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Summary 

The microbial stabilization of fine sediments constitutes an essential ecosystem function 

with great ecological and economic implications e.g. in the context of reservoir and waterway 

management. Although this process is well researched in intertidal mudflats, there is still a 

major lack of knowledge for lotic systems.  

To perform fundamental research in this field and to account for the associated very high 

level of complexity, expertise of natural and engineering science was combined in an 

interdisciplinary approach. A highly sophisticated mesocosm setup was designed and 

constructed to guarantee fully controllable and reproducible natural-like boundary conditions 

during biofilm formation. The overall aim of the performed studies in this doctoral thesis was 

a comprehensive investigation of all relevant parameters of the cultivated biofilms, such as 

the microbial biomass, the produced extracellular polymeric substances (EPS), and the 

composition of the microbial community as well as the stability of the biofilm. This extensive 

approach should allow the identification of functional key parameters of the biofilm as well 

as essential interactions and their impact on the overall biofilm ecosystem and resulting 

biostabilization. In a series of long-term experiments, different influencing factors on biofilm 

development and corresponding biostabilization were assessed. The first potential impact 

factor that was analyzed was the experimental setup itself. Furthermore, the influence of the 

seasonal changes of the microbial community in the utilized river water and the effects of 

different levels of bed shear stress and illumination intensity were assessed. 

The results of these different experiments provided essential new insights into the process 

of biostabilization of lotic fine sediments. Firstly, the reliability of the used experimental setup 

could be proven, as no significant differences could be detected in biofilm formation and 

biostabilization comparing different mesocosm sections. The fact that very similar biofilms 

were developing when the boundary conditions were identical was a crucial prerequisite for 

any further investigations. In addition, the relevance of biostabilization in lotic systems, which 

was doubted for a long time, could be proven. However, freshwater and brackish habitat can 

be very different (e.g. in terms of nutrient availability). This was exemplarily indicated by 

significantly lower microbial biomass in the analyzed freshwater biofilms compared to 

biofilms from well-studied intertidal mudflats. Moreover, the very complex interplays between 

bacteria and diatoms in the biofilm matrix were underlined which led to a focus on this 

subject during further subsequent studies via an extensive genetic and microscopic profiling. 
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Secondly, the important role of EPS during biostabilization could be demonstrated, whereby 

the significance of extracellular proteins, such as adhesives produced by sessile diatoms, 

was suggested. This observation may extend the current EPS research which focusses on 

extracellular carbohydrates due to their high quantitative fraction in the EPS matrix. 

Furthermore, the interactions between the microbes, the extracellular matrix and the overall 

stability of the biofilm system appeared to be much more complex than formerly assumed.  

Thirdly, the importance of the microbial community in the biofilm system could be elucidated. 

Even though a high correlation between mere microbial biomass and biostabilization could 

be detected, especially the seasonality experiments emphasized the impact of the life style 

of key players among the diatoms. These insights could be extended during the experiments 

analyzing the different levels of abiotic boundary conditions, where differently stable biofilms 

were clearly dominated by different assemblages of dominant bacteria. These observations 

constitute very important new insights into microbial biostabilization as a direct correlation 

between microbial ecology and the overall, actually measurable ecosystem function of the 

biofilm could be shown for the first time. 

Concluding, the insights into the fundamental principles of biostabilization gathered during 

this thesis can be seen as important steps for further fundamental research. The 

construction of a reliable unique setup is complete, the reproducible biofilm cultivation in this 

setup is verified and first investigations of different driving factors during biostabilization were 

performed. These analyses paved the way for further studies to analyze currently hardly 

assessed boundary conditions and deeper assessments in order to generate a sound 

database for future modelling approaches of the dynamics of microbially stabilized lotic fine 

sediments. 
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Zusammenfassung 

Die mikrobielle Stabilisierung von Feinsedimenten stellt eine wichtige Ökosystemfunktion 

dar, welche hohe Relevanz in ökologischen und ökonomischen Fragestellungen hat. So 

wird beispielsweise die Bewirtschaftung von Talsperren sowie von Wasserstraßen und 

Häfen durch die Dynamik von Feinsedimenten stark beeinflusst. Obwohl der Prozess dieser 

sogenannten Biostabilisierung bereits seit den 1990er Jahren in marinen und 

Brackwasserhabitaten untersucht wird, besteht vor allem im Bereich von Fließgewässern 

noch ein deutlicher Forschungsbedarf.  

Um diesem überaus komplexen Forschungsgebiet, in dem Aspekte der Physik und Chemie 

sowie Mikrobiologie und Ökologie berücksichtigt werden müssen, ausreichend Rechnung 

tragen zu können wurde ein interdisziplinärer Forschungsansatz konzipiert, bei dem die 

Expertise von Naturwissenschaften und Ingenieurswissenschaften miteinander verknüpft 

werden kann. So wurde ein Versuchsaufbau in Form eines Mesokosmos entwickelt und 

umgesetzt, um die Vorteile von Feld- und Laborexperimenten vereinen zu können. Dabei 

lag die Gewährleistung sowohl naturnaher als auch kontrollier- und reproduzierbarer 

Randbedingungen während der Biofilmkultivierung im Fokus der Erwägungen. Das 

Hauptziel der in diesem Mesokosmos durchgeführten Versuchsreihen bestand in einer 

umfassenden Untersuchung aller im Prozess der Biostabilisierung beteiligter 

Biofilmbestandteilewie beispielsweise der mikrobiellen Biomasse, der Bakterien und Algen 

sowie deren sezernierter extrazellulärer polymeren Substanzen (EPS). Des Weiteren 

wurden die Zusammensetzung der mikrobiellen Gemeinschaft und die Adhäsivität 

(Oberflächenklebrigkeit) der Biofilme analysiert, um die Identifizierung möglicher 

funktioneller Schlüsselparameter sowie Schlüsselorganismen und deren Einfluss auf die 

resultierende übergeordnete Ökosystemfunktion der Biostabilisierung zu ermöglichen. Zu 

diesem Zweck wurden die Auswirkungen verschiedener möglicher Einflussfaktoren auf die 

Ausbildung und Entwicklung der Biofilme untersucht. Dabei war der erste mögliche 

Einflussfaktor der eigentliche Versuchsaufbau, da nicht ausgeschlossen werden konnte, 

dass dieser beispielsweise eine unterschiedliche Biofilmentwicklung in verschiedenen 

Teilabschnitten der Fließrinnen begünstigt, wodurch sich auch eine mögliche 

Beeinträchtigung der Biostabilisierung ableiten ließe. Außerdem wurde der Effekt der 

saisonal veränderlichen mikrobiellen Biozönose des Flusswassers, welches für die 

Experimente verwendet wurde, sowie die Auswirkungen unterschiedlicher 
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Beleuchtungsintensitäten und Sohlschubspannungen während des Biofilmaufwuchses 

getestet.  

Aus den Ergebnissen der einzelnen Teilprojekte konnten essentielle neue Erkenntnisse 

bezüglich der Grundlagen der Biostabilisierung von Fließgewässerfeinsedimenten 

gewonnen werden. In einem ersten Schritt war es möglich, die Verlässlichkeit des 

Versuchsaufbaus zu bestätigen, da Biofilme aus verschiedenen Sektionen des 

Mesokosmos keinerlei statistisch signifikante Unterschiede hinsichtlich der Entwicklung und 

der daraus resultierenden stabilisierenden Wirkung auf das bewachsene Feinsediment 

zeigten. Dieser Nachweis, dass in dem verwendeten Versuchsaufbau bei identisch 

eingestellten Randbedingungen sehr vergleichbare Biofilme kultiviert werden können, stellte 

eine maßgebliche Voraussetzung für alle nachfolgenden Untersuchungen dar, da nur so 

eine Reproduzierbarkeit der Ergebnisse gewährleistet werden kann.  

Darüber hinaus konnte die lange Zeit strittige Bedeutung der Biostabilisierung für 

Fließgewässersysteme gezeigt werden. Diese Zweifel wurden unter anderem mit dem 

Fehlen starker Ionischer Bindungen in der extrazellulären Matrix aufgrund geringer 

Ionenkonzentrationen im Süßwasser begründet. Dennoch zeigten sich deutliche 

Unterschiede zwischen marinen bzw. Brackwasserhabitaten und dem untersuchten 

limnischen System. So war die mikrobielle Biomasse in den untersuchten 

Süßwasserbiofilmen, möglicherwiese als Folge von divergierenden 

Nährstoffverfügbarkeiten, deutlich geringer als beispielsweise in eingehend untersuchten 

Gezeitenzonen. Vor diesem Hintergrund ist es von großer Bedeutung, dass, wie in der 

vorliegenden Arbeit gezeigt werden konnte, bereits eine vergleichsweise dünne 

Biofilmschicht eine deutlich stabilisierende Wirkung auf das besiedelte Feinsedimente 

entwickeln kann. Darüber hinaus konnten hochgradig komplexer Wechselwirkungen 

zwischen Bakterien und Diatomeen im Biofilmgefüge nachgewiesen werden, die einen 

massiven Einfluss auf die Biostabilisierungsleistung entfalten. Daher sollte die mikrobielle 

Ökologie bei der weiteren Erforschung von mikrobieller Biostabilisierung durch 

Süßwasserbiofilme weiterhin als Schwerpunkt in vergleichbar umfangreichen genetischen 

sowie mikroskopischen Studien untersucht werden. 

Des Weiteren konnte die wichtige Rolle der EPS während des Prozesses der 

Biostabilisierung beleuchtet werden. Hierbei war die große Bedeutung der extrazellulären 

Proteine auffällig, welche beispielsweise in Form von Adhäsionsproteinen durch Diatomeen 
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zur Anheftung an Sedimentkörner gebildet werden. Die durchwegs höhere ermittelte 

Korrelation zwischen dem Gehalt an EPS-Proteinen und der Biofilmstabilität als die 

zwischen dem Gehalt an EPS-Kohlenhydraten und der Biofilmstabilität unterstreicht die 

hohe Relevanz der extrazellulären Proteine für die Struktur und Funktionalität des Biofilms. 

