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7. IMPACT OF CLIMATE CHANGE ON ECO-HYDRAULICS 

 OVERVIEW 
In shallow-water fluvial and coastal flows, plants and other organisms affect flow resistance and 

turbulence with implications for conveyance, bed and bank stability, sediment transport, nutrient 

cycling and the dispersal of pollutants (e.g. Paul et al., 2014). In the context of climate change 

adaptation, full understanding of the interactions between living organisms (particularly biofilms and 

vegetation) and flow is important for at least two reasons.  

First, under climate change, there is an expectation that alterations in spatial and temporal patterns 

of rainfall, temperature and wind will alter sea levels and affect the amount and timing of river 

discharge. These hydrological impacts will affect the hydraulic characteristics of the habitats that 

plants and other organisms occupy. Changes in the distribution and seasonality of water depth, 

velocity and other flow characteristics will be accompanied by a number of other physical changes that 

have the potential to affect the health and composition of aquatic ecosystems, including changes in 

water temperature, salinity, suspended sediment concentrations, CO2 concentrations, general 

illumination and UV levels (e.g. Bornette and Puijalon, 2011). The anticipated ecological response is 

one of shifts in the spatial and temporal composition of aquatic flora and fauna (Meyer et al., 1999; 

Parmesan, 2006; Harley et al., 2006; Demars et al., 2014) including the potential for new and 

accelerated invasions (e.g. Koncki and Aronson, 2015). These climate-driven changes in the distribution, 

growth rates and seasonality of vegetation and biofilms will impact future hydraulic conditions and 

local morphodynamics in rivers, estuaries and along coasts. Altered flows and patterns of sediment 

erosion and deposition may then alter the risk profile of shallow-water hazards, including fluvial and 

coastal flooding, river bank and coastal erosion and siltation of transport corridors. Such changes will 

demand adaptation of river and coastal management operations and strategies. Furthermore, because 

ecosystems interact with their physical environment, morphodynamic alterations may feedback to 

biodiversity and ecosystem health, with implications for management of the total environment.  

Second, living organisms may provide effective and sustainable tools that can be used alongside or 

instead of traditional, ‘hard’ engineering practices to manage climate-induced changes in flows of 

water and sediment and mitigate impacts on the performance of existing infrastructure. 

Understanding how vegetation and biofilms affect drag, turbulence characteristics, velocity profiles, 

particle erosion and deposition, bed reinforcement and other fundamental processes, has never been 

more important than it is now. 

Within this context, this chapter considers how microbial biostabilization, the integrity of organism 

performance and behaviour, and vegetation parameterisation might be represented and managed 

within flume facilities.  

 REPRESENTING THE IMPACTS OF CLIMATE CHANGE ON BIOSTABILIZATION IN 

PHYSICAL EXPERIMENTS 
The term microbial biostabilization describes the potential of benthic biofilms to increase sediment 

stability primarily by enhancing the binding (adhesion) between sediments and manipulating the 

surface roughness. The biofilms, which consist of bacteria, microalgae, prokaryotes and fungi, secrete 

a hydrated extracellular polymeric substance (EPS). EPS fulfils a number of ecological functions (e.g., 
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retention of water, nutrient source and protective barrier; for a review see Flemming & Wingender, 

2010) and can be regarded as a natural glue providing the mechanical strength of the biofilm-sediment 

matrix by EPS strands interconnecting sediment grains (Figure 1). Biofilms typically grow at the 

interface between water and sediments where they can form films or mats (Figure 1) with thicknesses 

ranging from micrometres to millimetres (Okkerse et al., 2000; Bouletreau et al., 2011; Black, 2002; 

Noffke et al., 2001).  

Similar to plants, biofilms adapt to their surroundings for optimal growth, both mechanically as well as 

structurally. In this context, their biostabilization potential is also affected by the biotic and abiotic 

environmental conditions, which are likely to change in the next decades. Even though a number of 

studies have demonstrated that a biofilm potentially enhances the stability of sediments by up to a 

factor of ten compared to the sediment without biofilm (Tolhurst et al., 1999, Thom et al., 2015, 

Droppo et al., 2007), studies on the impact of climate change on biofilm biostabilization potential are 

rare.  

 

 

 

 

Figure 1. Binding- and stabilization mechanisms of biofilms. Left: different types of biofilm-sediment interaction (for more 
details: Noffke et al., 2001). Middle and right: Low-temperature scanning electron microscopy (LTSEM) image of glassbeads 
stabilized by bacteria and diatoms at different scales (for more details see Lubarsky et al., 2010). 

 

While most of the previous work concerning biofilms has focused on field studies (e.g. Amos et al., 

2003) where the impact of individual environmental conditions is overshadowed by the complexity of 

the natural system, physical modelling with controlled boundary conditions is a more reasonable 

approach to understand biostabilization cause-effect relationships (Black et al. 2002). To design a 

physical experiment that can examine climate change effects requires a basic knowledge on the 

importance of individual biotic and abiotic boundary conditions. 

A major challenge is the representation of climate change induced variations across longer time scales. 

So far, research has only focused on the present state and the short term development of 

biostabilization in a system (e.g. Thom et al. (2015), Graba et al. (2010) or on seasonal differences by 

field campaigns at the specific seasons (e.g. Widdows et al. 2000; Righetti & Lucarelli, 2010). To the 

author’s knowledge, no physical experiments exist on induced morphological changes due to the 

variability of biostabilization throughout the year, considering also the different phases of biofilm 

growth (attachment, colonization, growth). This includes the much longer time scales (i.e. decades to 

centuries) that are relevant when considering climate change effects. For such longer timescales 

difficulties arise because “natural” biofilm growth cannot be accelerated without significantly 
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influencing the microbial community and thereby introducing unknown effects. For example, 

Butterwick et al. (2005) demonstrated that by varying the growth temperature different organisms 

dominate which do not resemble the original biofilm community.  

