 

 

 

 

 

 

Figure 18 Adhesion curves for different states of biofilm growth, light intensities, flow velocities and seasons. The 
original data is from Thom (submitted). 
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Alternatively, physical experiments can be used to study the impact of biofilms on different sections 
of a river transect (for example, modelling shaded river banks, different grain sizes, etc.). Regardless 
the approach adopted, both data on adhesion and EPS content is required, although this is currently 
very scarce in the published literature. While it is indeed interesting to model biostabilization using 
for example the data presented here, it is of urgent necessity for the hydraulic research community 
to extend the current knowledge on biofilm mechanical properties in order to adequately mimic 
effects such as the impact of climate change.    
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3. SCALING BIOGEOMORPHOLOGY IN TIME: NUMERICAL STUDIES  

3.1.    NUMERICAL MODELING OF BIOGEOMORPHOLOGY: ADVANTAGES, ISSUES AND PRACTICE  

Besides physical modelling of biogeomorphic systems, one can also perform numerical simulations of 
such systems. The advantages and disadvantages of doing so are very similar to those in purely 
geomorphological studies. Scalability of numerical models both in space and time is a strong 
advantage, albeit not without distinct issues related to computation power. Easily switching processes 
on and off is a strength of numerical models too. Two specific advantages of numerical models are 
related to the ‘bio’ term in biogeomorphology: Development and effects of biology can be scaled in 
time without physical limits, and it is much easier to incorporate multiple species that have distinct 
life-cycles without the husbandry issues involved in physical modelling, i.e. one can study effects of 
both full-grown trees and young shrubs in a single simulation. 

The issues associated with numerical modelling of biogeomorphology are also similar to those in 
geomorphological studies; the model is always a simplification, i.e. not all possibly relevant processes 
can be incorporated fully and correctly. Whereas the field of geomorphology has reached a fair 
consensus of good modelling practice over many decades (although it has largely ignored biotic 
influences for a long time), the younger field of biogeomorphology has not yet. One reason for this is 
the enormous variety of processes possibly involved by simulating biota. Another reason is the limited 
scientific quantification of biogeomorphic process interactions and thresholds, although this has 
greatly advanced during the past decade. Hence, there is a substantial risk of missing a crucial process 
or not describing a relevant process accurately, resulting in incorrect model behaviour. Validation is a 
key issue with biogeomorphological models too, since there are few datasets that cover both the 
development of biota and geomorphology over longer time periods.  

Another typical issue for numerical biogeomorphological models is shared with physical models: the 
limited amount of facilities that can deal effectively and efficiently with both morphology and biota; 
most (commercially available) hydraulic models only account for biota in a very simplistic manner such 
as bed roughness, whereas many ecological models consider hydraulics and morphology in simplified 
forms. More interactive models have been developed and used by the high special research 
community but are not yet very common in engineering practice, e.g. for assessing climate change 
impacts on natural systems. The community surface dynamics modelling system hosts a model 
repository at https://csdms.colorado.edu/wiki/Model_download_portal. This repository contains a 
large number (>200) of landscape evolution models suited to many different scales and environments 
(terrestrial, fluvial, coastal, marine), with a number of them including, or allowing the inclusion of 
ecological processes.   

3.2.  BASICS OF NUMERICAL ECOLOGICAL MODELING 

The field of biogeomorphology focuses predominantly on interactions between organisms and their 
environment, i.e. ecology, however basic biological processes like growth need to be understood and 
described to be able to assess changes over time. Numerical modelling of ecology involves two basic 
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steps: First, the construction of a conceptual model based on knowledge of the natural system, and 
second, the translation of this concept in mathematical equations (Soetaert and Herman, 2009) that 
can be solved by numerical methods. The conceptual model involves the identification of main 
components, also known as state variables (e.g. biomass of riparian trees, number of seagrass shoots 
per horizontal area), and the flows, or ecological interactions, that describe the exchange of energy or 
matter between them. In common with morphological modelling, the rate of change of the state 
variables is governed by the principle of conservation, i.e. the sum of the flows entering and leaving a 
compartment. The ecological interactions can be described by the product of a maximal rate times 
the compartment doing the work, times appropriate limiting terms that represent the forcing done by 
the environment. These principles apply to a wide range of scales of ecological modelling. In 
biogeomorphological modelling, typically the eco-element to reach scales (meters - tens of kilometres; 
days to decades) are of interest, not individual organism or river basin development (Baptist, 2001). 

In mathematical form, the differential equation used by e.g. Akerboom (2018) and Carr et al. (2010) 
to describe seagrass growth reads: 

= 𝑁(𝑡) max 𝐹 (𝐼)𝐹 (𝑇)𝑁 𝑅 − 𝑁                           (3) 

where dN/dt is the rate of change of number of seagrass shoots N, N(t) the number of shoots a time t 
in a compartment, and the part between brackets the maximal rate (maxNgrow) times limiting terms 
minus the shoot mortality ratio Nloss that is independent of environmental conditions. Limiting terms 
here are photosynthesis inhibited by irradiation I (FI) or temperature T (Fphot), a maximum shoot 
density Nlim and a maximum aboveground to belowground biomass ratio Rlim. Other growth prohibitors 
or loss terms can be added in a similar fashion, to account for stresses due to, for example, wave 
motion, grazing or salinity. Likewise, the plant growth model can be expanded with additional 
equations that account for the development of specific parts (roots, leaves, stem thickness) of the 
plant. However, if such processes are not well known or expected to be only marginally relevant to 
the problem of interest then they should not be included; keeping a model simple whilst realistic is a 
significant challenge but crucial to the successful generation and interpretation of results (cf. Levin, 
1987; Phillips, 1995 and many others). 

Plant development involves a number of processes; whether or not all of these needs to be 
incorporated in a model depends on the purpose and timeframe of the study: 

 Growth and mortality. On the population level, these processes are always 
intrinsically active but can be limited or stimulated by environmental factors. Even in 
healthy populations, plants or part of plants die of old age or other factors that are 
not modelled explicitly such as diseases.  