Darüber hinaus veranschaulichen diese Ergebnisse die vergleichsweise fragile Natur der 

extrazellulären Kohlenhydrate, welche dadurch im Vergleich zu den extrazellularen 

Proteinen eine geringere strukturelle Bedeutung für die Biofilmmatrix aufweisen. Diese 

Beobachtungen erweitern unser aktuelles Wissen über die EPS das sich zurzeit noch 

hauptsächlich auf die extrazellulären Kohlenhydrate konzentriert, da diese den 

überwiegenden Teil der EPS darstellen. Generell deuten die Beobachtungen während des 

Biofilmaufwuchses auf ein Netzwerk weit komplexerer Wechselwirkungen zwischen 

Mikroben, deren produzierten EPS und der allgemeinen Biofilmstabilität hin als bisher in 

anderen Studien gezeigt werden konnte.  

Neben anderen Einflussparametern zeigten sich die mikrobielle Gemeinschaft und deren 

Reaktion auf Umweltbedingungen von zentraler Bedeutung für die Entwicklung und 

Stabilität des Biofilms. Obwohl im Allgemeinen eine hohe Korrelation zwischen mikrobieller 

Biomasse und Biostabilisierungskapazität festgestellt werden konnte, demonstrierten vor 

allem die Untersuchungen zur jahreszeitlichen Veränderung der Mikrobengemeinschaft den 

massiven Einfluss von Schlüsselorganismen unter den Diatomeen. Dabei spielte die 

Lebensweise der dominanten Mikroalgen eine maßgebliche Rolle, da beispielsweise eine 

Dominanz sessiler Arten stets mit hoher Biofilmstabilität einherging, während hohe 

Abundanzen späterer, mobiler Sukzessionsstadien mit einer signifikant niedrigeren 

Biofilmstabilität zusammenfielen. Die Ergebnisse der Experimente zur Auswirkung 

unterschiedlicher Randbedingungen konnten diese Erkenntnisse zusätzlich um die 

Bedeutung der dominanten Bakterienarten erweitern. Denn auch hier zeigten sich klar 

unterschiedliche Dominanzmuster zwischen stabilen und fragilen Biofilmen. Ferner war es 

möglich, erste Gemeinsamkeiten in der Physiologie und Morphologie der bakteriellen 

Schlüsselorganismen herauszuarbeiten und diese mit der Auswirkung auf die 

Biofilmstruktur in Beziehung zu bringen. So erscheinen unbewegliche, koloniebildende 

Arten, die zu hoher EPS- Produktion fähig sind und somit als Pioniere für die spätere 

Absetzung der Diatomeen dienen können, stets in sehr stabilen Biofilmen vorzukommen. 

Im Gegensatz dazu dominierten hochgradig mobile Arten, welche bekanntermaßen 

hauptsächlich in Stresssituationen, wie beispielsweise Nährstoffknappheit, zur 

Biofilmbildung neigen und häufig zwischen mobilem und sessilem Lebensstil wechseln 
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vergleichsweise fragile Biofilme. Diese Beobachtungen stellen wichtige neue Ergebnisse 

dar, da sie zum ersten Mal eine direkte Verbindung zwischen mikrobieller Ökologie und der 

daraus resultierenden, übergeordneten, tatsächlich messbaren Ökosystemfunktion des 

Biofilms ermöglichen.  

Insgesamt stellen die gewonnenen Ergebnisse wichtige Anknüpfungspunkte für 

weitergehende Studien dieser grundlegenden Prinzipien des Prozesses der mikrobiellen 

Biostabilisierung von Fließgewässerfeinsedimenten dar. Mit dem beschriebenen 

Mesokosmos steht ein Versuchsaufbau zur Verfügung, mit dem die Reproduzierbarkeit der 

Biofilmentwicklung eindeutig nachgewiesen werden konnte. Darüber hinaus wurden erste 

orientierende Versuchsreihen zu unterschiedlichen Einflussfaktoren durchgeführt. Diese 

Untersuchungen legen die Grundlage für weiterführende Untersuchungen, in denen 

beispielsweise bisher wenig betrachtete Randbedingungen bearbeitet oder detaillierte 

Einzeluntersuchungen durchgeführt werden können. So kann in Zukunft eine ausreichende 

Datengrundlage geschaffen werden, um dem Ziel einer Modellierbarkeit für die mikrobiell 

beeinflusste Dynamik von Fließgewässerfeinsedimenten näher zu kommen. 



 
12 

 

1. Introduction  

1.1 Biofilms  

On virtually every kind of interphase between the liquid and the solid phase, biofilms can 

develop and further, are able to proliferate. Thus, biofilms can be regarded as ubiquitous. 

They occur in all kinds of comparably moderate environments such as soil and the 

rhizosphere, or in aquatic ecosystems as growth-upon on aquatic plants and on the neuston 

on the water surfaces of water bodies. However, biofilms are also able to grow under 

extreme life conditions for example on the abyssal floor in close proximity to black smokers 

(Steen et al., 2016), in salt lakes (Di Meglio et al., 2014), or under the eternal ice of the poles 

and in alpine regions (Chrismas et al., 2016;  Mykytczuk et al., 2016). Moreover, all kinds of 

animal epithelia can be colonized by different microbiomes. As a result, an extremely highly 

structured environment such as soil with various pores and differently shaped interphases 

between substrate, air and water can harbour a multitude of microbes and biochemical 

pathways (Trevors, 2010). In this context, the ability to form biofilms is regarded as one 

major evolutionary adaption and one reason for the success and flexibility of microbes – in 

combination with different forms of dormancy and a broad range for genetic transfer 

(Flemming et al., 2016).   

Being part of a biofilm ecosystem is such a successful lifestyle that most bacteria and many 

unicellular algae traverse a cycle of free living and biofilm developmental stages 

(Gerbersdorf & Wieprecht, 2015;  Proctor & Hammes, 2015). The decisive advantages of a 

lifestyle in a microbial biofilm over a free-living existence lie in the structure of biofilms: Over 

90% of the volume of a matured biofilm consists of a viscous matrix which is mainly 

composed of water with a low concentration of colloidal (water soluble) extracellular 

polymeric substances (EPS) – largely different carbohydrates and proteins as well as lower 

quantities of lipids and extracellular DNA- produced by microbes (Flemming et al., 2000b;  

Flemming & Wingender, 2001;  Flemming & Wingender, 2010). This is essential for the 

survival of biofilm microbes. Not only is the water content a protective layer against 

desiccation, but the extracellular biofilm matrix has a variety of important functions. Among 

these are a significant increase of the surface of the microbes which enhances diffusion, 

and the establishment of a confined reaction location which improves the effectiveness of 

extracellular metabolism. This enables e.g. bacteria to break down complex molecules via 

extracellular enzymes. Furthermore, the EPS can function as a nutrient storage or as 
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messenger molecules. The microbial cells embedded in the biofilm matrix additionally 

benefit from the close proximity to each other which facilitates the transfer of information 

e.g. the exchange of DNA or quorum sensing (Emge et al., 2016). Thus, the biofilm 

community can rapidly adapt to different boundary conditions and changes in the 

environment via a large exoproteome (De Angelis et al., 2015) which may provide a decisive 

advantage that can lead to the survival of the majority of the biofilm bacteria while a 

comparable number of separated planktonic cells might have already died.  

However, it is very important to not only consider the single microbial cell, but the total biofilm 

biocoenosis. It is obvious that a biofilm matrix is characterized by various processes of 

competition e.g. for nutrients, light, oxygen or trace elements and that the different strategies 

to fight competing microbes (Rendueles & Ghigo, 2012) can result in the detachment or 

decay of microbes or even clusters of microorganisms. In natural, complex, mixed species 

and -taxa biofilms, predation also plays a very important role so that the abundance of 

certain species can be significantly reduced. Thus biofilms will be presently regarded as 

highly dynamic systems characterized by a continuous attachment and detachment of 

microbial cells. Furthermore, a repeated  change between swarming or floating, and sessile 

forms in the life cycles of  the biofilm microorganisms occurs (Rendueles & Ghigo, 2012) 

(also see Figure 1). The resulting high temporal and structural heterogeneity of the biofilm 

system and the constantly changing conditions create a hotspot of microbial development 

and adaptation. Especially in emerging gradient zones of nutrients and metabolites, various 

niches can be established where different microbes can proliferate and new nutrient sources 

can be exploited (Lear et al., 2008;  Stewart & Franklin, 2008). Furthermore, this variety of 

different available nutrient sources can significantly increase the starvation resistance of 

microbes in a multispecies biofilm (Gao et al., 2016).  
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Figure 1: Stages of biofilm development modified after Monroe (2007): 1. Initial attachment; 2. 

Irreversible attachment; 3. Early Maturation; 4. Late Maturation; 5. Dispersal.  

Especially in motile bacteria, the formation of a biofilm is often a stress response during 

starvation and has been reported for multispecies environmental bacteria isolates (Elhariry 

et al., 2012). Specifically in Pseudomonas aeruginosa, this switching could be linked to 

phosphorus starvation and a complex regulatory system (Haddad et al., 2009). During the 

process of settlement, specialized outer membrane lipoproteins such as NIpE in E.coli (Otto 

& Silhavy, 2002) sense the attachment to a solid surfaces and initiate genetic signalling 

pathways to synthesise adhesive proteins. These proteins can be produced relatively easily 

by modifying flagella proteins, e.g. flagellin which was demonstrated to be essential for 

bacterial attachment to abiotic surfaces (Nejidat, Saadi & Ronen, 2008;  Zgair & Chhibber, 

2013). In a nutrient rich environment, different bacterial cells were reported to react with 

decreasing attachment to biofilms and surfaces, exhibiting mostly the free living stages of 

cells (Rochex & Lebeault, 2007). In order to react on spatially and temporally very variable 

nutrient conditions in a complex natural environment both the free swimming- and the sessile 

form are required. Thus, some bacterial families such as the Planctomycetaceae reacted to 

this dilemma by multiplying in an anisomorphic reproduction cycle where a sessile mother 

cell produces motile swarmer cells that leave the biofilm system (Schlesner & Stackebrandt, 

1986;  Woese, 1987). Swarmer cells can exploit new habitats and are able to form new 
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biofilms. This avoids intraspecific competitions for nutrients while profiting from the benefits 

of a biofilm system.   

1.2 Ecological relevance of biofilms 

Due to their virtual omnipresence in different environments, biofilms play an essential 

ecological role in many different habitats. As a description of the huge variety of all different 

biofilm functions would go beyond the scope of this section, only the most important 

ecosystem services that are relevant in aquatic sediment systems will be stated. 