The aims of this section are:  

1) to review briefly the most important boundary conditions during the cultivation of a biofilm and 

their expected impact. Those conditions will need to be taken into consideration when designing a 

physical experiment on biostabilization to investigate potential future climate change effects (Part A);  

2) to review the current state of the art of biostabilization physical experimental designs (Part B);  

3) to inform the reader about the use of a surrogate materials, which could potentially allow long term 

investigations to be conducted by artificially mimicking the stabilizing properties of biofilms at different 

stages in their life cycle (Part C).  

A successful use of these surrogate materials would also allow a broader community to investigate 

biostabilization. Focusing on the erodibility, particularly the erosion threshold of biofilm-sediment 

matrices, biological aspects are not reviewed in this section. Instead the reader is advised to consult 

some other reviews (e.g. Gerbersdorf & Wieprecht, 2015, Battin et al., 2016, Grabowski et al., 2011, 

Vasudevan, 2014).  

7.2.1. Impacts on biofilm growth and biostabilization 

Vegetation will be strongly affected by climate change as abiotic as well as biotic boundary conditions 

change. Besides the most prominent example, global warming, there are other factors which will have 

a direct impact on vegetation growth. For example, a reduction of light intensity due to sea level rise, 

acidification, hydrodynamics providing nutrients and erosive forces are all likely to be affected by 

climate change. The most important factors are reviewed here and need to be taken into account in 

designing physical experiments. Examples of some typical ranges of these factors from selected studies 

are presented in Table 1.  

Biofilm growth 

On freshly deposited sediments (e.g. after a storm event), the formation of a biofilm in a natural system 

can be subdivided in three main phases, namely “attachment” (adhesion of cells to surface), 

“colonization” (formation of a monolayer and a micro-colony) and “growth” (Figure 2).  

It is intuitive to assume that the biostabilization potential will differ in these three main developmental 

stages. However, the time needed for the biofilm to develop a stabilization potential depends on the 

environmental boundary conditions. For example, Droppo et al. (2007) reported significant 

stabilization effects (factor three) after just five days of growth, while the first minor effects of 

biostabilization reported by Thom et al. (2015) were only visible after two weeks of growth.  
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Figure 2. The various stages of biofilm formation and development (from Vasudevan, 2014). 

A general trend of biofilm growth is that it increases the erosion threshold over time to potentially 

maintain a relatively stable state as reported by Fang et al. (2014). Thom et al. (2015) showed that 

environmental conditions and seasonality have a large impact on the evolution of the erosion 

threshold. However, experimental studies like these are scarce and the results should therefore be 

treated with caution.  

Hydrodynamics 

The role of hydrodynamics is particularly important for the formation of a biofilm for a number of 

reasons. First, it controls the efficiency of initial attachment of suspended microbes to the sediment. 

Second, it is closely linked to the availability of nutrients to the biofilm during colonization and growth. 

And third, the flow exerts a force to potentially detach the biofilm-sediment matrix.  

Especially in the early phases of biofilm formation, the initial contact between advected microbes and 

the substratum surface depends on the turbulent conditions of the flow. In the pioneering work of 

Stoodley et al. (1999) it was reported that under laminar flow conditions, cell attachment to a surface 

occurred sooner than under turbulent flow conditions. On the other hand, the coverage of the surface 

was lower under laminar conditions than under turbulent conditions. The authors reasoned that even 

though laminar flow conditions transported less cells to the surface (because of lower mixing rates), 

cell attachment efficiency was higher because at the same time, there was lower detachment, related 

to substantially lower fluid shear in laminar flow. 

Higher flow velocities during growth enhance the availability of nutrients due to higher mixing rates. 

More precisely, at higher flow velocities the thickness of the DBL (diffusive boundary layer), where 

mass transfer is significantly lower than in turbulent diffusion, is decreased (Larned et al., 2004). In fact, 

biofilms may suffer from nutrient deficiency in stagnant waters or at low flow velocities, even in 
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eutrophic systems. However, higher flow velocities also induce higher drag forces on the biofilm and 

may result in detachment.  

This trade-off between enhanced mass transfer and detachment is widely accepted (e.g. Stewart, 

2012) and it has been demonstrated that biofilms adapt to their specific situation. For example, at low 

flow velocities the biofilm produces filaments protruding into the water column to increase nutrient 

availability. In contrast, biofilms tend to be more compact and also potentially more stable at higher 

flow velocities (Pereira et al., 2002, Graba et al., 2013). 

Light regime 

Light quantity (i.e. intensity) as well as quality (i.e. intensity of different wavelengths) will be affected 

by climate change. Light is the main source of energy for algae and even some bacteria (e.g. 

cyanobacteria) to fix carbon and build up organic substances (Gerbersdorf and Wieprecht, 2015). The 

photosynthetic active radiation (PAR, typically: 400–700 nm) is the range of radiation that can be used 

by photosynthetically active organisms whereas the light intensity in µmol/m²s is a measure for its 

strength. Increased light intensities can result in enhanced growth, but potentially also in an enhanced 

production of oxygen bubbles that are produced below or on top of the surface of the biofilm and 

create a destabilizing lift force (e.g. Sutherland et al., 1998, Mendoza-Lera et al., 2015). The intensity 

of light can also be too strong, which might have a negative effect on biostabilization (Gerbersdorf & 

Wieprecht, 2015).  

It is important to note that even under no-light conditions (e.g. in a deep river channel, or as ‘‘deep 

biota’’ Black et al. 2002) a biofilm will develop, which consists of non-phototropic bacteria. 

Measurements made by Lubarsky et al. (2010) showed that bacteria produced a sticky EPS (as 

measured by the MagPI: Larson et al., 2009), which indicates the high potential for bacterial biofilms 

to stabilize sediments. On the other hand, no bacterial biofilm stabilization effect was reported in 

Thom et al. (2015) in the course of their experiments. They suggested that bacterial biofilms need more 

time to develop than their micro-algal counterparts.  