 Stress. Stress occurs when optimal growing conditions are not fully met, or when a 
negative pressure is exerted. Healthy growing conditions are associated with basic 
plant needs (resources): temperature, light, carbon dioxide and water for 
photosynthesis, oxygen for respiration and nutrients, minerals for structural 
formation and soil for anchoring. Typical stresses are light limitation for aquatic plants 
or undergrowth, drought or inundation for terrestrial plants, high levels of harmful 
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pollutants (e.g. salt, heavy metals), erosion and deposition, grazing, fire and physical 
damage by flows or waves.  

 Establishment and further spatial distribution. Plants can spread out via different 
mechanisms: seeding, dispersal of vegetative elements and via the root system (clonal 
growth or the creation of bulbs). The latter is by definition a local process, often 
responsible for slow but steady expansion and less sensitive to the occurrence of 
suitable conditions. The first two can cover substantial distances and can be related 
to flow patterns and suitable (lack of) dynamics, so called windows of opportunity for 
establishment.  

 Competition. Whereas competition is an interaction between organisms rather than 
organisms and environment, it does affect community structure and therefore the 
interaction of biota with the physical environment.  

For short-time studies, i.e. into the effects of single events, acute stresses are the main drivers and 
growth, spatial expansion, and competition can be neglected since these processes typically govern 
the long-term (years-decades) development of ecological systems.  

3.3.  SIZE AND AGE CLASSES: PLANT-BASED OR HYDRODYNAMICS-BASED? 

Many ecological models keep track of the development of biota over time using biomass (or 
derivatives like number of individuals per area, concentration, etc.) or age as the key state variable. 
These variables are of biological interest and easy to compare against observations. However, for 
geomorphological modelling they are impractical and of limited use since neither biomass nor age 
directly affect hydrodynamic processes. Hydrodynamic processes are predominantly governed by the 
actual size and shape that determine drag forces exerted by organisms. Consequently, 
biogeomorphological models need to translate biotic parameters into hydrodynamically relevant 
parameters. To decide how to make this translation, it is useful to know that presence versus absence 
is usually the most important factor. Hence, the exact size and number of biota is of lesser importance, 
especially once a typical threshold or blockage factor (Nepf, 2012) is exceeded. This principle typically 
applies to biogeomorphic models for larger temporal and spatial (reach) scales, as these aim to give 
insights into behaviour rather than actual processes such as turbulence, for which details of plant 
morphology does matter (Thomas et al., 2014, Baynes et al., 2018 and references therein). One can 
use classes to characterize key plant traits in an efficient and understandable manner.  Such classes 
can be based on plant size or age, which are not necessarily related and also species. For example, 
drag-induced reconfiguration can substantially change the shape or effective size, hence the 
hydrodynamic effect, of flexible plants of equal age. Likewise, seasonal absence or presence of foliage 
can affect drag (Västilä and Järvelä, 2017). Using age classes can be relevant from a 
biogeomorphological perspective, as seedlings have different traits (e.g. more flexible, less resistance 
to erosion) compared to mature plants. Age is typically a factor for plant die-off too. When studying 
multiple species with distinct characteristics, the use of different classes is nearly always a necessity, 
even if different species have very similar effects on hydrodynamics, their response to environmental 
changes and their dynamics in time are likely to differ (e.g. Schwarz et al., 2018).  
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3.4.    CHARACTERISTIC TIME SCALES 

3.4.1. Scaling biology in time in numerical models 

The simplest way of scaling, i.e. accelerating, time in numerical models is too increase the 
computational power: a faster CPU will decrease runtimes of simulations. Given the limits to processor 
speeds, parallelization is often required to substantially decrease computation times. Parallelization 
means subdividing the computational domain in subdomains that each run on their own 
computational core. The necessary communication between these subdomains requires some 
computational power too, consequently the increase in computation speed does not scale linearly 
with the number of processors. MPI (Message Passing Interface) is a standard for parallel 
programming. 

Besides this straightforward ‘brute force’ approach, numerical models offer more advanced 
techniques for scaling both morphology and biology in time, independently.  For morphology, which 
changes on timescales of minutes to decades versus the timescale of seconds to minutes of the 
hydrodynamic forcing, two distinct approaches are available: An ‘online’ approach, where 
morphological change occurs every hydrodynamic timestep (typically seconds), and an ‘offline’ 
approach that applies morphological change only after a given interval. In both cases, numerical 
models offer the advantage of using a morphological acceleration factor (Morfac; Roelvink, 2009; 
Figure 19) that increases the rate of bed level change. For example, using a Morfac of 20 allows for 
studies of 20 years morphological development with only 1 year of computationally expensive 
hydrodynamics, whereas a Morfac of 26 allows for the use of one spring-neap cycle to simulate an 
entire year.  

 
Figure 19 General structure of the Morfac concept in morphodynamic models (from Ranasinghe et al., 2010). 
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The disadvantages of using a (large) Morfac are the risk of wiggles and numerical instabilities due to 
large rates of change (see example in Figure 20), and a temporal mismatch in the feedback 
relationships between hydrodynamics and morphology. The latter is particularly relevant for systems 
with considerable variations in forcing input. The Morfac chosen should be sufficiently small, based 
on the expected dynamics of the modelled system, and the simulation results should be checked for 
sensitivity to this setting to avoid instabilities to occur. Roelvink (2009) and Ranasinghe et al. (2010) 
amongst others provide guidelines on suitable morphological acceleration techniques.  

For biology, which typically changes at even longer timescales (weeks to decades), this ‘online’ 
approach seldom makes sense, apart from situations where organisms can rapidly deplete nutrients 
or are exposed to rapidly changing conditions, such as algae modelling. For plants of interest in 
biogeomorphogical studies, growth cannot meaningfully be simulated or measured at a timescale of 
seconds. Consequently, an online approach would accelerate small errors. Typically, a week is a more 
applicable and robust time interval in situations with strong feedbacks and relatively rapid growth 
such as seagrass beds or freshwater macrophytes. Whereas a week may be a suitable timescale for 
updating vegetation health or condition, variations within this period, e.g. hourly water levels related 
to light available for photosynthesis, are still required for correct modelling of vegetation growth (e.g., 
Carr et al., 2010, Akerboom 2016, case study in Figure 21). For riparian, tree-like vegetation growth is 
slower and less governed by strong and frequent plant-water interaction, which allows for the use of 
longer interaction intervals and biological scaling factors. As for morphology, numerical convergence 
remains an issue and needs to be addressed by choosing sufficiently small time steps and suitable 
iteration schemes for the differential equations that describe growth, to prevent overshooting.  