 Biofilms constitute the foundation of the benthic food webs and are indispensable as their 

metabolic pathways guarantee the aquatic nutrient cycling. As an example, microbial 

nitrogen fixation, e.g. by cyanobacteria, plays a very important role by making the 

atmospheric nitrogen compounds that are integrated into the microbial biomass available 

for other aquatic organisms such as algae or protozoa (Sveden et al., 2016). The same 

holds true for phosphorus and sulphur (Hudek et al., 2016;  Mills, Antler & Turchyn, 2016). 

As biofilms develop on the benthos, the interphase of soluble chemicals in the water column 

and mineralized chemicals in the sediment, their metabolic turnover rates can be very high 

due to a combination of different extracellular enzymes (Sinsabaugh et al., 1991). The 

benthic-pelagic feedback loop also provides essential nutrients to the water column and e.g. 

planktonic microbes. However, this microbial loop is not only vital for nutrient cycling, it also 

constitutes the first step in the capacity of self-purification in aquatic systems. Moreover, 

biofilms that consist e.g. of sulphate reducing and methanogenic bacteria and archaea have 

been demonstrated to play a crucial role during the process of bioremediation of 

contaminated aquifers and fine sediments e.g. after oil spills (Gieg, Fowler & Berdugo-

Clavijo, 2014;  McGenity, 2014). In this context, it is especially remarkable that even very 

toxic and complex molecules such as polycyclic aromatic carbohydrates or halogenated 

carbohydrates can be degraded to methane by a syntrophic mixed biofilm via a cascade of 

different fermentation processes.  

Furthermore, natural biofilms can be seen as vast virtually unlimited biochemical libraries. 

Not only constitutes the microbial diversity in a biofilm system an important source of 

functional resilience, the immense richness in microbial species found in different habitats 

and the corresponding genetic diversity encodes a great variety of enzymes, metabolites, 

and other biochemical substances which up to now mostly stay unstudied. Their future 
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various utilizations as industrial substance, excipients or pharmaceutical substance cannot 

be predicted yet. This is the reason why research on biofilms is of huge importance.  

1.3 Microbial biostabilization  

1.3.1 Background  

Another very important fact is that the EPS secreted by the different microbes during biofilm 

growth and development do not only attach the individual cells to the substrate but also glue 

the sediment particles to each other (see Figure 2). Hereby, especially fine sediments (0.02 

- 0.2 mm) are granted a higher resistance against erosive processes which was extensively 

described for intertidal mudflat habitats (Underwood & Paterson, 1993;  Tolhurst, Gust & 

Paterson, 2002). This significant ecosystem service with broad economic and ecological 

implications is known as microbial biostabilization. From an engineering perspective, a deep 

understanding of the dynamics of fine sediments is essential for a broad range of 

applications such as the protection of coasts against erosion, or the maintenance of flood 

protections, waterways, dams or harbours.  

  

Figure 2: ESEM image of a natural biofilm in an intertidal mudflat habitat (de Winder et al., 1999): 

the thick layer of EPS produced by the biofilm consisting of different diatoms has glued the sediment 

grains together so that no individual grains remain visible; scale bar: 250 µm. 

 

Moreover, microbial biostabilization is currently receiving increasing scientific interest as this 

process plays an essential role in many anthropogenic influenced systems. On one hand, a 

high quantity of macro- and micro pollutants such as dioxins or heavy metals can be 
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adsorbed to fine sediment grains and its organic matrix to be jointly deposited in river regions 

with lower flow velocities (Karickhoff, Brown & Scott, 1979;  Audry et al., 2004). In central 

Europe, different kinds of legacies, especially originated from the 60s, 70s and 80s, before 

environmental regulations were enacted, were immobilized and by now covered with new 

unpolluted fine sediments so that there is no acute danger for the overlying benthic and 

aquatic habitat. The permanent immobilization of pollutants within fine sediments largely 

depends on the substratum stability. Biofilms can delay or prevent the re-suspension of 

these legacies into the water body as well as their bioavailability, while microbial 

bioremediation pathways may initiate the slow degradation of those hazardous substances. 

As a result, microbial biostabilization can play an essential role for ensuring the quality of 

surface waters. Furthermore, as surface waters are connected to the groundwater aquifers 

via the hyporheic interstitial, this process may further be very important for the quality of 

drinking water.  

  

Figure 3: Images of two exemplary, very distinct morphologies and physical properties of natural 

biofilms cultivated during the experiments of this thesis: left: very flexible, elastic biofilm/sediment 

mat; right: robust, compacted biofilm/ sediment sheet; scale bars: 1 cm.   

On the other hand, fine sediments that are considerably stabilized by biofilms can have 

adverse ecological effects on lotic river beds. During reservoir flushing, the downstream river 

sections are confronted with a sudden significantly increased load of suspended fine 

sediment originated from the bed of the dam (Burke, Jorde & Buffington, 2009) which can 

be much higher than during natural floods (Batalla & Vericat, 2009). As biofilms were 

developing on the fine sediments at the bed of the reservoir, the flushed sediment particles 

are colonized with biofilm as well. These fine sediment/ biofilm flocs are able to infiltrate into 

the coarser gravel bed of the downstream reach and the riverbed is continuously clogged 

(Brunke & Gonser, 1997) a process called colmation (Descloux et al., 2010). As a 

consequence, the pores of the natural gravel sediment are gradually clogged with the 
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infiltrated fine sediment/ biofilm flocs which has great implications for the interstitial habitat. 

As one important example, the circulation of water and thereby oxygen can be limited 

resulting in low oxygen saturation within the spawning grounds of gravel spawning fish such 

as different salmonid species. Different pathways of microbial metabolism in the biofilms can 

decrease the remaining oxygen even further so that the survivability of affected fish eggs 

and even more of fish larvae can be significantly impacted (Heywood & Walling, 2007).  This 

can even lead to such a low suitability as spawning ground that fish don’t emerge on heavily 

colmated stretches of river beds (Sear et al., 2008). In this process, biofilms may play an 

important role as well because their stabilizing impact upon the fine sediment in the pores 

of the coarser sediment might prevent a re-suspension and flushing of the pores during 

natural floods with increased discharges.  

This ambivalence displays the impact of microbial biostabilization in the context of 

anthropogenic changed environments and demonstrates the complexity of this field of 

research and the necessity of sustainable approaches for log-term sediment management 

strategies. The first step for the implementation of these strategies lies in precise predictions 

of sediment dynamics which in turn rely on precise modelling approaches. However, 

traditional modelling approaches that rely exclusively on gravity fail to display the behaviour 

of fine sediments influenced by this form of significant biological impact that can result in 

very clear changes in the development of the bed morphology (Malarkey et al., 2015). In 

addition, the strong gluing effect of biofilms and their produced EPS on fine sediments (Stal, 

2003;  Stal, 2010) can be able to drastically impact the characteristics of the colonized fine 

sediments (Tolhurst, Consalvey & Paterson, 2008). This clear change is even visible to the 

unaided eye, e.g. when the formally loose fine sediment grains are transformed into flexible 

biofilm/ sediment mats or robust sheets with significantly altered erosive behavior (see 

Figure 3).   

1.3.2 Impact factors on microbial biostabilization  

Current studies were able to identify various driving factors for microbial biostabilization. The 

composition of the biofilm microbial community that reacts to a broad range of biotic and 

abiotic environmental parameters appears to constitute a fundamental and essential 

influencing factor. Lubarsky et al. (2010) could indicate the crucial role of a mixed-taxa 

symbiosis for biostabilization as biofilm assemblages consisting of bacteria as well as 

diatoms displayed higher stability than pure bacterial or axenic diatom biofilms. This fact that 
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diatoms as well as bacteria play this crucial role for biostabilzation was supported by further 

studies: Especially the EPS produced by diatoms was suggested to be very important for 

the structure and stability of the biofilm and underlying fine sediment (Mason et al., 2003) 

as treatment with herbicides of natural biofilms in field experiments resulted in increased 

erosion rates of saltmarsh fine sediments. Moreover, Lubarsky et al. (2012) could show the 

importance of bacterial activity in the biofilm system and reported a significant impact of 

treatments with antibiotics on the bacterial biofilm community and the correlated biofilm 

stability.  

As the exact functional principles e.g. inter-taxa molecular quorum sensing, communication 

and co-metabolic pathways of this important symbiosis network are very complex and still 

hardly addressed, research of many studies focused on the role of the EPS whose direct 

impact on microbial biostabilization could be clearly demonstrated.  In this context, different 

diatom species were described to produce EPS with very distinct monomer composition 

which could be linked to varying viscoelastic characteristics of the EPS mucilage (Molino et 

al., 2006). Thus, a potential influence on the biofilm matrix structure and stability can be 

assumed. Parallel to this observation, species-specific differences in the composition of 

produced EPS were also reported for a series of model bacteria such as Pseudomonas 

aeruginosa or Bacillus subtilis (Harimawan & Ting, 2016).  Furthermore, these EPS 

compositions were described to be influenced by the developmental stage of the bacterial 

colony with the quality of polysaccharides displaying high importance for adhesive strength 

of the bacterial cells. Interestingly, the interactions of satellite bacteria and diatoms were 

very recently described to influence the EPS production of the involved diatoms (Windler et 

al., 2015). As a reaction of satellite bacteria activity, diatoms of the species Achnanthidium 

minutissimum modified their EPS production to form a mucilage capsule and changed from 

a planktonic state to a lifestyle attached to the substrate. This reaction may have a direct 

impact on biostabilization because, as described above, a permanent attachment of 

microbes to sediment grains coupled with high EPS production can constitutes one 

important trigger for the stabilization of the colonized fine sediment.  

1.3.3 The role of extracellular polymeric substances (EPS)  

Detailed research into the role of EPS for the overall biofilm system revealed a broad range 

of different functions associated with these extracellular molecules. Firstly, as stated above, 

EPS constitute a source of nutrients for a variety of different microbes. In this context, it 
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could be shown that selected EPS components could be degraded very rapidly and were 

preferred over other sources of dissolved organic carbon in sediment habitats (Taylor et al., 

2013). Subsequently, EPS and EPS metabolites were reported to be incorporated into the 

cells of bacteria as well as diatoms. A variety of different metabolic pathways exists for this 

utilization of EPS which depends on the involved microorganism and the characteristics of 

the EPS (McKew et al., 2013). Secondly, different EPS can be produced as a part of a 

reaction against environmental stressors. As an example, diatoms were described to 

produce a range of extracellular enzymes such as glucanases or proteases to impede the 

growth of bacteria that constitute competitors for nutrients (Buhmann et al., 2016).  