Typical light intensities that have been reported in the literature range from 0 to approximately 240 

µmol/m²s (see Table 1, also showing applied day/night cycles). To induce a nearly constant light 

intensity in the PAR, a range of specialised fluorescent tubes are available.  

Sediment 

The selection of substrate for biofilm cultivation is essential when the erosion threshold of the biofilm-

sediment matrix is studied. Natural substrate (e.g. from a river or estuary) typically has a high content 

of organic matter, nutrients and associated microbes, which are favourable for biofilm growth. 

However, the downside is that these constituents need to be analysed to determine their impact on 

biofilm growth. To relate these additional parameters to biostabilization effects is especially difficult if 

experimental conditions need to be reproduced in a later experiment (e.g. to study the influence of 

seasonality). A useful approach to circumvent this is to use artificial, inert sediment (e.g. glassbeads: 

Thom et al., 2015).  

The size of the sediment is crucial for erosional studies.  With either too large or too small sediment 

sizes, the biostabilization effect might not be relevant. Lick et al. (2004) analysed the initiation of 

movement of different size quartz particles with added bentonite (to mimic cohesion/adhesion 

effects) and reported that the major increase of critical bed shear stress for particles is between 100 
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and 400 µm. In further investigations, Fang et al. (2014) found that for particle diameters between 

0.01 mm and 0.2 mm adhesive and cohesive forces dominated over weight and electrostatic forces. 

Additionally, it needs to be considered, that with finer sediments the surface area offered for microbial 

settlement and colonization is increased (as reviewed in Gerbersdorf and Wieprecht, 2015) and pore 

spaces between sediments are smaller as well, which is in turn beneficial for the EPS to completely 

smother the grains and thereby potentially enhance stability (Black et al., 2002) (Figure 1).  

Water temperature 

The IPCC (2007) predicts a sea surface temperature (SST) increase of 1.5-2.6C by the end of the 21st 

century (compared to 1980-1999, after Meehl et al. 2007) This will ultimately affect growth rates of 

biofilms as it is well documented that metabolic rates increase exponentially with temperature (Brown 

et al. 2004). For example, Villanueva 2011 investigated biofilm formation by variation of nutrient 

availability and temperature and reported that the biofilm formation at higher temperatures was 

faster. Regulating water temperature in physical experiments is challenging as most flumes are not 

equipped with heat exchangers. However, the long durations of many experiments, are associated 

with water temperature increases due to the heat produced by pumping the water.  

Seasonal succession 

During the course of the year, physical, biological and chemical conditions change in systems where 

biofilms are present and this also impacts their community composition. Some organisms are 

outcompeted by others due to changes in factors such as water temperature, nutrient availability and 

light intensity. This seasonal succession process (Figure 3) also influences the biostabilization potential 

as was demonstrated by a number of researchers in different environments (e.g. Dickhudt et al. 2009, 

Amos et al., 2003, Thom et al., 2015). In most of these studies, the stabilities are higher during the 

warm seasons as compared to the colder seasons.   

 

Figure 3. A typical seasonal succession of phytoplankton populations (From waterontheweb.org). 
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Salinity 

Most knowledge on biostabilization comes from the marine environment, where biostabilization 

effects are believed to be more important than in freshwater environments. The abundance of cations 

in saltwater may be responsible for the seemingly higher potential for biostabilization of sediments 

(see Gerbersdorf & Wieprecht, (2015) and references herein for more information on this topic). 

However, recent physical experiments on biofilms cultivated in riverine freshwater systems indicate 

an equivalently high biostabilization effect (Thom et al., 2015; Gerbersdorf et al. 2009).  

7.2.2. State of the art: physical experimental designs 

Only a limited number of studies are available in which aspects of biostabilization were investigated in 

physical experiments. Most research so far was conducted in field experiments, for example in the 

Venice Lagoon using benthic annular flumes (Amos et al., 2004) or on a tidal flat during different 

seasons (Widdows et al., 2000). For fundamental studies on biofilm formation, flow cells are often 

used (e.g. Stoodley et al., 1998). Flow cells are perfectly suited for fundamental research on biofilm 

formation (e.g. mono species biofilms), but due to their rather small dimensions (Stoodley et al. 1998: 

lxwxh = 200x3x3 mm) they are not very useful in cultivating and investigating natural biofilms for 

erosion studies. Here, different experimental designs that have been used to investigate 

biostabilization in hydraulic laboratories are reviewed, with consideration of the key parameters 

considered in Part A. Table 1 summarizes the applied boundary conditions and aims of the studies 

discussed. 

Straight flumes are amongst the most widely used flumes for biofilm cultivation. Some flumes have 

been purposely constructed for investigations on biostabilization (e.g. Singer et al., 2006, Thom et al., 

2015, Vignaga, 2012: “Ervine flume”), other studies have modified existing flumes for that purpose (e.g. 

Graba et al., 2013, Vignaga, 2012: “Yalin flume”). Physical experiments on biostabilization in wave 

dominated environments are rare; one of them was conducted in a wave flume (Droppo et al., 2007). 

Other researchers used samples from nature and transported them to the laboratory. Larned et al. 

2004 immersed acrylic plates in a river, which were later placed in large aerated tanks before the 

measurements begin. Examples of different designs are illustrated in Figure 4.  

 

 

Figure 4 Experimental setup. Left: (a) outflow tank, (b) pump, (c) inlet flow section with baffles, (d) biofilm growth section, (e) 
outlet flow section, (f) weir, (g) fluorescent tubes, (h) sediment cartridges, (i) bypass, (j) current abatement, (k) fine tuning 
valve. Right: view into one of the two containers with three identical straight flumes. The complete setup consists of six 
identical flumes. Flume dimensions are: lxwxh = 3.00x0.15x0.15 m. From Thom et al. 2015. 