 

 

 

 

 

 

 

 

 

 

Figure 20 An example of bed level development over time for different Morfac settings, showing wiggles and 
differences in final results for coarser approaches (from: Roelvink, 2009). 
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Figure 21 Case study based on the Rødsand coastal lagoon. a) The flow diagram for the simulation of eelgrass 
development with weekly vegetation updating based on an hourly simulated light environment, illustrating the 
use of vegetation classes with hydrodynamically relevant properties. b) Eelgrass biomass development over a 
year, illustrating the effect of optimal coupling (STD; hourly light and weekly updating) of the physical model (PM 
in left panel) with the growth model (GM) (continuous lines), seasonal coupling (dash/dot line) and no updating 
(dotted line).The red lines are for a shallow location (1.6 m depth), the blue lines are deeper (3 m). Without time-
dependent feedback, the biomass is substantially lower throughout the year as the initial low plant cover has a 
limited effect on sediment stabilisation, hence the water remains relatively turbid all year. The seasonal feedback 
initially leads to a marginally higher biomass in April as the feedback is not affected by eelgrass decline during 
winter. However, in the growing season growth is slower because the light climate does not benefit from the 
higher sediment stabilising biomass as it does in the STD simulation. In fall, the opposite occurs for the deeper 
location: instead of the weekly declining biomass, the high biomass from October acts as a stabiliser in the 
hydrodynamic model, giving a more favourable light climate and less rapid decline. (from: Akerboom, 2018). 

a. 

b. 
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Because biological updating occurs at a very low frequency in comparison with hydrodynamic 
updating, the computation time of an ecological model is not normally an issue in 
biogeomorphological simulations. Nevertheless, including biology does introduce additional 
timescales (see also the next section ‘Forcings: calm conditions vs storms and floods’) that need to be 
taken into account correctly, possibly leading to a larger number of hydrodynamic timesteps to be 
calculated. The longest introduced timescale is that which is related to biological growth. For seasonal 
plants, which have a very different effects on flow in summer compared to winter, the example of a 
single spring-neap cycle with a Morfac of 26 to simulate a full year will not work. The shorter 
introduced timescale is the one related to death or establishment, which can range from seconds to 
weeks. The time required for such processes, i.e. the time that critical conditions occur, can be 
expressed in so-called windows of opportunity (e.g. Balke et al., 2011). By keeping track of such 
windows, e.g. the time the water level exceeds a critical value, one eliminates the need to account for 
the possibility of critical changes occurring every model time step. As long as no window opens up, 
the model can keep running using the more efficient growth-related timeframe. 

For idealized biogeomorphic models, it is feasible to perform a theoretical stability analysis (Bärenbold 
et al., 2016). For more complex, process-based models such as Temmerman et al. (2007) and Van 
Oorschot et al. (2015) there is no such mathematical quantification and choosing correct timescales 
for the problem at hand is a matter of expert judgment. Fagherazzi et al. (2012) provide an overview 
of approaches used in numerical models for salt marsh development. Schwarz et al. (2018) define a 
colonization dominance index (CDI), which is the ratio between lateral expansion rate and expansion 
probability. Although this CDI does not provide a quantitative stability criterion like the Courant-
Friedrichs-Lewy number does for hydrodynamic calculations, it does provide a conceptual framework 
(Figure 22) for the emergence of self-organisation, hence the need for a strong coupling of ecology 
and morphodynamics, in biogeomorphological systems.  

3.4.2. Forcings: calm conditions vs. storms and floods 

Unlike ‘classical’ morphological simulations where high energy events (floods, storms) can be driving 
most change in the system (Lesser et al., 2004, Roelvink and Reniers, 2011), biogeomorphological 
simulations need to account for long-lasting calm conditions too because the biological development 
during these periods can be considerable (examples in Bouma et al., 2016; Corenblit et al., 
2007).  Growth, both in terms of individual plant size and patch size through lateral clonal expansion, 
is the dominant development process in calm conditions. Note that this growth can also be negative, 
i.e. decay, due to sub-optimal living conditions or seasonal dynamics (light, temperature) that are 
independent of geomorphological forcings. High energy events typically lead to destruction or 
removal of organisms due to excessive forces or lack of oxygen as a consequence of high water levels. 
This removal can offer opportunities for other organisms to establish. Therefore, transition periods 
such as the waning stage of a flood wave are often crucial for establishment, despite their short 
duration. As such, the inclusion of biota introduces an additional time scale to the geomorphic model, 
leading to a stiffer model, i.e. with less flexibility to scale time. 
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This removal can offer new opportunities for other organisms to become established. Therefore, the 
transition periods such as the waning stage of a flood wave are often crucial for establishment, despite 
their short duration. As such, the inclusion of biota introduces an additional time scale to the 
geomorphic model, leading to a less flexible model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 Conceptual model illustrating the need for a strong (frequent) coupling of models for ecological 
(horizontal axis) and physical (vertical axis) development in self-organizing systems. The arrows indicate possible 
changes over time, e.g. the red arrow displays the transition resulting from low colonization rates combined with 
increasing morphological development. (from: Schwarz et al., 2018) 

 

To illustrate the possible importance of including events and biological responses, Figure 23 shows 
results of two numerical simulations by Akerboom (2018) for the Rødsand lagoon; one using actual 
weather conditions, the other with a fictitious severe storm in spring. The effect of this storm on 
biomass persists throughout the year. 
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Figure 23 Simulation of eelgrass development over a year in the Rødsand lagoon, showing the combined effect 
of seasonal variations in growth conditions, day-to-day variability in weather forcing and the long-lasting 
negative effect of a storm half May (dotted lines). (from: Akerboom, 2018).  
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4. CONCLUSIONS AND OUTLOOK 

The present state of knowledge and exemplifications are presented for scaling biology in time within 
the context of climate change adaptation. To meet the objective of finding suitable methods to predict 
river ecosystem trends in vegetation/hydrogeomorphic evolution and improve 
restoration/stabilisation practices within the context of the immediate impacts of climate change, 
characteristics time scales are reviewed for laboratory (vegetation and biofilm surrogates) and 
numerical modelling approaches. In this respect, the methodologies described through the document 
for scaling biology in time may serve as a framework to guide the design of future studies that aim to 
represent biogeomorphic interactions and biological cohesion in modelling studies.  