Moreover, Verneuil et al. (2015) reported increased EPS protein production by diatoms that 

were treated with carbon nano tubes (CNT). The produced extracellular proteins could be 

shown to adhere to these stressors and a passage into the cell was prevented. While these 

two functions of EPS as nutrient source or protection exhibit a direct impact on biofilm 

development by engineering an optimal habitat and improved growth conditions for the 

present microbes, the effect on resulting biostabilization is rather vague.  

However, specific EPS are also able to function as important structural elements and 

adhesives. As an example, the characteristics of cell adhesion molecules of the model 

diatom Phaeodactylum tricornutum have been investigated in a combined bioinformatics 

and molecular physiological study (Willis et al., 2014) and a variety of adhesive proteins with 

high attachment capacity could be identified. In addition, a recent study (Arenas & 

Tommassen, 2017) could characterize a range of DNA/heparin-binding proteins that 

apparently are widely distributed among different microorganisms and that were stated to 

play an important role during the formation and for the structure of biofilms. 

1.3.4 EPS produced by bacteria and diatoms 

However, to understand the impact of EPS on the structure and stability of biofilms, it is 

essential to consider important physiological differences between bacteria and diatoms that 

directly influence the role of EPS for these microbes. As an example, single diatom cells can 

produce EPS for the purpose of active gliding migration over the sediment grains (Hay, 

Maitland & Paterson, 1993). In contrast to that, bacteria swim without constant contact to 

the surface using flagella whereas sessile bacteria produce EPS for stable attachment. In 

addition, the EPS matrix facilitates passive spreading e.g. by osmotic forces that allow the 

spread of the bacterial biofilm over a substrate surface to un-colonized areas (Seminara et 
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al., 2012). Although a single bacterial cell cannot actively control the direction of this osmotic 

biofilm distribution, EPS production by immotile bacterial cells may constitute a survival 

strategy that can exploit new sources of nutrients. This assumption was supported by Zhang 

et al. (2014) who described starting carbon starvation as trigger for the production of a thick 

EPS matrix in Bacillus subtilis.  

Moreover, several studies investigated the role of the extracellular matrix for the adhesion 

and stability of bacterial biofilms: As an example, besides hydrophobicity and surface charge 

of the individual bacterial cell, the quantity of secreted EPS was stated to be a driving factor 

for the adhesion in Pseudomonas aeruginosa biofilms (Harimawan, Rajasekar & Ting, 

2011). Volle et al. (2008) could correlate the adhesiveness and elasticity of bacterial biofilms 

to the composition of produced EPS and indicate the significance of long extracellular 

lipopolysaccharides for biofilm stability. Besides extracellular carbohydrates, EPS proteins 

could also play an essential role in the process of microbial biostabilization. In this context, 

extracellular proteins do not only constitute extracellular enzymes with a significant fraction 

of the metabolic activity in matured natural biofilms (Romani et al., 2008) that promote the 

development and growth of the biofilms to influence biostabilization in an indirect way. 

Instead, bacteria can secrete specific adhesive proteins such as the well-studied 

Photorhabdus adhesion modification protein (PAM) that can per se serve as an adhesive 

and modify extracellular polysaccharide to form a robust matrix (Jones et al., 2010). In 

addition, during the formation and maturation of biofilms, extracellular DNA (eDNA) can play 

an essential regulatory role (Mann et al., 2009;  Jermy, 2010;  Sahu et al., 2012). Parallel to 

extracellular proteins, extracellular DNA could also be of structural importance as indicated 

by Wang et al. (2015). When specific exopolysaccharides such as Psl (polysaccharide 

synthesis locus) integrate into eDNA, long rigid fibers can be formed that can function as 

structural element to increase the stability of bacterial biofilms.  

This short highlighted summary indicates that fundamental molecular biology research into 

the formation and stability of bacterial biofilms was focused on studies of model biofilms of 

medical relevant bacteria such as Pseudomonas aeruginosa. Fundamental principles may 

be transferred to more complex, natural systems although the validity of results for the 

process of microbial biostabilization in benthic habitats may be limited.  

In contrast to that, the influence of natural environmental factors for the production of algal 

EPS and the correlated consequences for the stabilization of fine sediments were intensively 
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studied in intertidal mudflats. One reason might be that diatom EPS production was reported 

to be significantly higher than bacterial EPS production and could clearly be correlated to 

sediment stability (Lundkvist et al., 2007). Furthermore, the EPS produced by diatoms could 

be shown to significantly impact the community composition of heterotrophic bacteria in 

intertidal habitats (Bohorquez et al., 2017). In addition, high resolution imaging techniques 

such as atomic force microscopy (AFM) approaches described by Pletikapic et al. (2011) 

could illustrate the production and release of EPS by diatoms indicating the expanded effect 

of these polymer strands and networks on the biofilm matrix, structure and stability (see 

Figure 4).  

Figure 4: AFM images of produced EPS network of the diatom Cylindrotheca closterium (Pletikapic 

et al., 2011); left: freshly produced polymers attached to the apex of the cell rostrum; right: self-

aggregated EPS network around one cell of Cylindrotheca closterium.  

Thus, the reaction of diatoms on different environmental conditions such as nutrient 

availability, temperature and light intensity were studied in various habitats (Underwood, 

2002;  Apoya-Horton et al., 2006). Further studies indicated that the EPS production and 

the stabilizing effect on fine sediment was significantly impacted by ultraviolet irradiation 

(Waring, Baker & Underwood, 2007) and seasonal changes in abiotic parameters e.g. in 

hydrodynamics, emersion time or pore water content (Pierre et al., 2014;  Passarelli et al., 

2015). Moreover, the EPS production could be correlated to the migration of diatoms as 

direct reaction to light conditions (Smith & Underwood, 1998;  Perkins et al., 2001). 

Furthermore, a high structural diversity in the intertidal mudflat habitat was suggested to 

significantly enhance the production of EPS and sediment stability (Passarelli et al., 2012).  
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Summarizing, as benthic diatoms are supposed to dominate autotrophic primary production 

and correlated secretion of EPS during the process of microbial biostabilization, these 

microbes can be seen as essential functional key players in the biofilm system. A detailed 

investigation of these microbes is fundamental in order to understand their complex role for 

the stability of the biofilm matrix. Thus, this thesis aims to assess the impact of parameters 

that influence the metabolic productivity of the diatom community in the biofilm system. In 

addition, the composition of the diatom community is of major interest of this thesis because, 

as described above, species specific differences in produced EPS exist with potential 

implications for the stability of the biofilm matrix.  

The first selective factor analyzed in this thesis is the seasonally changing natural microbial 

biocoenosis as it appears plausible that distinct successional stages exhibit different 

stabilization potentials. Possible reasons are significant differences between early and late 

successional stages concerning characteristics such as morphology, metabolic adaptability 

or migration behavior. In addition, the reaction of the diatom community to different 

environmental parameters may constitute a decisive factor for the spatial and temporal 

biofilm development and resulting stabilizing capability. Thus, another focus of this thesis 

was the assessment of the impact of light intensity upon the development of the biofilm. The 

investigation of biofilm formation and biostabilization under different intensities of ambient 

light was chosen as an experimental approach to manipulate photosynthesis driven EPS 

production without the necessity of the utilization of herbicides whose degradation products 

might also affect non-target organisms. If microbial biostabilization is in fact predominantly 

driven by diatoms and/ or their produced EPS, it can be assumed that the stabilizing capacity 

of the biofilms should increase with light intensity.  

1.3.5 The influence of EPS quality 

However, as addressed above, the quality of EPS might be even more important than EPS 

quantity as parallel to the various configurations of EPS proteins, different EPS 

carbohydrates may have very distinct chemical characteristics (such as three-dimensional 

structure and molecular binding sites that can significantly influence their stability). 

Generally, small monosaccharides that can be rapidly synthetized via diatom 

photosynthesis (Hay, Maitland & Paterson, 1993) can be transported into microbial cells 

very fast to be degraded very easily by a variety of different organisms (McKew et al., 2013;  

Taylor et al., 2013).  Thus these small monosaccharides may only be of a minor structural 
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importance and are predominantly released during the lysis of dead microbial cells or as 

part of quorum sensing (Tseng et al., 2016). In contrast to that, long secreted 

polysaccharides may play a decisive role as structural elements as their degradation 

requires specific extracellular enzymes to break these complex macromolecules into smaller 

oligo- or monosaccharide subunits. Furthermore, the suitability of exopolysaccharides as 

adhesive was demonstrated to be dependent on specific chemical features e.g. the amount 

of free amino or free aldehyde groups that can form covalent bindings with free amino groups 

of the substrate surface (Hoffmann et al., 2009). In this context, the molecular composition 

of the exopolysaccharides may constitute a decisive factor: while homopolysaccharides that 

consist of only one type of sugar monomer (such as cellulose or dextran) are predominantly 

neutral, heteropolysaccharides (such as alginate or xanthan) with a variety of different 

monomers can be polycationic (Flemming et al., 2000a) and possess these reactive free 

amino groups required for adhesion. This may be one explanation for the observations in 

different studies (Nichols et al., 2009;  Roy, Sun & Ji, 2014) demonstrating that different 

species of diatoms possess the capability to produce exopolysaccharides with very high 

gluing effect (with comparable or even higher gluing capacity than commercial/ industrial 

adhesives). Furthermore, there is evidence that the three-dimensional structure of these 

macromolecules may play an important role during the formation of the extracellular 

network. Flemming and Wingender (2001) suggested that unbranched polysaccharides 

such as alginate may contribute to the overall stability of a matured biofilm system. However, 

the degree of branching of the extracellular polymers may be of major importance for the 

formation of a complex extracellular three-dimensional network and the resulting physical 

biofilm stability as suggested by Pennisi (2002) and Wotton (2004).  