Water temperature 

Keeping water temperature constant is vital for biofilm cultivation. Heating up of the water circulated 

in flumes is likely, due to the higher performance demands of the pumps over several weeks. Heat 



Deliverable 8.1  Representing climate change in physical models 

Version 1 113 Wednesday, 07 December 2016 

exchangers supplied with cold water can be used to control the water temperature (see e.g. Thom et 

al. 2015). Another possibility to control the temperature is by placing the flumes in an air conditioned 

room (Singer et al., 2006) or by partly replacing the water directly from a nearby river (Graba et al. 

2010, 2013).  

Light regime 

Flumes can be equipped with fluorescent tubes (e.g. OSRAM Biolux®: Thom et al. 2015), hot wire spot 

lights and LEDs (Vignaga, 2012) or neon tubes (Graba et al., 2010). To modify light intensities in an easy 

way, the illumination source should be adjustable in height. Measuring light intensities can be done 

using a radiometer. It should be ensured that the light intensities on the biofilm surface are 

homogeneous; heterogeneities could result in spots of extreme or absent growth (Vignaga, 2012). 

Common light intensities are given in Table 1.  

 

 

Figure 5. Example of biofilm physical experiment setup from Graba et al. 2013. Top: Longitudinal view of the experimental 
flume; Bottom: Sketch of the principal laboratory flume, with locations of the PIV measurement access windows and the 
dimensions of the artificial cobbles. 

 

Inoculation & Nutrients 

Often natural river water is used as an inoculum (e.g. Thom et al., 2015, Graba et al., 2013). Normally 

this water contains enough cells for the initial formation of biofilms and may even contain enough 

nutrients (depending on the circulated amount of water and the duration of the experiments). To 

obtain nearly constant nutrient conditions, Graba et al. (2013) replaced their water directly from the 

Garonne River every four hours (Figure 6). A similar approach was used by Singer et al. (2006). However, 

this procedure may require filtering to avoid contamination with larger organisms (e.g. insect larvae) 
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and suspended matter (Singer et al., 2006, Mendoza-Lera et al., 2015). To ensure sufficient nutrient 

supply, some studies have added nutrient solutions to the recirculated water (e.g. Vignaga (2012) 

mixed in BG11 solution, which is commercially available). Sediment samples from a natural stream can 

serve as an inoculum (Mendoza-Lera et al., 2015) as they contain enough cells for a biofilm to start 

growing. 

 

Figure 6. Setup and components of the microcosm flumes in Singer et al. (2006). Lateral (a) and front (b) views, inlet (c), baffles 
(d), outlet and filter (e). Flume dimensions are: lxwxh = 1.30x0.02x0.02 m. 

Reproducibility 

Biofilm growth is heterogeneous and this also applies to its influence on biostabilization. Thom et al. 

(2015) reported a high variability in erosion thresholds even from samples taken from the same flume. 

To account for this heterogeneity, replicate measurements are strongly recommended. Mendoza-Lera 

et al. (2015) used 12 flumes located in a greenhouse for that purpose. Thom et al. (2015) constructed 

six identical flumes with individual water cycles, each holding 16 removable cartridges (containing the 

sediment on which the biofilm grows) providing enough samples to monitor biostabilization over time 

(Figure 4). Singer et al. (2006) built six sets of duplicate flumes (i.e. 12 flumes) and each flume was 

paved with 104 ceramic coupons for cultivation (Figure 6). Vignaga (2012) used boxes that were 

inserted into the “Yalin flume” for that purpose. Apart from hydrodynamic similarity, reproducibility 

of biofilms involves investigations on biological parameters. Singer et al. (2006) and Schmidt et al. 

(2015) both reported on the biological similarity of biofilms cultivated in purposely built flumes by 

comparing EPS, chlorophyll-a (chl-a), biomass and community, and concluded that these constitute 

valuable tools for biofilm characterisation.  
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Table 1. Selected studies, their aims and their applied boundary conditions during cultivation of biofilms. 

Aim of Study Light Intensity 

[µmol/m²s] 

day/night cycle 

[h/h] 

Mean Flow 
velocity 

[m/s] 

(τbed [N/m²]) 

Water 
temperature 

[°C] 

Reference(s) 

(1) specific hydrodynamic requirements of algal 
species; 

(2) test their detachment resistance. 

- 12/12 0.10/0.25/0.40 17-23 Graba et al. (2013) 

 

(1) the biostabilization potential at different seasons 
and under different environmental conditions;  

(2) overview on the mechanical processes in erosion. 

0/50/100 8/16 0.07/ 0.13/ 0.17 

(0.02/ 0.04/ 0.08) 

15±0.15 Thom et al. (2015) 

 

Describe and evaluate the reproducibility of flume 
microcosms by means of bacterial abundance, 
chlorophyll -a, biofilm surface area coverage and 
biofilm community composition. 

23.2 12/12 0.071/0.18/0.43 20 ± 1°C (air 
conditioned room) 

Singer et al. (2006)  

(1) biostabilization for a range of grain sizes;  

(2) flow modification;  

(3) tensile strength analysis.  

26 12/12 (0.42/0.64) 28 ± 0.5 ºC Vignaga (2012) 

(Yalin flume) 

Determine the potential of buoyant algal mats to lift 
sediments for a range of different grain sizes 

240 - 0.029 ±0.017 18.7 ±0.3 Mendoza-Lera et 
al. (2015) 
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7.2.3. Future recommendations - Can we use surrogates instead? 

Real interdisciplinary research involving ecological aspects in flume facilities is often hampered by the 

unavailability of flumes, which provide suitable conditions for cultivation and testing (Rice et al., 2010; 

Jonsson, 2006). As discussed in parts A and B, a multitude of environmental conditions need to be 

controlled to simulate natural conditions and study their impact on sediment stability. In this context, 

temperature control and salinity might be the most limiting parameters as few flumes are equipped 

with cooling systems and experiments with saltwater are often not permitted due to accelerated 

corrosion.  