In flume studies, Section 1 restricts attention to riparian vegetation and to river-reach settings (for 
submerged vegetation there is a comprehensive review of recent works in Nepf and Ghisalberti, 2008 
and Nepf, 2012). The analogue model of a braiding river included as a case study it illustrates how a 
short-term experiment (conformed by the impacts of a succession of flood events) can provide useful 
information on the fundamental mechanisms involving the system vegetation-flow-morphodynamics 
over long-term time scales; and so that, the importance of including the impacts of flood sequence on 
river long-term characterization studies. In this respect, the model allowed to elucidate eco-
geomorphic feedbacks between riparian plants, morphodynamics and flood events that can apply to 
address questions related to climate change. Moreover, the laboratory model featured the close 
relationship between morphodynamics and vegetation and the importance of modelling them 
coupled. Results from the laboratory also exposed the importance of quantifying spatial heterogeneity 
in river systems. Vegetation uniformly distributed is rare in nature. However, the inclusion of patchy 
vegetation may lead the system to irreversible changes (with high scour depths) becoming 
unachievable the characterization of river’s morphological changes in laboratory flumes. 

In section 2, time scales linked to the design of biofilm surrogates were presented within the 
framework of present stabilization approaches. The results reported in this section should help to 
better understand the interaction between a surrogate EPS, sediment and hydraulics and provide 
fundamental information to design their experiments that include biostabilization effects. 
Furthermore, differences and similarities between natural biostabilization processes and surrogates 
were assessed to help apply the transferability of the laboratory results.    

Section 3 discusses the basics of numerical scaling techniques for biogeomorphic problems. Whilst the 
variety of biota, their (in)sensitivity to steady or infrequent forcings and their effect on 
morphodynamics does not allow for strict quantitative protocols, this section does provide a 
framework for choosing appropriate timescales and techniques to represent biogeomorphological 
dynamics in numerical models. The case study, based on observations in a shallow coastal ecosystem, 
illustrates that the frequency of interaction between the hydrodynamic model and the plant growth 
model has an essential effect on vegetation dynamics.   

The inclusion of biota in geomorphic models introduces additional characteristic timescales. 
Experimental models lend themselves well to study relatively short term events such as a quick 
succession of floods, or long term more steady behaviour, which are both required to understand 
impacts of climate change. Seasonality and multiple cycles of establishment, removal and recovery 
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are more difficult to reproduce in flume studies however, especially when multiple species with 
different life cycles and stabilization effects are involved. Hybrid modelling, i.e. the combination with 
numerical models, can mitigate some of these issues because more timescales can be resolved.  
Moreover, once set up, numerical models offer opportunities to study sensitivity to initial conditions, 
process formulations and climate change scenarios with little effort. The initial setup requires a 
substantial effort however, and would benefit from a further quantification of tolerance limits.  

Outlook 

This guideline identifies the following knowledge gaps and recommendations for future development: 

Develop new hydraulic facilities to investigate ecological processes in a hydraulic context. Such 
facilities need to be able to sustain living organisms for prolonged periods in controlled conditions, 
and/or readily deal with plants and soil raised outside the flume. This could also involve field sites with 
regular and/or event-based recordings of both ecological and hydraulic properties, or portable flumes 
that can be placed in the field to establish plant responses to stresses. Whereas steady development 
(growth and decay) of ecosystems is mostly governed by large-scale processes that act over longer 
times, the dynamics that govern establishment and removal of vegetation act on much smaller 
temporal and spatial scales. In common numerical models, these spatial scales can only be resolved 
at high computational costs. Sub-grid techniques, which resolve these scales at more reasonable costs, 
are becoming available but are not common practice yet.  

Both physical and numerical biogeomorphological models mostly lead to a single outcome, in some 
studies with a limited number of replicates. Hybrid modelling offers opportunities for more stochastic 
approaches that are relevant for ecosystem management.  

The science of agri- and horticulture has developed many techniques to optimize plant growth and 
favoured plant characteristics, using e.g. spacing, soil, water availability, nutrients, temperature and 
light as forcings. Likewise, these sciences have developed e.g. satellite or drone-based techniques to 
quantify these characteristics at field scale. Such techniques could be helpful in raising organisms with 
desired physical properties for flume experiments and to provide information that can be used for 
validation and to quantify spatial heterogeneity.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Deliverable 8.5  Representing climate change in physical models 

Version 2 40 Saturday, 02 March 2019 

5. LIST OF REFERENCES 

Aberle, J., and  Järvelä , J. (2013). Flow resistance of emergent rigid and flexible vegetation.  J. Hydraul. 
Res., 51(1), 33–45, doi:10.1080/00221686.2012.754795. 

Akerboom, L.F.D. (2018). Modelling climate change-related feedbacks between seagrasses and 
suspended sediment in the Rødsand lagoon (Denmark). MSc thesis, Delft University of 
Technology.  

Balke, T., Bouma, T., Horstman, E., Webb, E., Erftemeijer, P., and Herman, P. (2011). Windows of 
opportunity: thresholds to mangrove seedling establishment on tidal flats. Marine Ecology 
Progress Series, 440, 1–9. doi: 10.3354/meps09364 

Bärenbold, F., Crouzy, B., and Perona, P. (2016). Stability analysis of ecomorphodynamic equations. 
Water Resources Research, n/a-n/a. doi: 10.1002/2015WR017492. 

Baptist, M.J. (2005). Modelling floodplain biogeomorphology. Ph.D. thesis, Delft University of 
Technology, ISBN 90-407-2582-9. 

Baptist, M. (2001). Review on biogeomorphology in rivers: processes and scales. Delft University of 
Technology (Vol. 19). Retrieved from 
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Review+on+biogeomorphol
ogy+in+rivers:+processes+and+scales#0. 