Further evidence for the importance of EPS quality for microbial biostabilization can be found 

in the study of Spears et al. (2008) that described increasing sediment stability with salinity 

although microbial biomass and EPS concentrations were decreasing. These observations 

may have contributed to the focus of research into microbial biostabilization in brackish and 

marine habitats. In addition, these results support the current doctrine of the major ecological 

relevance of marine biostabilization due to the presence of ions in seawater that enable 

strong ionic bounds within the EPS as well as between EPS and the surface of fine 

sediments. The concentrations of different ions in the biofilm habitat were also described to 

have important regulatory effects on the microbial polysaccharide and protein synthesis (He 

et al., 2016) and an effect on the EPS production was suggested. These observations may 

explain why rather few studies exist that address biostabilization in freshwater habitats. This 
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doctrine and concentration on marine and brackish habitats raise the question about the 

relevance of microbial biostabilization in freshwater habitats.  

Thus, a central focus of this thesis was to investigate microbial biostabilization and the 

correlated ecological relevance of this process in a riverine system. On one hand, up to now 

no comprehensive knowledge about the stabilization capacity of riverine biofilms on fine 

sediments exists. The absence of high ion concentrations in the water column that results 

in a lack of strong ionic bounds in the biofilm matrix might limit the maximal magnitude of 

stabilization of riverine benthic microbes to an ecological insignificant level in contrast to the 

significant effects described in intertidal mudflat habitats. On the other hand, there are clear 

differences in environmental conditions between the well-studied intertidal and lotic habitats. 

These differences in selective factors for the biofilm microbes may be assumed to result in 

distinct adaptations of the microbial communities that shape the biofilm structure in different 

ways. As an example, mudflat microorganisms live in a rather stable habitat and have to 

adapt to the rhythmic tidal cycle and changing water levels as well as light intensities. In 

contrast to this, benthic microbes in riverine systems are affected by continuously changing 

boundary conditions such as the seasonal shifting in light, temperature and predation 

pressure. In addition, they are confronted with rather short term changes such as weather 

and precipitation conditions in the catchment area that influence the discharge of the river.  

As a result, these two very different habitats may not be absolutely comparable and 

knowledge gathered of the investigation of intertidal mudflat may not be transferable to lotic 

habitats in an unlimited way.  

In addition, the stabilization potential of biofilms on fine riverine sediments is of great 

ecological and economic interests due to the high amounts of legacies of heavily 

contaminated sediments in great lowland rivers in Europe (e.g. the river Elbe or Weichsel). 

As the quantitative determination of EPS carbohydrate and protein contents constitutes a 

straight forward and cost efficient analytic tool, this thesis aims to evaluate if this 

investigation might be sufficient as a reliable proxy for biofilm activity and related stabilization 

capacity. Depending on the degree of correlation between EPS contents and microbial 

biostabilization, this determination might supplement in situ measurements of the erosion 

resistance of riverine fine sediments. Parallel to the determination of microbial biomass that 

is receiving increasing recognition during current assessments of the stability of riverine 

sediments, the assessment of EPS compounds may provide valuable additional information 

for a more comprehensive picture of the state of the investigated river region.       
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1.3.6 Lotic systems  

While the majority of studies into microbial biostabilization focused on intertidal mudflat 

habitats, some investigations addressed the structure and development of lotic biofilms 

which constitutes one focus of the presented thesis as stated above. Although these studies 

may not have assessed the overall biofilm/ sediment stability, they provide an essential 

source of information about some important fundamental principles during the maturation of 

natural lotic biofilm communities.  

Parallel to the observations in mudflat habitats, diatoms were described as important 

shaping factors for lotic biofilms (Besemer et al., 2007) due to their high EPS production and 

metabolism turnover to directly influence the physio-chemical environment of the biofilm 

matrix and impact the development of the bacterial community composition. Moreover, 

besides the community composition of the biofilm bacteria, overall algal and bacterial 

biomass could be clearly demonstrated to be influenced by the hydrodynamic regime 

(Singer et al., 2006).  Subsequent studies were able to elucidate more detailed, essential 

information about the correlation between flow regime, biofilm structure and microbial 

community composition and indicated a very complex feedback loop of mutual impact 

between the biofilm system and the abiotic environment: Singer et al. (2010) demonstrated 

how the hydrodynamic regime and especially heterogeneities in flow characteristics such as 

near bed flow velocity impact the metabolic activity and the nutrient uptake of natural biofilms 

which could be correlated to a direct effect onto the diversity of the microbial community. As 

a reaction the hydrodynamic regime, different structural compartments of the biofilm develop 

such as long filaments that oscillate in the water column called “streamers” (Stoodley et al., 

2005) or dense biofilm mats with low profile. Interestingly, this structural differentiation that 

in turn affects the local small scale flow regime appears to be driven by the spatial 

development of the microbial community composition, as distinct structural elements were 

described to be dominated by significantly different assemblages of benthic bacteria 

(Besemer et al., 2009).  
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Figure 5: ESEM image of the freshwater diatom Achnanthidium minutissimum and the secreted 

EPS capsule (Leinweber & Kroth, 2015); left: the EPS capsule is required for bacterial attachment 

and adhesion to the substrate (arrows indicate EPS attachment stalks); scale bar: 2 µm; right: detail 

image of produced EPS stalks required for attachment to the substratum; theses stalks exhibit high 

mechanical stability and longitudinal strength due to their composition of single parallel EPS fibrils 

(arrows); scale bar: 1 µm. 

Furthermore, the complex symbiotic interactions between lotic diatoms and different 

bacterial species significantly impact the development of the matrix of biofilms. As described 

above, diatoms of the species Achnanthidium minutissimum are able to modify their EPS 

production to form a mucilage capsule which induces the change to a lifestyle attached to 

the substrate as a reaction of satellite bacteria activity (Windler et al., 2015). In turn, this 

formation of an EPS capsule was shown to be essential for bacterial attachment as well as 

diatom adhesion to the underling substrate as illustrated in Figure 5 (Leinweber & Kroth, 

2015).  

These findings suggest two important aspects that are currently hardly addressed and 

therefore were studied in this thesis in order to gain a comprehensive understanding of the 

involved fundamental principles. Firstly, in contrast to other benthic habitats, the 

hydrodynamic regime appears to be of major driving factor for the composition of the biofilm 

community in lotic habitats as this direct physical force shapes the temporal, spatial and 

structural development of the whole biofilm system. This influence of flow velocity and bed 

shear stress was up to now very difficult to study as this aspect has very demanding 
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requirements for experimental design. The studies mentioned above addressed parts of this 

very complex subject and could indicate a differentiated reaction of the biofilm structure, the 

metabolic activity and the microbial community composition. However, these investigations 

did not include a determination of biofilm stability or microbial biostabilization which is of 

major interest in this thesis. One hypothesis evaluated in this thesis is that high flow velocity 

reduces the vertical expansion of biofilms into the running wave due to shearing off of 

exposed structures. As a result, compact biofilms with the orientation towards the sediment 

surface are developed with a potential high physical and biochemical interaction between 

sediment and biofilm matrix (e.g. due to EPS production) which may lead to higher stabilizing 

effects than under minimal flow velocity.   

Secondly, while results of these studies indicate the role of distinct structural key players 

within the microbial community, no correlation could be established between the activity of 

certain dominant microbial species and resulting overall biofilm stability. It appears possible 

that the process of microbial biostabilization is dominated by diatoms but as different species 

exhibit distinct morphologies and lifestyles, their individual contribution to this process might 

vary. The same may be true concerning bacterial species and their complex interaction with 

the diatoms. However, it is also thinkable that the microbial community possesses such a 

high degree of functional redundancy that no effect of specific key player may became 

visible. This is the reason why this thesis aims to investigate the microbial community and 

its ecology in high detail in order to identify dominant diatom and bacterial species and 

unravel their impact on the overall biofilm stabilization potential.  

1.4 Focus of this thesis  

To summarize, up to now the development of different biofilms was investigated in three 

very specialized research approaches: the first field of research is the assessment of 

fundamental principles during the formation and maturation of bacterial biofilms focusing on 

molecular biology e.g. genomics, transcriptomics and/or proteomics. The second target of 

investigation is the process of microbial biostabilization of fine sediments concentrating on 

intertidal mudflats and the role of diatoms, their produced EPS and their adaption to different 

environmental conditions. The third field of study analyses the correlations between the 

maturing microbial community, flow of substances and structural elements as a result of 

different boundary conditions in lotic biofilms. While each of these individual disciplines were 
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able to unravel important pieces of information, there is still a lack of a comprehensive 

understanding concerning microbial biostabilization in riverine systems.  

This current lack of knowledge constitutes the starting point of this thesis. The most 

important aim of this thesis was to elucidate the relevance of microbial stabilization of fine 

sediments in lotic systems. As stated above, the lack of high ion concentrations in the 

running water may lead to very low stabilization compared to intertidal habitats. However, 

the microbial community of the riverine benthos may traverse a very different adaption 

process than intertidal assemblages. As a result, the stability of the biofilm matrix and its 

corresponding stabilization capacity of fine sediments may be influenced in up to now 

unknown ways. Especially the microbial ecology appears to be a decisive influencing factor 

for the temporal and structural development of the biofilm system. Thus, this thesis aims to 

assess the community composition of the biofilm in high detail and to relate the state of the 

microbial community to the overall biofilm stability. In this context, the community 

composition of both, the apparently structural very significant diatoms as well as the 

metabolic very versatile bacteria was analyzed. This approach allows conclusions about 

potential interaction between these two different taxa to impact the biofilm habitat. 

Furthermore, by identifying dominant species among bacteria as well as diatoms, the 

relevance of possible functional key players can be contrasted with potential functional 

redundancies. This investigation constitutes unique fundamental research in the principles 

of riverine microbial biostabilization with a special focus on microbial ecology. The overall 

aim is to do the first steps in order to understand the importance of specific microbial species 

in this very complex process. Regarding a potential application of the gathered knowledge 

in future sediment management concepts, parameters are required that are more precise 

and easier to interpret than complex ecological characteristics. This is the reason why this 

thesis additionally aims to evaluate the significance of parameters for microbial 

biostabilization that are accessible via straight forward analytic approaches and with high 

cost and time-effectiveness. A detailed assessment of bacterial as well as algal biomass 

and the major two EPS compounds (carbohydrates and proteins) was performed in order to 

elucidate their suitability as proxies for biofilm stability and corresponding microbial 

biostabilization.   