Another serious challenge, which is not strictly related to the representation of climate change effects 

on biostabilization, is that long-term processes such as the response of natural biofilms to slow 

warming over decades, cannot be easily accelerated. Moreover, studies on the effect of 

biostabilization on morphology over longer periods need to consider the influence of short (e.g. after 

a storm event: attachment, colonization, growth see Figure 2) and intermediate (seasonality: different 

specialized organisms producing different quantities and qualities of EPS) variabilities. To simulate all 

these effects in a laboratory setting in reasonable time using natural biofilms is impracticable. 

Moreover, speeding up these processes by modifying environmental conditions will affect the 

composition of the biofilm and consequently transferability of results to natural environments. For 

example, Butterwick et al. (2005) demonstrated that by increasing temperature from 25°C to 30°C, 

diatoms failed to grow and as such the biofilm characteristics were significantly altered. This is further 

underlined by Rice et al. (2010) who noted that increasing temperature for scaling reasons in 

ecohydraulic experiments generally “is likely to have a profound effect on organism behaviour and 

survivorship”, thus should be treated with great caution.   

In the Hydralab+ project, we will therefore investigate the feasibility of mimicking the natural 

biostabilization potential by the use of chemical/biological surrogates. Potential candidates for these 

surrogates are commercially available thickening agents, where some of them are even true microbial 

polysaccharides (e.g. Xanthan gum), which are probably similar to natural EPS in their mechanical 

properties and structure. However, to use these in biostabilization studies a number of research 

questions need to be addressed: 

1. Practical considerations for the use of surrogates in flume facilities 

o How to mix the surrogates effectively such that their properties are reproducible? 

Are the surrogate’s material properties stable over time (for long term experiments) 

and at different temperatures? 

o Biofilms are typically thin layers - how to produce these layers? 

o How to visualize the surrogates - to get a detailed view on the erosion process? 

o After the experiments - How can we remove the surrogate? 

2. Exploring the mechanical similarities between surrogates and natural EPS 

o What are the key properties to influence stability – how can we mimic those by using 

surrogates?  

o Does a higher quantity (i.e. mg/g sediment) increase the biostabilization potential? 

Hypothetically, adding EPS to the sediment reduces the bulk density, which might 

also lead to a destabilization. 
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o Is the mode of entrainment similar for natural EPS and surrogates? 

3. Modification of properties 

o Can we de-activate the surrogate (pH / temperature / ….) and maybe re-activate 

later again for in-experiment cycling between bio and non-bio states? 

Apart from Xanthan gum a number of other surrogates exist (e.g. guar, gum Arabica, algenic acid, agar 

agar.) which potentially differ from each other in their properties. Furthermore, several studies have 

demonstrated how to extract EPS from different organisms (De Brouwer et al., 2002; Dade et al. 1990), 

so that EPS could potentially be used in these studies. Xanthan gum is probably the most well-known 

surrogate and its properties are well documented. Therefore, the focus here is on Xanthan gum. The 

following a review considers Xanthan gum properties and practical aspects, aimed at answering some 

basic questions about its potential use in flume facilities.  

Xanthan gum: Background information 

Xanthan Gum is one of the most widely used and investigated thickening agent materials. It is a 

microbial polysaccharide produced by the bacterium Xanthomonas campestris and used as a food 

additive (E-415) and rheology modifier. It is commercially available as a fine powder which is added to 

water to form a pseudo-plastic gum. Xanthan gum is thixotropic, which means that the viscosity 

changes over time when shear is applied. 

Practical aspects for the use of Xanthan gum in flume facilities 

Mixing Xanthan gum for use in flumes can be straightforward. For example, Nugent et al. (2011) added 

the powder to deionized water and then stirred the solution and mixed it with an immersion blender 

for homogenization. They also used a salt solution to increase background cations, which resulted in 

an increased stability compared to the results using deionized water. However, the conditions during 

mixing can also significantly alter the mechanical properties of the solution. Rheological properties, 

especially the viscosity of Xanthan gum, are affected by the production process and thus the 

commercial products may have different properties as well. The rheological properties also depend 

on temperature, both during dissolution (i.e. mixing) and during the measurements. Furthermore, the 

biopolymer concentration, concentration of salts, and pH in the solution all result in different 

stabilities (for a review on material properties, see Garcıa-Ochoa et al. (2000)). 
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Figure 7. Yield stress of different Xanthan gum concentrations mixed at dissolution temperatures of 25, 40, 60 and 80°C from 
Garcia-Ochoa (1994). Left Variation of yield stress with dissolution temperature at different Xanthan gum concentrations, TM 
=25°C; Right: Variation of yield stress with measurement temperature at different Xanthan gum concentrations, TD= 25°C.  

 

It is unlikely that large-scale physical experiments will be conducted in the range of temperatures given 

in Figure 7, but the possibilities of modifying the properties prior or even during the experiments is a 

noteworthy aspect. Furthermore, the dependency of Xanthan gum properties on the aforementioned 

factors indicates that great care should be taken in developing protocols that enable reproducible 

production of Xanthan gum mixtures. 

The mechanical similarities between natural EPS and surrogates 

A natural biofilm is a complex three-dimensional structure consisting of different micro-organisms and 

an EPS matrix, which is composed of voids, channels and dense areas (Flemming & Wingender, 2010). 

Moreover, biofilms are highly heterogeneous, both spatially (on very small scales) and temporally (e.g. 

Tolhurst et al. 2005). It seems impossible to account for all of these aspects by using a simple surrogate 

like Xanthan gum. In fact, Perkins et al. 2004 noted that creating engineered sediments by addition of 

surrogate EPS might not even resemble the biological/chemical compounds correctly, suggesting that 

studies using surrogates potentially fail in investigating the role of polymers in biostabilization 

processes. However, even though surrogates might not be good analogues of natural biofilm-

sediment substrates, the use of Xanthan gum is still useful for investigating biostabilization and 

sediment erosion, wherein mechanical similarity, rather than chemical or biological similarity, is most 

important.  