Baynes, E. R. C., van de Lageweg, W. I., McLelland, S. J., Parsons, D. R., Aberle, J., Dijkstra, J., … Moulin, 
F. (2018). Beyond equilibrium: Re-evaluating physical modelling of fluvial systems to represent 
climate changes. Earth-Science Reviews, 181, 82–97. doi: 10.1016/j.earscirev.2018.04.007, 

Bendix, J., and C. R. Hupp (2000), Hydrological and geomorphological impacts on riparian plant 
communities, Hydrol. Processes, 14, 2977–2990. 

Bennett, S., Wu, W., Alonso, C. and Wang, S. (2008). Modeling fluvial response to in-stream woody 
vegetation: implications for stream corridor restoration. Earth Surf. Process. Landforms, 33, 
890–909. doi: 10.1002/esp.1581. 

Bertoldi, W. et al. (2015). Physical modelling of the combined effect of vegetation and wood on river 
morphology. Geomorphology, 246(July), pp. 178–187. doi: 10.1016/j.geomorph.2015.05.038. 

Bertoldi, W., Welber, M., Mao, L., Zanella, S. and Comiti, F. (2014). A flume experiment on wood 
storage and remobilization in Braided River systems. Earth Surf. Process. Landf., 39 (6), 804–
813. 

Blom, C. W. P. M., and Voesenek, L. A. C. J.  (1996), Flooding: The survival strategies of plants.  Trends 
Ecol. Evol., 11(7), 290–295, doi: 10.1016/0169–5347(96)10034-3. 

Bouma, T.J., van Duren, L., Temmerman, S., Claverie, T., Blanco-Garcia, A., Ysebaert, T. and Herman, 
P. (2007). Spatial flow and sedimentation patterns within patches of epibenthic structures: 
Combining field, flume and modelling experiments. Continental Shelf Research, 27, 1020–1045. 



Deliverable 8.5  Representing climate change in physical models 

Version 2 41 Saturday, 02 March 2019 

Braudrick, C. A., W. E. Dietrich, G. T. Leverich, and L. S. Sklar (2009). Experimental evidence for the 
conditions necessary to sustain meandering in coarse-bedded rivers. Proceedings of the 
National Academy of Sciences, 106(40), pp. 16936–16941. doi: 10.1073/pnas.0909417106. 

Brunsden, D. and Thornes, J.B. (1979). Landscape sensitivity and change. Trans. Inst. Br. Geogr., NS4: 
463-484. 

Burylo, M., Rey, F., Mathys, N. and Dutoit, T. (2012). Plant root traits affecting the resistance of soils 
to concentrated flow erosion. Earth Surf. Process. Landforms, 37, 1463–1470. doi: 
10.1002/esp.3248. 

Camporeale, C., E. Perucca, L. Ridolfi, and A. M. Gurnell (2013), Modeling the interactions between 
river morphodynamics and riparian vegetation. Rev. Geophys., 51, 379–414, 
doi:10.1002/rog.20014. 

Carr, J., D’Odorico, P., McGlathery, K., and Wiberg, P. (2010). Stability and bistability of seagrass 
ecosystems in shallow coastal lagoons: Role of feedbacks with sediment resuspension and light 
attenuation. Journal of Geophysical Research, 115(G3), G03011. doi: 10.1029/2009JG001103 

Chen, X. D., Zhang, C. K., Paterson, D. M., Thompson, C. E. L., Townend, I. H., Gong, Z., Feng, Q. (2017). 
Hindered erosion: The biological mediation of noncohesive sediment behavior: EPS mediating 
sediment erosion. Water Resources Research, 53(6), 4787–4801. 

Clarke, L. E. (2014). The use of live vegetation in geomorphological experiments: How to create optimal 
growing conditions. Earth Surface Processes and Landforms, 39(5), pp. 705–710. doi: 
10.1002/esp.3534.  

Corenblit, D., Davies NS, Steiger J, Gibling MR. and Bornette G. (2015). Considering river structure and 
stability in the light of evolution: feedbacks be-tween riparian vegetation and 
hydrogeomorphology. Earth Surf. Process. Landforms, 40, 189–207. 

Corenblit, D., Steiger J., Gurnell A., Tabacchi, E. and Roques, L. (2009). Control of sediment dynamics 
by vegetation as a key function driving biogeomorphic succession within fluvial corridors. Earth 
Surf. Process. Landforms, 34, 1790–1810. 

Corenblit, D., Tabacchi E, Steiger J. and Gurnell A. (2007). Reciprocal inter-actions and adjustments 
between fluvial landforms and vegetation dynamics in river corridors: a review of 
complementary approaches. Earth Science Reviews, 84, 56–86.  

Coulthard, T. (2005). Effects of vegetation on braided stream pattern and dynamics, Water Resources 
Research, 41(4). doi.org/10.1029/2004WR003201. 

Dade, W. B., Davis, J. D., Nichols, P. D., Nowell, A. R., Thistle, D., Trexler, M. B. and White, D. C. (1990). 
Effects of bacterial exopolymer adhesion on the entrainment of sand. Geomicrobiology Journal, 
8(1), 1–16. 

Docker, B.B. and Hubble, T.C.T. (2008). Quantifying root-reinforcement of river bank soils by four 
Australian tree species. Geomorphology, 100, 401-418.  

Egozi, R and Ashmore, P. (2008). Defining and measuring braiding intensity. Earth surface processes 
and landforms, 33, 2121-2138. doi: 10.1002/esp.1658. 



Deliverable 8.5  Representing climate change in physical models 

Version 2 42 Saturday, 02 March 2019 

Fagherazzi, S., Kirwan, M. L., Mudd, S. M., Guntenspergen, G. R., Temmerman, S., Rybczyk, J. M. and 
Clough, J. (2012). Numerical models of salt marsh evolution: ecological, geormorphic, and 
climatic factors. Review of Geophysics, 50(2011), 1–28. doi: 10.1029/2011RG000359.1. 

Fernandez, R., McLelland, S., Parsons, D. and Bodewes, B. (2019). Quantifying river’s response over 
plant life stages during a sequence of floods. EGU General Assembly, Vienna, Austria. EGU2019-
15143. 

Friend, P. L., Lucas, C. H. and Rossington, S. K. (2005). Day–night variation of cohesive sediment 
stability. Estuarine, Coastal and Shelf Science, 64(2–3), 407–418. 