Furthermore, it may be assumed that parallel to the observations in intertidal mudflats, 

different boundary conditions might exhibit an important impact on the structural and 

functional development of the biofilms in a riverine system.  As described in section 1.3.6, 
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some knowledge could be gained regarding lotic systems. However, studies on the 

development of riverine biofilms on fine sediments are currently relatively rare and there is 

still a significant lack of investigations that include microbial biostabilization in this habitat. 

Thus, this thesis aims to perform a comprehensive assessment of the impact of three major 

boundary conditions on the stabilization capacity of the biofilm system.  Concerning abiotic 

environmental parameters, especially two abiotic boundary conditions appear to be of high 

importance. Firstly, light intensity shapes the autotrophic microbial community and 

influences its metabolic productivity with direct consequences for EPS production. Hence, 

light intensity possesses an essential relevance for the collocation and spatial organization 

of autotrophic microbes and the biochemical characteristics of the biofilm extracellular 

matrix. As a result, the physio-chemical features of the EPS and their potential gluing effect 

on the surrounding sediment grains may be found to be significantly influenced by the 

intensity of light available for autotrophic primary production. Secondly, different levels of 

bed shear stress can determine the degree and mode of microbial attachment to the 

underling substrate. During the formation of a biofilm, this physical forcing may constitute a 

major driving factor that shapes the spatial and structural arrangement of biofilm 

compartments as well as their three-dimensional appearance which in turn may be able to 

have a significant impact on the functionality and stability of the biofilm system and the 

underling fine sediment.  

However, it is important to note that especially a microbial community in a riverine biofilm is 

not only subjected to direct abiotic conditions such as light intensity or flow velocity. In lotic 

systems, the benthic-pelagic feedback loop can be very pronounced e.g. due to the 

continuous water movement in combination with comparably low water depths in littoral 

zones. In this context, benthic biofilms constantly undergo a process of detachment of 

biofilm compartments as well as settling down and attachment of suspended particles and 

microbes. In addition, as the whole river can be seen as one great continuously changing 

ecosystem described in the river continuum concept by Barmuta and Lake (1982), these 

suspended particles can be transported to downstream river section to be deposited there 

and to influence local benthic communities. Furthermore, the whole biocoenosis of a river 

ecosystem is influenced significantly by seasonal changes (e.g. shading due to littoral 

vegetation, water temperature or entrainment of leafs). As a result, the microbial community 

in the running wave as well as benthic biofilms are subjected to a seasonal succession 

process. Although this factor may have a huge impact on the development of biofilms, its 

relevance in regards of microbial biostabilization of riverine fine sediments is up to now not 
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addressed. Thus, this thesis aims to elucidate the significance of the seasonal succession 

process in the microbial community for the corresponding stabilization capacity of the 

biofilm. This investigation is closely related to the aforementioned investigation of potential 

functional microbial key players.   

1.5 Analytic approach  

The overall motivation of this work was to gain deep insight into the fundamental principles 

of biostabilization in nascent and developing riverine biofilms. The central focus was the 

investigation of the biofilm ecology and how the microbial community influences the stability 

of the overall biofilm system under special consideration of allochton as well as autochton 

driving factors. However, as this subject is very complex, the main goal of a comprehensive 

understanding of the fundamental principles of this essential ecosystem function could only 

be achieved by dividing this topic in three smaller successive subprojects.  

The first and crucial step was to assess the overall relevance of biostabilization in lotic 

systems. This was important as stated above, the current prevalent doctrine stated the 

importance of ionic bounds for the stabilizing effect of the biofilm that was regarded to favour 

marine and brackish biostabilization due to much higher ion concentrations in the 

surrounding water. For this purpose, the experimental setup had to guarantee natural-like 

boundary conditions which were constant, controllable and thereby reproducible. As natural 

conditions are constantly changing in a riverine system, the only option was to design and 

construct a mesocosm setup. Subsequently, the comparability of the biofilm formation and 

the development of microbial biostabilization under the same boundary conditions had to be 

thoroughly evaluated to exclude an impact of the experimental setup itself. This reproducible 

cultivation of biofilms constituted one central prerequisite for a detailed investigation into the 

temporal development of nascent biofilms and the resulting biostabilization under different 

boundary conditions. 

The second step was to focus the analysis on seasonality, one key influencing factor which 

could not be controlled in the mesocosm setup. Due to long experiment durations and the 

requirement of a sufficient number of replicates, a series of experiments had to be performed 

over the course of two years throughout seasons and hence different vegetation periods. 

Thus, the inoculum for the biofilm formation in the experiments was subjected to the impact 

of seasonality as the suspended floating microbial biocoenosis was freshly retrieved with 

the water from a river. By keeping all boundary conditions constant, the influence of the 
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seasonal altered microbial communities upon the development of the biofilms and their 

stabilization capacity on the fine sediment could be investigated. The knowledge about 

specific biofilm characteristics gathered in these first two subprojects could provide the 

analytic base for the last and most complex subproject.  

During the third subproject, the impact of abiotic boundary conditions could be assessed. Of 

general importance was the question whether a quantifiable impact of abiotic boundary 

conditions upon the formation of biofilms and resulting biostabilization could be detected. 

Furthermore, it was investigated whether extreme conditions might display a similar impact 

upon the formation of the biofilm and the development of biostabilization. The aim during 

this phase was to unravel how different biofilm components reacted to the environment, how 

they interacted, and in which way these interactions influenced the biofilm system and its 

overall functionality.  

1.6 Structure of this thesis  

The following chapters of this thesis reflect the aforementioned analytic approach of the 

performed experiments: 

In chapter two, detailed information about all applied techniques is given. One central 

element is a detailed introduction of the straight flume mesocosm specially designed and 

constructed to meet the requirements of the planned experiments (Thom et al., 2012b). An 

overview is given over the various sets of boundary conditions set during the individual 

experiments as well as the sampling strategy and the analyses of all investigated biofilm 

parameters. Hence, this section concentrates on a concise description of the different 

utilized methods used to gather the results presented in the subsequent chapters.  

Chapter three focusses on the presentation of the results of the different analyses after a 

short description of the specific background of each of the included three sub-chapters. The 

focus of the observation in the first sub-chapter lies on the experimental setup itself. The 

straight flume mesocosm is subjected to a series of evaluations. There are two most 

important points in this section. The first point is a thorough evaluation of the suitability of 

the constructed experimental setup for reproducible biofilm cultivation. An extensive 

comparison of biofilm formation in various flume sections was performed to determine 

reproducibility and reliability of gathered results. In addition, the development of the biofilms 

was further analyzed to address the relevance of microbial biostabilization in a lotic system. 
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The main question of the second sub-chapter is: does the successional process in the 

diatom commodity have a significant impact on the stability of the biofilm system? The 

analytic focus of this section is laid on the diatom community composition due to their 

functional importance in the biofilm matrix. Thus, the short-term as well as the seasonal 

succession in the biofilms diatom community is investigated and correlated to different 

biofilm parameters and the resulting stability of the overall biofilm system. The last sub-

chapter concentrates on an assessment of the impact of two important abiotic conditions on 

microbial biostabilization. For this purpose, the effect of light intensity and bed shear stress 

upon biofilm development were assessed. Considering the complex interaction between 

diatoms and bacteria in the biofilm system, this section additionally focuses on a detailed 

investigation of the bacterial community structure and the relevance of bacterial key players 

for biofilm stability and microbial biostabilization.  

Chapter four follows the structure of chapter three and discusses the gathered results of 

each corresponding sub-chapter. Consequently, this chapter addresses the development of 

the biofilm as a reaction to the different boundary conditions. The central question is how 

the different biofilm components and their interaction influence the stabilizing capacity of the 

overall biofilm system. In this context, parallel to chapter three, the main focus of this 

discussion alternately targets the role of EPS, diatoms or bacteria in each sub-section which 

is summarized by a concise conclusion.  

A general conclusion in chapter five summarizes the findings of the two chapters before and 

addresses the initial hypotheses and aims of this thesis. 

This work is concluded by an outlook in chapter six where the relevance of this thesis is 

discussed in the context of challenges in reservoir and sediment management strategies. In 

addition, possible starting points for further studies and how the gathered insight of this 

thesis may be incorporated in sustainable sediment management approaches are 

suggested.   
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2. Material and Methods 

2.1 Experimental setup 

In order to cultivate biofilms under constant natural-like environmental conditions, a 

mesocosm consisting of six straight flumes, each with an individual, separate water circuit 

was used (Thom et al., 2012a). The individual flumes (see Figure 2; length x width x height: 

3.00 m x 0.15 m x 0.15 m) were designed to allow a homogeneous flow field and constant 

shear stress across the biofilm cultivation section (length 1.32 m). This section contained 16 

substratum cartridges (length x width x height: 0.08 m x 0.06 m x 0.02 m) that could be 

transferred outside the flume for further measurements.  

 

 

Figure 2: Experimental setup. top: image of three equivalent straight flumes installed in one 

containers; bottom: schematic image of one straight flume (a) outflow tank, (b) pump, (c) inlet flow 

section with baffles, (d) biofilm cultivation section, (e) outlet flow section, (f) weir, (g) fluorescent 

tubes, (h) sediment cartridges, (i) bypass, (j) current abatement, (k) fine tuning valve (after Thom et 

al., 2012b). 

Cartridges were illuminated by two parallel fluorescent tubes (Osram Biolux; 480 – 665 nm). 

The distance of these light sources to the sediment surface was adjustable resulting in 
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different illumination intensities during an 8 /16 hours day/night cycle for the sediment and 

biofilm surface. Homogenous irradiation was confirmed by measurements of light intensity 

and wavelength irradiance of the photosynthetic active radiation (PAR) spectrum using a 

high resolution spectroradiometer (SR-9910, Macam Photometric Ltd., Livingston, Scotland) 

as described by Gerbersdorf and Schubert (Gerbersdorf & Schubert, 2011). Discharge and 

resulting flow velocity and bed shear stress affecting the surface of the sediment and biofilms 

could be regulated adjusting the by-pass and was continuous measured with an installed 

mini-flow meter (Bürkert 8030, Ingelfingen, Germany). On the first day of each experiment 

the inoculum for the biofilm cultivation consisting of fluvial water and swirled up fine river 

sediment was retrieved from the River Enz (Baden-Württemberg, Germany, 48°56’0.63’’N 

8°55’3.54’’E). While adjusted to constant temperature (15.0 °C ± 0.3 °C) by a cooling water 

circuit, 200 L were circulated in each flume by a circulatory pump (BADU Eco Touch, Speck 

Pumpen, Neunkirchen am Sand, Germany) for the duration of the single experiments 

(overview given in the next section). Thus, indigenous microorganisms within the river water 

settled the cartridges filled with inert glass beads (diameter 100 - 200μm) eventually forming 

a biofilm.  