Tolhurst et al. (2002) investigated the stability (i.e. the erosion threshold and the erosion rate) of 

Xanthan gum at different concentrations by application of the “Cohesive strength meter” (CSM). They 

found that the stability increased with Xanthan gum concentration. This trend has also been reported 

by Black et al. (2001). Additionally, Tolhurst et al. (2002) compared their results to in-situ 

measurements on biofilms that contained an equivalent quantity of EPS and found that the artificial 

Xanthan gum - sediment mixture was approximately half as stable as their natural counterparts. They 
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hypothesized that the reasons for this difference were a) the quality (proteins and lipids) of the 

Xanthan gum could have been different, and b) the characteristics of natural EPS as secreted by 

organisms.  

 

Figure 8. Low-temperature scanning electron microscope images (from Black et al. 2001) of (a) partially freeze-dried EPS 
“dissolved” in seawater (note the natural fibrillary network structure (scale bar 100µm)); (b) EPS and sand treated with 
1.25gkg -1 EPS; low magnification image showing strands and threads of EPS (note the continuous swath of EPS down the 
right-hand margin (scale bar 1000 µm)); (c) high magnification view detailing polymer bridging between grains as well as 
interstitial EPS (scale bar 100 µm); (d) low magnification image at EPS concentration of 5 g kg -1 showing generally greater 
occlusion of pores by polymer (scale bar 1000 µm). 

To support their findings, LTSEM images were taken and qualitatively compared. They reported that 

at low concentrations the Xanthan gum is hardly visible and is probably adsorbed to the sediment 

surfaces. At higher Xanthan gum concentrations, strands begin to form physical connections between 

the grains. Structural aspects were also considered in Black et al. (2001) who reported that by 

increasing the concentration, more and more voids were occluded by strands (Figure 8). Their results 

indicate a moderate linear increase in stability with concentrations between 0 and 2.5 g/kg and an 

unexpected high stability at 5 g/kg, which supports their structural observations. 

Erosion flumes as well as other erosion devices measure the erosion threshold on a large area, thereby 

integrating and averaging erosion induced by the complex flow characteristics. The sediment content 

(or the sediment to EPS ratio) and the characteristics of the sediment (cohesive or non-cohesive) play 

an important role in this context. Rheological parameters of the surrogate, such as viscosity or liquid 
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limit are material properties and can be determined independently from the sediment. Such 

parameters may be useful to compare “natural” biofilm characteristics to the properties of surrogates. 

It is intuitive to assume that biofilms and surrogates will behave mechanically similar if the key 

mechanical properties are identical. 

Another important material property is the adhesiveness (i.e. the glue-like effect) of the surrogate 

which can be measured with the MagPI-IP system (Thom et al., 2015b). For example, it was found that 

the pull-off force (a proxy for adhesion) increased with higher concentrations of the Xanthan gum 

dissolved in water (Figure 9), which is in line with the trend of erosion thresholds reported by Black et 

al. (2001) and Tolhurst et al. (2002). These findings suggest which parameters of a surrogate, especially 

those of Xanthum gum, influence sediment stability. Such information is important given the aim of 

successfully mimicking “natural” biostabilization effects.  

 

Figure 9. Sediment stability trends as a function of increasing Xanthan gum (XG) concentration. Left: The pull-off force as a 
proxy for adhesion at different concentrations of XG dissolved in water (unpublished data); Middle: Stability as determined 
with the CSM at different concentrations of Xanthan Gum per dry weight sediment (Black et al., 2001); Right: Averaged 
stability as determined with the CSM at different concentrations of XG per dry weight sediment (after Tolhurst et al. 2002). 
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 PARAMETRISATION OF AQUATIC VEGETATION IN HYDRAULIC AND COASTAL 

RESEARCH 
Although the interaction between flow and vegetation has been increasingly in the focus of 

experimental works within the scientific community in the past decades, a large body of research has 

focused on mimicking vegetation made of stiff elements such as cylinders, and thus omitted the 

feedbacks of mechanical interactions (e.g., Johnson et al., 2014a; Aberle and Järvelä, 2015). Compared 

to stiff elements, aquatic plants are mostly flexible and adopt a streamlined shape reducing their 

projected frontal area to reduce their exposure to the flow attack (de Langre et al., 2012; Albayrak et 

al., 2013). In addition, aquatic vegetation generally develops a phenotypic plasticity in response to a 

change of an environmental factor (Gratani, 2014). Such change in the plant behaviour can be 

triggered by any mechanical stress such as the transplantation into a flume or the sudden change of a 

hydraulic regime (Read and Stokes, 2006; Puijalon et al., 2008), which can lead in some cases to a very 

low life expectation in a flume (Johnson et al. 2014b). This is the reason why the development of inert 

plant surrogates offers a sustainable solution to remove any bias introduced in a test by a potential 

change of the plant’s behaviour in a field or flume environment. In addition, the development of inert 

surrogates allows for a more controlled experimental validation of the analytical parametrisation of 

plant-flow mechanical interactions, which currently lacks of a standard formulation (see Henry et al. 

(2015) for a comprehensive review).  

The design of plant surrogates can be adapted to target specific characteristics of the vegetation to be 

studied, such as various biomechanical properties. This approach is necessary to quantify the way key 

parameters such as flexibility and buoyancy determines a plant’s mechanical behaviour (e.g. Luhar 

and Nepf, 2011), which in return affects the hydraulics of the system studied. Methods used to 

produce plant surrogates can be either based on assembling various materials to reach the desired 

structural complexity representing the targeted specie (Paul and Henry, 2014), or develop casting 

techniques in order to have a better control of the plant morphology and allow for surrogate mass 

production (Johnson et al. 2014a). 

The development of surrogates relies on the good understanding of the plant biomechanical 

properties and requires therefore extensive field data collection prior to the main experiments (Nikora, 

2010). Although recent works are relying more and more on plant surrogates (see Johnson et al 2014a 

for a non-exhaustive list), only few studies investigated the surrogate design process for complex 

shaped aquatic plants, such as the work carried on by Paul and Henry (2014), and this process is yet 

to be developed for freshwater aquatic vegetation.  