Frissell, C., Liss, W., Warren, C. and Hurley, M. (1986). A Hierarchical Framework for Stream Habitat 
Classification: Viewing Streams in a Watershed Context. Environmental Management, 10(2), pp. 
199-214. 

Frostick, L. E., McLelland, S. J., Thomas, R. E., Johnson, M. F. and Rice, S. P. (2014). Users Guide to 
Ecohydraulic Modelling and Experimentation: Experience of the Ecohydraulic Research Team 
(PISCES) of the HYDRALAB Network. CRC Press. 

Gerbersdorf, S. U. and Wieprecht, S. (2015). Biostabilization of cohesive sediments: revisiting the role 
of abiotic conditions, physiology and diversity of microbes, polymeric secretion, and biofilm 
architecture. Geobiology, 13(1), 68–97. 

Ghisalberti, M., and Nepf, H. (2005). Mass Transport in Vegetated Shear Flows. Environmental Fluid 
Mechanics, 5(6), 527–551. doi: org/10.1007/s10652-005-0419-1. 

Graba, M., Sauvage, S., Moulin, F. Y., Urrea, G., Sabater, S. and Sanchez-Pérez, J. M. (2013). Interaction 
between local hydrodynamics and algal community in epilithic biofilm. Water Research, 47(7), 
2153–2163. doi: 10.1016/j.watres.2013.01.011 

Grabowski, R. C., Droppo, I. G. and Wharton, G. (2011). Erodibility of cohesive sediment: The 
importance of sediment properties. Earth-Science Reviews, 105(3–4), 101–120. 

Gran, K. and Paola, C. (2001). Riparian vegetation controls on braided stream dynamics. Water 
Resources Research, 37(12), pp. 3275–3283. doi: 10.1029/2000WR000203. 

Grant, J. and Gust, G. (1987). Prediction of coastal sediment stability from photopigment content of 
mats of purple sulphur bacteria. Nature, 330, 244–246. 

Gray, D. and Barker, D. (2004), Root-soil mechanics and interactions. In: Riparian vegetation and fluvial 
geomorphoplogy. (Eds. Bennett and Simon), AGU, p. 113-123. 

Green, J.C. (2005). Modelling flow resistance in vegetated streams: review and development of new 
theory. Hydrological processes, 19, 1245-1259. 

Gregory, SV, Boyer, KL., and Gurnell, AM (2003). The Ecology and Management of Wood in World 
Rivers. Symposium 37. American Fisheries Society. Bethesda, Maryland.  

Gurnell, A. (2014). Plants as river system engineers: Further comments. Earth Surface Processes and 
Landforms, 40(1), pp. 135–137. doi: 10.1002/esp.3671. 

Hack, J. T. (1960): Interpretation of erosional topography in humid temperate regions. Am. J. Sci., 258-
A, 80-97. 



Deliverable 8.5  Representing climate change in physical models 

Version 2 43 Saturday, 02 March 2019 

Hoyal, D. C. J. D. and Sheets, B. A. (2009). Morphodynamic evolution of experimental cohesive deltas. 
Journal of Geophysical Research, 114(F2). doi: 10.1029/2007JF000882. 

Jang, C-L. and Shimizu, Y. (2007). Vegetation effects on the morphological behavior of alluvial 
channels. Journal of Hydraulic Research, IAHR, 45(6): 763–772 

Jarvela, J. (2005). Effect of submerged flexible vegetation on flow structure and resistance. J. Hydrol., 
307(1–4), 233–241. doi:10.1016/j.jhydrol.2004.10.013. 

Jordanova, A. A., and James, C. S. (2003). Experimental study of bed load transport through emergent 
vegetation. Journal of Hydraulic Engineering, 129(6), 474–478.  

Kamphuis, J. W., (1975). Friction factor under oscillatory waves. Proc. ASCE, 101, WW 2, 135-1A. 

Kleinhans, M. G. et al. (2014) Quantifiable effectiveness of experimental scaling of river- and delta 
morphodynamics and stratigraphy. Earth-Science Reviews. Elsevier B.V., 133, pp. 43–61. doi: 
10.1016/j.earscirev.2014.03.001. 

Kondolf, G. M. and Piégay, H. (2016). Tools in Fluvial Geomorphology. ISBN: 9780470684054. Pp. 533. 
doi: 10.1002/9781118648551.  

Levin, S. A. (1987). Scale and Predictability in Ecological Modeling (pp. 2–10). Springer, Berlin, 
Heidelberg, doi: 10.1007/978-3-642-93365-3_1. 

Li, S. S. and R. G. Millar (2011). A two-dimensional morphodynamic model of gravel-bed river with 
floodplain vegetation. Earth Surf. Processes Landforms, 36, 190–202.  

Lightbody, A. E. and Nepf, H.M. (2006). Prediction of near-field shear dispersion in an emergent 
canopy with heterogeneous morphology. Environ Fluid Mech, 6:477–488, doi: 10.1007/s10652-
006-9002-7. 

Luhar, M., and Nepf, H. M. (2012). From the blade scale to the reach scale: A characterization of 
aquatic vegetative drag. Adv. Water Resour., 51, 305–316. 
doi:10.1016/j.advwatres.2012.02.002. 

Madsen, K. N., Nilsson, P. and Sundbäck, K. (1993). The influence of benthic microalgae on the stability 
of a subtidal sediment. Journal of Experimental Marine Biology and Ecology, 170(2), 159–177. 

Manzenrieder, H. (1983). Die biologische Verfestigung von Wattflächen aus der Sicht des Ingenieurs. 
In german. Mitteilungen Leichtweiss- Instituts Wasserbau, T.U. Braunschweig 79,  135–193. 

Mariotti, G. and Fagherazzi, S. (2012). Modelling the effect of tides and waves on benthic biofilms: 
Tides and waves on benthic biofilms. Journal of Geophysical Research: Biogeosciences, 117(G4). 

Martin, R.L. and Jerolmack, D.J. (2013). Origin of hysteresis in bedform response to unsteady flows. 
Water Resour. Res. 49 (3), 1314–1333. 

Meire, D. W. S. A., Kondziolka, J. M. and Nepf, H. M. (2014). Interaction between neighboring 
vegetation patches: Impact on flow and deposition. Water Resour. Res., 50, 3809–3825, doi: 
10.1002/2013WR015070. 