2.2 Experiments and sampling  

A total of six long term experiments was run (overview given in Table 1).  In doing so, the 

first experiment (during August 2012) was run with identical boundary conditions in all flumes 

to evaluate the reliability and reproducibility of the experimental setup (see section 3.1). 

During the experimental runs 2-6 the influence of abiotic boundary conditions - either 

underwater light intensity (LI) or bed shear stress (BSS) were thoroughly investigated (see 

section 3.3): While one condition was set at the same level for all flumes, the other was 

adjusted at three different levels, hereinafter described as “minimal”, “medium” and maximal” 

(see Table 2) always running two flumes with identical abiotic environment which constituted 

independent replicates. Furthermore, as two flumes were always operated with the same 

boundary condition, an additional investigation of seasonal aspects was facilitated (see 

section 3.2).  
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Table 1: Overview over the single experiments. 

 

Experiment Duration Flume BSS LI Sampling days 

“August12” 
01.08.- 

28.08.2012 

1  

 

 

minimum 

 

 

 

 

medium 

 

 

 

4, 7, 11, 14, 18, 

21, 25, 28 

2 

3 

4 

5 

6 

“May” 
30.04 – 

07.06.2013 

1 maximum 

 

medium 

 

 

4, 7, 11, 14, 18, 

21, 25, 28, 32, 

35 

2 medium 

3 minimum 

4 minimum 

5 medium 

6 maximum 

“July” 
28.06 – 

06.08.2013 

1 

minimum 

minimum 

 

 

4, 7, 11, 14, 18, 

21, 25, 28, 32, 

35 

2 medium 

3 maximum 

4 minimum 

5 medium 

6 maximum 

“August” 
23.08 – 

30.09.2013 

1 

minimum 

maximum 

 

 

4, 7, 11, 14, 18, 

21, 25, 28, 32, 

35 

2 medium 

3 minimum 

4 maximum 

5 medium 

6 minimum 
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“November” 
22.11 – 

20.12.2013 

1 medium 

 

 

medium 

 

 

 

4, 7, 11, 14, 18, 

21, 25, 28 

2 minimum 

3 maximum 

4 maximum 

5 minimum 

6 medium 

“March” 
18.03. – 

29.04.2014 

1 

minimum 

medium 

 

 

4, 7, 11, 14, 18, 

21, 25, 28, 32, 

35, 39 

2 maximum 

3 minimum 

4 medium 

5 maximum 

6 minimum 

 

Table 2: Abiotic boundary conditions set in the experiments. 

 Light intensity [µmol m-2  s-1] Bed shear stress [N m-2] 

“Minimum” 0 0.02 

“Medium” 50 0.04 

“Maximum” 100 0.08 

The study (described in section 3.1.) performing detailed inter- and intra-flume comparisons 

during biofilm cultivation at identical boundary conditions (Schmidt et al., 2015) displayed no 

significant differences in biofilm features, but showed that the well-known patchiness and 

heterogeneity of biofilms on the micro scale (Battin et al., 2007) should be addressed. 

Consequently, at each sampling point half of the sediment surface of one cartridge was 

sampled withdrawing 15 biofilm samples with a cut-off 2 mL syringe (diameter 0.01m). The 

gathered material was pooled to obtain representative results and subsamples (0.5 or 1.0 

cm3 resp.) were transferred into Eppendorf tubes for further analyses. In addition, 1L of water 

was collected for chemical analyses.  
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2.3 Analyses  

2.3.1 Water chemistry, EPS and microbial biomass 

The concentration of ammonia and chloride ions in the water samples were analyzed 

according to DIN 38406-E5-1 and DIN EN ISO 10304, respectively. Nitrate, phosphate, 

fluoride and sulfate ions were measured spectrophotometrically (Hach Lange GmbH, Berlin, 

Germany) (detection limits: nitrate 1 mg L-1, phosphate 0.1 mg L-1, fluoride 0.1 mg L-1 sulfate 

5.8 mg L-1).  

After extraction of the colloidal (water-extractable) EPS fractions of the biofilms according to 

Gerbersdorf et al. (2008), carbohydrates and protein contents were investigated by phenol 

assay and modified Lowry procedure in triplicates (Dubois et al., 1956;  Raunkjaer, 

Hvitvedjacobsen & Nielsen, 1994;  Frolund et al., 1996). The analysis of chlorophyll a/ 

pheophytin was performed in triplicates as given in the DIN 38 412/16. 

For the determination of bacterial cell counts (BCC), samples were fixed with 4 % 

paraformaldehyde (final concentration), shaken horizontally for 1 min and treated (2 pulses 

@ 3 s at 10 % intensity) with a Sonopuls UW 3100 ultrasonic probe (Bandelin electronic, 

Berlin, Germany). After sedimentation of the glass beads for 1 min., subsamples of 99 µL 

were taken from the supernatant and stained with 1 µL SYTO 13 (500 µM) (Life 

Technologies, Carlsbad, CA, USA) for 15 min. Triplicates of the bacterial cell samples were 

counted at 488 nm excitation using a flow cytometer (FACScalibur, BD Bio Science, New 

Jersey, USA) after individual calibration with an undyed subsample of 100 µl for each 

sample. Results of EPS and biomass analyses where correlated to the dry weight (DW) of 

the corresponding samples.  

2.3.2 Diatom community composition  

Diatom samples fixed with Lugol’s iodine (2%) were analyzed from each flume from day 11, 

18 and 28 - reflecting the development phases of the algal community derived from 

chlorophyll a contents. The organic content of the samples was removed by boiling them in 

H2O2 (30%) followed by three washes with MilliQ water. The diatom frustules were 

embedded in Naphrax (Northern Biological Supplies, England) for species determination 

(Battarbee, 1986;  Krammer & Lange-Bertalot, 1986-1991;  Hofmann, Werum & Lange-

Bertalot, 2011) at 1000x magnification using a Zeiss Axioscope (Carl Zeiss, Oberkochen, 

Germany) with differential interference contrast. 300 valves were identified and the relative 
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abundance of each taxon was recorded. Data were evaluated by calculation of Bray-Curtis 

dissimilarity (BCD) (Somerfield, 2008) and Shannon diversity index (Shannon & Weaver, 

1963).  

2.3.3 Bacterial community composition 

Amplification of total DNA 

Total DNA was isolated from the sediment samples with the Nucleospin Kit for Soil 

(Macherey and Nagel, Düren, Germany) according to the manufacturer’s manual. Bacterial 

16S rRNA genes were amplified via a PCR assay using the universal primers 27f (5′-AGA 

GTT TGA TCM TGG CTC AG-3′) and 517r (5’-ATT ACC GCG GCT GCT GG-3’) (Lane, 

1990;  Emtiazi et al., 2004). For subsequent DGGE (Denaturing Gradient Gel 

Electrophoresis) a GC-clamp (5’-CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG 

CCG CCC CCG CCC C-3’) was attached to the primer 27f. Each PCR reaction (25 μL) 

amplifying 15 ng DNA consisted of: 16.38 μL sterile PCR water (Merck Millipore, Darmstadt, 

Germany), 2.5 μL 10x PCR buffer (QIAGEN, Venlo, Netherlands) provided by the enzyme 

manufacturer, 0.125 μL dNTPs (200 μM), 0.25 μL of each primer (40 μM) and 0.13 μL Taq 

DNA polymerase (HotStart™ Polymerase, 5 U/µL, QIAGEN, Venlo, Netherlands). 

Amplification was carried out in a GeneAmp PCR system 9700 (Applied Biosystems, 

Carlsbad, CA, USA) with the following specifications: 30 s at 94 °C, 35 cycles of 30 s at 94 

°C, 30 s at 55 °C and 60 s at 72 °C. The final extension lasted 7 min at 72 °C. The PCR 

products were loaded onto 1% agarose gels in 1x TAE buffer (pH 8.0), stained with GelRed 

(GeneON, Ludwigshafen, Germany) and studied under UV illumination (600 nm).  

DGGE analysis 

DGGE was performed as described by Muyzer et al. (1993) using a Bio Rad DCode system 

(Bio-Rad Laboratories, Hercules, CA, USA): a 1.5 mm thick vertical gel containing 7.5 % 

(w/v) polyacrylamide (37.5:1 acrylamide: bisacrylamide) with a linear denaturing gradient of 

urea and formamide (40% - 70%) was loaded with similar sized PCR products. After 

electrophoresis in a 1x TAE buffer (pH 8.5) for 17 h at 70 V and 56 °C gels stained with 

GelRed (GeneON, Ludwigshafen, Germany) for 15 min were analyzed under a Lumi-Imager 

F1 Working Station (Roche Diagnostics, Mannheim, Germany). Images of each gel taken 

with a CCD camera system (The Imager, Appligene, Illkirch, France) and processed with 

the software Lumi Analyst 3.1 were the basis for DGGE banding patterns analysis. After 
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processing with the programs GelCompar II (6.0) and ImageJ (148 a) range-weighted 

richness (Rr), community dynamics (Dy) and functional organization (Fo) were calculated 

as described by Marzorati et al. (Marzorati et al., 2008): the Rr value was derived from the 

number of DGGE bands and the stretch of the gel covered by the fingerprint reflecting the 

microbial diversity and capacity of the investigated system. While the Dy value reflects the 

“rates of change” in the microbial community derived from moving window analysis 

comparing consecutive DGGE bands, the Fo value was defined as the ratio between 

dominant and resilient microorganisms derived from Pareto–Lorenz evenness curves 

(Lorenz, 1905). 