In the context of changing fluvial systems, the use of plant surrogate offers the opportunity to better 

control the interactions between aquatic vegetation and a changing hydraulic environment, without 

the issue of phenotypic plasticity typical from biotic systems (Read and Stokes, 2006; Nikotra et al. 

2010). However, if progressive changes of the vegetation properties are to be considered, surrogates 

would need to be replaced on a regular basis during the experiment. 

Plant surrogates offer new possibilities to test hypothesis and new patterns linked to changing fluvial 

systems. Johnson et al. (2014a) detailed the various benefits and the limitations of using inert physical 
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surrogates, and these points will therefore not be detailed here. However, surrogate development is 

still in its infancy and depends on a detailed knowledge of the morphology and biomechanics of the 

specie of interest, and we present here some of the major issues yet to be tackled, in the context of 

changing fluvial systems: 

 Seasonality: Aquatic plants do present morphological and potentially mechanical variations 

based on seasonal patterns. In experiments, the potential interaction between the different 

time scales such as the seasonal growth and the time between active and inactive hydrological 

regimes needs to be taken care of. In the case of experiments involving time compression 

(systems always active/in flood, see e.g. Paola, 2000) effects due to seasonal changes of plant 

characteristics may be lost. 

 Mechanical tests: Implementation of well identified techniques within their domain of validity 

to collect biomechanical data and if necessary, adaptation to the constraint of a field data 

collection (Henry 2014, Henry et al. 2016). A good understanding of the plant biomechanical 

properties requires the use of a solid dataset from real-life conditions (Nikora, 2010). 

 Systematic design procedures: In a laboratory representation of a hydraulic system, the 

question of the required level of complexity of a plant surrogate is still open. As highlighted 

by Denny (1988), it is critical not to fall into a purely engineering approach and redesign the 

plant structure. The understanding of the existing structural organisation of a plant is a key to 

the identification of the environmental factor that defined it, and should highlight the features 

to be reproduced in an experiment, depending on the processes and scales to be investigated.  

 Systematic performance tests: Most important part in a design process, performance tests 

should be conducted systematically to ensure that the dynamic behaviour of the surrogate 

correspond to the original criteria, i.e. the reproduction of the process observed in nature 

(flexibility, plant to plant interaction, effect on sediment transport). 

 Scaling plant properties: In theory, it is possible to scale down plant properties, which may 

lead to a distortion in time and/or space of the hydraulic model Johnson etal (2014a), a 

distortion of time (compression) being of high interest in the representation of fluvial system 

evolution over larger time scales. In practice, no such work has been published to the best of 

our knowledge, and investigations related to scaled plant properties are just about to start. 

The potential interaction of this new distorted ‘plant time scale’ with the other time scales 

applying to sediment transport and larger morphological evolutions is yet to be characterised. 

It may be noted that the development of the use of plant inert surrogates may also help and be done 

in parallel to numerical modelling studies replicating fluid flow around vegetation (Marjoribanks et al. 

2014, 2015), whose effects can be included into larger numerical simulation addressing fluvial 

adaptation at a larger space and time scale. 
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 MEASURING ORGANISM STRESS AND BEHAVIOURAL INTEGRITY IN FLUME 

FACILITIES 

7.4.1. Introduction 

Laboratory experiments are widely used to investigate how biota affect drag, turbulence, velocity 

profiles, sediment transport and other fundamental processes under controlled conditions, using 

either live organisms or surrogates. While surrogate plants and biofilms have a number of advantages 

including reproducibility and simplification, there are also benefits to using live organisms, including 

better representation of physical structures and dynamic properties (Johnson et al., 2014a). In cases 

where the research question is best addressed using live organisms, experimenters are then faced 

with the significant challenge of keeping their plants or biofilms healthy within the experimental 

facility.    

Johnson et al. (2014b) emphasise two reasons why the health and well-being of live organisms used 

in flume facilities is important: scientists have an ethical responsibility to avoid causing stress or pain; 

researchers need to ensure that organism behaviour is relatively stress-free and therefore analogous 

to wild equivalents. Without the latter, the integrity of experimental results is compromised because 

stress may change the physiological and behavioural responses of vegetation or biofilms such that the 

interaction with flow or with sediment transport is unrealistic. Of course, these organisms are often 

stressed in their natural environment by competition for resources and by other ecological and 

biological interactions. Their interactions with their environment are variable and complex, such that 

there is no ideal stress-free state that must be mimicked. Nevertheless, a basic goal of most 

experimental work will be to reproduce in the flume, behaviours that are typical in nature and, in that 

case, low levels of stress are desirable.  

Focusing on the use of vegetation, within hydraulics facilities, plants may be stressed by one or more 

environmental factor including inappropriate water chemistry (salinity, pH, dissolved oxygen, 

inorganic carbon), water temperature, substrate (physical and chemical properties), lighting (amount, 

timing), and flow characteristics (depth, velocity, drag). Their health and behaviour may also be 

affected by biological considerations, including insufficient nourishment (type, quantity, and timing), 

competition for resources amongst individuals and, potentially, the introduction of pathogens. 

Johnson et al., (2014b) provide a useful review of these main stressors and their management in flume 

facilities. Most plants are able to tolerate a range of environmental conditions, with fatality beyond 

limiting thresholds. As conditions become less optimal, but sub-lethal, the plant will adapt, potentially 

altering the way in which it interacts with the flow. We know very little about these adaptations and 

what they mean for hydraulic performance, but existing work suggests that the relations are likely to 

be complex, especially where multiple stressors are present (e.g. Puijalon et al., 2007).  

So, demonstrating that vegetation is not physiologically or behaviourally stressed during experiments 

should be a standard element of any experiment involving live plants. Without that assurance it is 

difficult to be confident that measured hydraulic and morphodynamic responses can be properly 

assigned to treatment effects, not abnormal behaviour caused by the experimental environment. 