Meyer-Peter, E. and Müller, R. (1948). Formulas for Bed-Load Transport. Proceedings, 2nd Congress, 
International Association of Hydraulic Research, Stockholm: 39-64. 



Deliverable 8.5  Representing climate change in physical models 

Version 2 44 Saturday, 02 March 2019 

Morgenroth, E., & Milferstedt, K. (2009). Biofilm engineering: linking biofilm development at different 
length and time scales. Reviews in Environmental Science and Bio/Technology, 8(3), 203–208. 

Naiman, R. and Decamps, H. (1997). The ecology of interfaces: Riparian zones. Annu. Rev. Ecol. Syst. 
28, 621–58. 

Nepf, H. M. (2012). Hydrodynamics of vegetated channels. Journal of Hydraulic Research, 50(3), 262–
279. doi: 10.1080/00221686.2012.696559. 

Nepf, H.M. (1999). Drag, turbulence, and diffusion in flow through emergent vegetation. Water 
Resources Research, 35(2), 479 – 489. 

Neumann, A. C., Gebelein, C. D. and Scoffin, T. P. (1970). The composition, structure and erodability 
of subtidal mats, Abaco, Bahamas. Journal of Sedimentary Research, 40(1). 

Paola, C. (2000). Quantitative models of sedimentary basin filling. Sedimentology, 47, 121-178. 

Parsons, D. R., Schindler, R. J., Hope, J. A., Malarkey, J., Baas, J. H., Peakall, J., Thorne, P. D. (2016). The 
role of biophysical cohesion on subaqueous bed form size: Cohesion in subaqueous bed forms. 
Geophysical Research Letters, 43(4), 1566–1573. 

Perkins, R. G., Davidson, I. R., Paterson, D. M., Sun, H., Watson, J. and Player, M. A. (2006). Low-
temperature SEM imaging of polymer structure in engineered and natural sediments and the 
implications regarding stability. Geoderma, 134(1–2), 48–55. 

Paul, M., Bouma, T., and Amos, C. (2012). Wave attenuation by submerged vegetation: combining the 
effect of organism traits and tidal current. Marine Ecology Progress Series, 444, 31–41. doi: 
org/10.3354/meps09489. 

Perona, P. et al. (2014) Ecomorphodynamics of rivers with converging boundaries. Earth Surface 
Processes and Landforms, 39(12), pp. 1651–1662. doi: 10.1002/esp.3614. 

Perucca, E., Camporeale, C. and Ridolf, L. (2007). Significance of the riparian vegetation dynamics on 
meandering river morphodynamics. Water Resour. Res., 43, W03430, doi: 
10.1029/2006WR005234.  

Piégay, H. and Gurnell,  A.M. (1997). Large woody debris and rivergeomorphological pattern:   
examples  for  S.E.  France  and  S.England. Geomorphol, 19, 99–116.  

Piggott, J. J., Salis, R. K., Lear, G., Townsend, C. R., & Matthaei, C. D. (2015). Climate warming and 
agricultural stressors interact to determine stream periphyton community composition. Global 
Change Biology, 21(1), 206–222. doi: 10.1111/gcb.12661 

Phillips, J. D. (1995). Biogeomorphology and landscape evolution: The problem of scale. 
Geomorphology, 13(1–4), 337–347. http://doi.org/10.1016/0169-555X(95)00023-X. 

Piqué, G., Vericat, D., Sabater, S., & Batalla, R. J. (2016). Effects of biofilm on river-bed scour. Science 
of The Total Environment, 572, 1033–1046. 

Ranasinghe, R., Swinkels, C., Luijendijk, A., Bosboom, J., Roelvink, D., Stive, M. J. F., & Walstra, D. J. R. 
(2010). Morphodynamic upscaling with the Morfac approach. In: Coastal Engineering 2010 (pp. 
1–7). 



Deliverable 8.5  Representing climate change in physical models 

Version 2 45 Saturday, 02 March 2019 

Robertson-Rintoul, M.S.E. and Richards, K.S. (1993). Braided channel patterns and palaehydrology 
using an index of total sinuosity. In: Braided Rivers (Eds. J.L. Best and C.S. Bristow), pp. 113-118. 
Special publication 75, Geological Society Publishing House, Bath. 

Roelvink, J. A. (2006). Coastal morphodynamic evolution techniques. Coastal Engineering, 53(2–3), 
277–287. doi: 10.1016/J.COASTALENG.2005.10.015. 

Roelvink, D. J. A., & Reniers, A. (2011). A Guide to Modeling Coastal Morphology. 
http://doi.org/10.1142/9789814304269_0006. 

Russell, B. D., Connell, S. D., Findlay, H. S., Tait, K., Widdicombe, S., & Mieszkowska, N. (2013). Ocean 
acidification and rising temperatures may increase biofilm primary productivity but decrease 
grazer consumption. Philosophical Transactions of the Royal Society B: Biological Sciences, 
368(1627), 20120438–20120438. doi: 10.1098/rstb.2012.0438. 

Savelli, R., Dupuy, C., Barillé, L., Lerouxel, A., Guizien, K., Philippe, A. .. and Le Fouest, V. (2018). On 
biotic and abiotic drivers of the microphytobenthos seasonal cycle in a temperate intertidal 
mudflat: a modelling study. Biogeosciences Discussions, 1–49. 

Schwarz, C., Gourgue, O., Belzen, J. Van, Zhu, Z., Bouma, T. J., Koppel, J. Van De, … Temmerman, S. 
(2018). Self-organization of a biogeomorphic landscape controlled by plant life-history traits. 
Nature Geoscience, 11, 672–677. doi: 10.1038/s41561-018-0180-y. 

Simon, A. and Collison, A. (2002). Quantifying the mechanical and hydrologic effects of riparian 
vegetation on streambank stability. Earth Surface Processes and Landforms, 27, 527–546. 

Singer, G., Besemer, K., Hödl, I., Chlup, A., Hochedlinger, G., Stadler, P., & Battin, T. J. (2006). 
Microcosm design and evaluation to study stream microbial biofilms. Limnology and 
Oceanography: Methods, 4(11), 436–447. 