While it may be relatively easy to detect serious ill-health or the death of a plant that is part of a flume 
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experiment, earlier stages of decline that affect the plants interaction with the flow, may go 

undetected, potentially undermining the results obtained.  

7.4.2. Key challenges and research questions 

This leads to the identification of two key challenges for investigating plant-flow-sediment interactions, 

not least, in the context of climate change adaptation:  developing protocols that can be used to 

monitor plant health or stress levels during flume experiments; and developing a fuller understanding 

of how health and stress levels affect key plant structures, physiological responses and behaviours 

that are relevant to flow and sediment interactions. 

Meeting these challenges would provide experimenters with a basis for making objective decisions 

about how stressed a plant is and whether the level of stress is sufficient to affect behaviour and 

therefore the integrity of an experiment. Key questions are: 

1. How does stress affect those physical characteristics of the plant that control flow 

interactions?  

2. What is a useful way to routinely measure stress in plants, in flume facilities? 

3. At what stress levels do flow interactions cease to be realistic? 

How does stress affect the physical character of aquatic plants? 

Numerous structural and physiological plant characteristics are relevant to vegetation hydraulics 

(Green, 2005; Neumeier, 2007; Tempest et al. 2015) including: stem and leaf buoyancy (Luhar and 

Nepf, 2011); the strength, flexibility and elasticity of stems and leaves (Armanini et al., 2005; Paul et 

al., 2012); the shape and size of stems, leaves and whole plants (James and Barko, 2000; Wilson et al., 

2003) and the density and arrangement of plant communities (Graham and Manning, 2007; Widdows 

et al., 2008; Chen et al., 2011). Meike et al., (2014) provide a useful review of how these factors matter 

via their impacts on drag, transfers of momentum and turbulence generation. Because stress affects 

key structural and physiological properties, it is clear that stress will have implications for vegetation 

hydraulics, but to our knowledge the nature of these relations has not been examined or quantified.  

How might stress be measured in aquatic plants used in flumes? 

Many of the techniques that have been developed for assessing stress in plants are associated with 

environmental toxicological studies that seek to understand how environmental factors, including 

anthropogenic pollutants, affect plant health. With objective measures of stress, insitu plants can be 

used as indicators of environmental quality or act as sentinels of environmental degradation. Work on 

aquatic plants, rather than terrestrial plants, is relatively and aquatic plants are perhaps underutilised 

in biomonitoiing (Lovett Doust et al., 1994; Brain and Cedergreen, 2009). Nevertheless, studies have 

linked changes in plant health and abundance to eutrophication, urban pollution and trace metal 

contamination (Ferrat et al., 2003). 

A key methodology involves the use of biomarkers – measurable symptoms evident in tissues, cells 

and biological fluids – that reveal changes in the plant caused by an external stress. Stress biomarkers 

can provide real-time indications of general or particular stressors. Crucially, biomarkers extend what 

is possible using visible or morphological parameters thereby facilitating detection of stress prior to 
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obvious visible symptoms including chlorosis or necrosis (Ernst and Peterson, 1994; Brain and 

Cedergreen, 2009). Some biomarkers focus on specific stresses: so, for example, the activity levels of 

enzymes involved in the assimilation of nitrates and phosphates can indicate nutrient deficiencies and 

specific phenolic compounds have been associated with grazing pressure, infection and heavy metal 

pollution (Ferrat et al., 2003).  

Other biomarkers provide a more general indication that a plant is stressed, but not necessarily what 

the stressor is. Chlorophyll fluorescence is a widely used and robust means of measuring a plant’s 

reaction to one or more environmental stressors, specifically by assessing damage to the plant’s 

photosynthetic apparatus (Maxwell and Johnson, 2000). This technique has been used in different 

seagrass species to identify stress associated with infection, heat, desiccation, inappropriate light 

levels and metal and herbicide pollution (Ferret et al., 2003). Measurements are simple to make, not 

least because portable chlorophyll fluorometers are relatively cheap and reliable, but aspects of the 

underlying theory remain controversial so data interpretation requires care (Maxwell and Johnson, 

2000). While it is likely that chlorophyll fluorescence could provide a cheap, relatively straightforward, 

reliable and rapid means of measuring total levels of stress in flume vegetation, there is a need to 

establish appropriate protocols and demonstrate the value of the technique for those stresses most 

likely to affect plants in flume facilities.  

How does stress affect the realism of plant-flow interactions?  

Measuring levels of vegetation stress using an appropriate technique will provide a means to examine 

the relations between levels of stress and the hydraulic performance of a plant. Hydraulic 

performance refers to the degree to which a plant’s interaction with the flow is affected by structural 

or physiological changes caused by environmental stress. Given the tolerance of many plants to broad 

ranges of environmental conditions and the natural propensity for organisms in nature to be stressed, 

it may be difficult to define a simple reference condition that represents ‘natural’ behaviour in the 

absence of any stress. However it may be possible to identify levels of stress beyond which changes in 

key structural or physiological characteristics have a clear impact on flow characteristics.  

7.4.3. Information gaps 

Maintaining behavioural integrity in flume experiments is not, therefore, simply a case of measuring 

stress, but also requires understanding of the relations between measured stress, plant characteristics 

and hydraulic performance. Developing this understanding requires work to develop a suitable 

protocol for measuring plant stress in flume facilities and also work to relate stress levels to plant and 

hydraulic responses. What are ideal aquatic plant species to work with in developing suitable protocols 

for measuring and understanding the impact of stress? It is appropriate to focus on key or model 

species because it is impracticable to develop this understanding for all aquatic plants. Key species 

include those that are of widespread interest to the hydraulic engineering community, perhaps 

because their potential value in green interventions has been recognised or because they are 

widespread and known to strongly affect shallow-flow hydraulics. Model species are those which can 

be used to represent the members of a wider plant group because they share common structural and 

physiological characteristics.  