Siniscalchi, F., V. I. Nikora, and J. Aberle (2012). Plant patch hydrodynamics in streams: Mean flow, 
turbulence, and drag forces. Water Resour. Res., 48, W01513, doi:10.1029/2011WR011050.  

Starkel, L. (1999). Space and time scales in geomorphology. Supp. Geogr. Fis. Dinam. Quat. III (3), 61-
66. 

Steiger, J., E. Tabacchi, S. Dufur, D. Corenblit, and J. L. Peiry (2005). Hydrogeomorphic processes 
affecting riparian habitat within alluvial channel-floodplain river systems: A review for the 
temperate zone, River Res. Appl., 21(7), 719–737. 

Steiger, J., A. Gurnell, P. Ergenzinger, and D. Snelder (2001). Sedimentation in the riparian zone of an 
incising river, Earth Surf. Processes Landforms, 26(1), 193–201. 

Tal, M. and Paola, C. (2007). Dynamic single-thread channels maintained by the interaction of flow 
and vegetation. Geology, 35(4), pp. 347–350. doi: 10.1130/G23260A.1. 

Tal, M., K. Gran, A. B. Murray, C. Paola, and D. M. Hicks (2004).  Riparian vegetation as a primary 
control on channel characteristics in multi-thread rivers. In: Riparian Vegetation and Fluvial 
Geomorphology, Water Sci. Appl. Ser., vol. 8, edited by S. J. Bennett and A. Simon, pp. 43–
58,AGU, Washington, D. C. 



Deliverable 8.5  Representing climate change in physical models 

Version 2 46 Saturday, 02 March 2019 

Temmerman, S., Bouma, T. J., Van de Koppel, J., Van der Wal, D., De Vries, M. B., & Herman, P. M. J. 
(2007). Vegetation causes channel erosion in a tidal landscape. Geology, 35(7), 631. 
doi:10.1130/G23502A. 

Thorne, C. R. (1990).  Effects of vegetation on riverbank erosion and stability. In: Vegetation and 
Erosion: Processes and Environments. Edited by J. B. Thornes, pp. 125–144, John Wiley, New 
York. 

Thom, M. and Schimmels, S. (2018). On the use of surrogates to mimic the stabilization potential of 
natural biofilms at the sediment-water. Conference proceedings of ISE 2018, International 
Symposium on Ecohydraulics, Tokyo, Japan. 

Thom, M. (submitted). Towards a better understanding of biostabilization mechanisms. PhD thesis. 
University of Stuttgart.  

Thomas, R. E., Johnson, M. F., Frostick, L. E., Parsons, D. R., Bouma, T. J., Dijkstra, J. T., … Vousdoukas, 
M. I. (2014). Physical modelling of water, fauna and flora: knowledge gaps, avenues for future 
research and infrastructural needs. Journal of Hydraulic Research, 1–15. doi: 
10.1080/00221686.2013.876453. 

Tolhurst, J. C., Gust, G., and Paterson, D. M. (2002). The influence of an extracellular polymeric 
substance (EPS) on cohesive sediment stability. Proceedings in Marine Science, 5, 409–425. 

Tooth, S., and G. C. Nanson (2000). The role of vegetation in the formation of anabranching channels 
in an ephemeral river, northern plains, arid central Australia. Hydrol. Processes, 14, 3099–3117. 

Vand den Berg, J.H. (1995). Prediction of alluvial channel pettern of perennial rivers. Geomorphology, 
12, 259-279. 

Van de Lageweg, W. I. et al. (2010). Effects of riparian vegetation on experimental channel dynamics.  
Riverflow 2010, volume 2, pp. 1331–1338. doi: 10.1002/2013WR013574.F. 

Van de Lageweg, W. I., McLelland, S. J., and Parsons, D. R. (2017). Quantifying biostabilisation effects 
of biofilm-secreted and synthetic extracellular polymeric substances (EPS) on sandy substrate. 
Earth Surface Dynamics Discussions, 1–37. 

Van Dijk, W. M. et al. (2013). Effects of vegetation distribution on experimental river channel 
dynamics. Water Resources Research, 49(11), pp. 7558–7574. doi: 10.1002/2013WR013574. 

Van Oorschot, M., Kleinhans, M., Geerling, G., and Middelkoop, H. (2015). Distinct patterns of 
interaction between vegetation and morphodynamics. Earth Surface Processes and Landforms, 
18. doi: 10.1002/esp.3864. 

Västilä, K. and Järvelä, J. (2017). Characterizing natural riparian plant stands for modeling of flow and 
suspended sediment transport. Journal of Soils and Sediments, 943–952. doi: 10.1007/s11368-
017-1776-3. 

Västilä, K. and Järvelä, J. (2014). Modeling the flow resistance of woody vegetation using physically 
based properties of the foliage and stem. Water Resour. Res., 50, 229–245, doi: 
10.1002/2013WR013819. 

Vignaga, E. (2012). The effect of biofilm colonization on the stability of non-cohesive sediments. PhD 
thesis. University of Glasgow. 



Deliverable 8.5  Representing climate change in physical models 

Version 2 47 Saturday, 02 March 2019 

Vollmers, H. and Giese, E. (1972). Elbe Tidal Model with Movable Bed. 13th International Conference 
on Coastal Engineering, Vancouver B.C., Canada. 

Yager, E. M. and Schmeeckle, M. W. (2013). The influence of vegetation on turbulence and bed load 
transport. Journal of Geophysical Research: Earth Surface, 118, 1585–1601. doi:   
10.1002/jgrf.20085. 

Yallop, M. L., de Winder, B., Paterson, D. M. and Stal, L. J. (1994). Comparative structure, primary 
production and biogenic stabilization of cohesive and non-cohesive marine sediments inhabited 
by microphytobenthos. Estuarine, Coastal and Shelf Science, 39(6), 565–582. 

Wilson, C.A.M.E., Stoesser, T., Bates, P.D. and Pinzen, A.B. (2003). Open channel flow through different 
forms of submerged flexible vegetation. Journal of Hydraulics Engineering, ASCE, 129(11), 847-
853.   

Zong, L. and Nepf, H. (2009). Flow and deposition in and around a finite patch of vegetation. 
Geomorphology. 116, 363-372.  

 

 

 