Clone libraries and sequencing of prominent bacteria 

DGGE bands of interest were excised from GelRed stained gels and re-amplified via PCR 

(see above) using the same DGGE primers without GC clamp. 73 DNA fragments of 

appropriate length were purified with the Wizard ® Genomic DNA Purification Kit (Promega, 

Fitchburg, USA). Cloning of the purified DGGE bands was performed using the TOPO TA 

Cloning® kit (Invitrogen Inc. Carlsbad, CA) with the pCR® 4-TOPO® vector and One Shot 

Chemically Competent E. coli cells following the instructions of the manufacturer. Three to 

five clones per band were selected and grown overnight in 5 mL LB broth containing 100 

µg/mL ampicillin. Plasmid purification and sequencing of individual DGGE inserts was done 

by GATC Biotech AG (Constance, Germany) using, the primers M13 forward and reverse. 

Obtained sequences were manually edited using the Chromas Lite software package 

(Technelysium, South Brisbane, Australia), checked against  the BLAST database (NCBI, 

Bethesda; USA) (see Table 17) and subsequently aligned using the SINA aligner of the ARB 

software package (v 5.2) and the corresponding SILVA SSU Ref 102 database (Pruesse et 

al., 2007).  

2.3.4 Surface adhesiveness 

Measurements of biofilm stabilization capacity were performed using a modified Magnetic 

Particle Induction (MagPI) system (Larson et al., 2009) including a highly magnetisable µ 

metal core electromagnet with low remanence. The electromagnetic inductor was positioned 

vertically in the defined distance of 0.4 cm to the measurement spots on the biofilm surface 

(in total 36 replicates per sampling point) on which ferromagnetic particles were distributed 

with a pipette after suspension of the particles in water. The adhesion force of the analyzed 

surface is equivalent to the strength of the magnetic field required to retrieve the 
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ferromagnetic particles and can be deduced via calibration of the used electromagnet from 

the applied electric current (amperage). Thus, the measured amperage can be used as a 

proxy for the biofilm stability hereafter denoted as “adhesiveness”. The determination of the 

biofilm adhesiveness described by Larson et al. (2009) used four different thresholds to 

describe the varying behaviour of the ferromagnetic particles during increasing current. The 

adhesiveness threshold 3 (T3), shown as the amperage when half of the particles are 

attracted, is considered as the most objective and reproducible value for biofilm 

adhesiveness. In addition, an automated MagPI method was set up (Thom et al., 2015b). 

2.3.5 Statistical analysis 

Statistical analysis was performed using the software Analyze-it225 (1.0.5.0.): firstly, 

Shapiro-Wilks tests (confidence interval 95%) were applied to check for normal distribution 

of the data sets. In order to compare the different groups a one-way ANOVA (confidence 

interval 95%; chi -square approximation; Tukey error protection) was performed if data were 

normally distributed. Otherwise, a Kruskal-Wallis test (KWT) (chi -square approximation; 

Bernoulli correction for ties) was conducted. By calculating Spearman's rank correlation 

coefficients, correlation of different parameters was tested. A Detrended Correspondence 

Analysis (DCA) for the diatom communities was carried out. It included the abundances of 

all species from two replicate samples collected on day 11, 18 and 28 of the five 

experiments, twice during spring and summer and once during autumn, using the program 

CANOCO (ter Braak, 1987-1992;  ter Braak & Smilauer, 1998). 
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3. Results 

3.1 Evaluation of the constructed straight flume mesocosm  

3.1.1 Background 

Knowledge about biostabilization of fine sediments is steadily increasing and new 

techniques to measure adhesiveness of biofilms in high resolution have been established 

(Cuadrado, Carmona & Bournod, 2011;  Larson et al., 2009;  Lubarsky, 2011). Moreover, 

the influence of various environmental factors on the formation of biofilms has been 

investigated; mostly by experimental procedures (e.g. (Chavant et al., 2002;  Shrout et al., 

2006)). In the laboratory, parameters can be adjusted and reproduced relatively easy while 

insights into interspecies relations and larger scaled ecosystem developments are limited; 

especially since most studies concentrate on mono-species biofilm (e.g. (Rogers et al., 

1994;  Lemon, Higgins & Kolter, 2007)). Other projects focused on field observations that 

illustrate diverse ecological phenomena (Artigas et al., 2012;  McKew et al., 2011). 

Nevertheless, the environmental conditions are barely controllable and it is difficult to 

unravel specific links between species abundances, community composition, physiology 

and ecosystem functionality. 

The presented setup maximizes the advantages of laboratory (controlled reproducible 

settings) and field investigations (natural relevance) while combining engineering and 

biological expertise. Several studies investigated biofilm formation in microcosms (Battin et 

al., 2003;  Singer et al., 2006;  Besemer et al., 2009). Here, a continuous flow system is 

used consisting of six straight flumes run with natural river water. Detailed information about 

the construction, the hydraulic regimes and flow velocities of the straight flumes are given in 

Thom et al. (2012a). The new flow channel system is unique because: 1) the flume 

dimensions guarantee fully developed turbulence, uniform water flow and constant 

discharge as important requirements in hydraulic research, 2) the inoculation and 

development of biofilm from natural water on natural-like substratum minimizes behavioural 

artefacts of the microorganisms as a response to a more artificial physical environment and 

3) microbial growth and development can be linked to biofilm functionality: here 

biostabilization as one important ecosystem service. Thereby, well-established methods 

from engineering science meet protocols in microbial and chemical analysis as well as 

molecular approaches to gain insights into the process of biostabilization with its various 

complex interactions. However, the main focus of this section is the evaluation of the newly 
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designed straight flume setup with respect to the following question: is biofilm growth and 

development within and between the individual flumes comparable under controlled 

boundary conditions despite the well-known heterogeneity of natural waters? This is an 

essential prerequisite for further research into the phenomenon biostabilization at different 

habitats and environmental scenarios in order to reliably relate the manipulated boundary 

conditions to the observed effects on biofilm functionality. A four-week experiment was 

conducted in which biofilm growth was evaluated intra-flume and inter-flume wise. The 

analytical focus of this section was on biochemical and molecular biological parameters of 

the developing biofilm and on biofilm adhesiveness as a proxy for substratum stability.  

3.1.2 Water chemistry  

Nutrient concentrations of the water samples were constant over the experimental time and 

except for nitrate, at the detection limit (according to LAWA (Länderarbeitsgemeinschaft 

Wasser, 1998)): phosphate < 0.2 mg*L-1, ammonium and nitrate approx. 0.04 ± 0.03 and 

2.9 ± 0.1 mg*L-1, respectively and sulphate with 48.1 ± 0.4 mg*L-1. Concentrations of fluoride 

and chloride were below 0.2 and around 58.7 ± 0.7 mg*L-1, respectively. 

3.1.3 Inter- and intra-flume comparison  

Comparison of the data on biochemical analysis, microbial biomass and surface 

adhesiveness showed no significant difference neither between the different regions within 

one flume nor between the different flumes (Table 3-5).  

Table 3: Intra flume comparison: mean values of EPS (carbohydrates and protein) and chlorophyll 

a contents (n=144), bacterial cell counts (n=24) and surface adhesiveness (n=162) during the 

experiment and 6 flumes (with STDev). 

Flume 
region 

Carbohydrates 
(µg*gDW-1) 

Proteins 
(µg*gDW-1) 

Chlorophyll 
a (µg*gDW-1) 

Bacterial 
cells 

(107*gDW-1) 

Biofilm 
adhesiveness 

(mA) 

Front 27.9 ± 12.5 2.4 ± 1.6 1.3 ± 1.6 1.5 ± 0.8 618 ± 99 

Middle 27.3 ± 14.7 2.9 ± 2.2 1.4 ± 1.7 1.6 ± 0.9 603 ± 115 

Back 27.0 ± 13.3 2.9 ± 2.1 1.4 ± 1.8 1.7 ± 1.0 599 ± 104 
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Table 4: Inter flume comparison: mean values of EPS (carbohydrates and protein) and chlorophyll 

a contents (n=120), bacterial cell counts (n=40) and surface adhesiveness (n=135) during the 

experiment and 5 flumes (with STDev). 

Flume Carbohydrates 
(µg*gDW-1) 

Proteins 
(µg*gDW-1) 

Chlorophyll 
a (µg*gDW-1) 

Bacterial 
cells 

(107*gDW-1) 

Biofilm 
adhesiveness 

(mA) 

1 23.1 ± 9.9 2.0 ± 1.7 1.1 ± 1.0 2.2 ± 1.7 630 ± 107 

2 26.5 ± 11.2 2.7 ± 1.2 1.0 ± 1.0 1.9 ± 1.7 600 ± 96 

3 25.5 ± 8.2 3.1 ± 1.6 1.4 ± 1.5 1.9 ± 1.0 558 ± 91 

4 31.0 ± 16.5 2.5 ± 2.0 1.6 ± 2.1 2.0 ± 1.4 623 ± 132 

5 32.7 ± 18.0 3.4 ± 3.0 2.1 ± 2.5 1.5 ± 0.9 623 ± 88 

 

Table 5: Results of the Kruskall- Wallis tests: intra-flume and inter-flume comparisons of the 

measured data.  

Comparison Carbohydrates Proteins Chlorophyll 
a 

Bacterial 
cells 

Biofilm 
adhesiveness 

Intra- Flume p=0.8203   
(n=1441) 

p=0.5865 
(n=144) 

p=0.9492 
(n=144) 

p=0.8540        
(n=242) 

p=0.7670             
(n=1623) 

Inter-Flume p=0.3364   
(n=1204) 

p=0.1223 
(n=120) 

p=0.5432 
(n=120) 

p=0.9522        
(n=405) 

p=0.0631             
(n=1356) 

1: 3 regions * 6 flumes * 8 sampling points; 2: 3 regions * 1 flume * 8 sampling points; 3: 3 regions * 6 

flumes * 9 sampling points (incl. blanks); 4: 3 regions * 5 flumes * 8 sampling points; 5: 1 region 

(middle) * 5 flumes * 8 sampling points; 6: 3 regions * 5 flumes * 9 sampling points 

3.1.4 Development of the biofilm during the experiment  

EPS matrix 

Generally, contents of colloidal EPS carbohydrates and proteins exhibited an overall increase 

throughout the experiment (Figure 7), e.g. mean carbohydrate contents increased circa four-fold 

from 11.6 ± 3.5 µg gDW-1 (day 2) to 42.8 ± 13.4 µg gDW-1 (day 26) while mean protein values 

increased circa five-fold from 1.0 ± 0.8 µg gDW-1 to 5.2 ± 3.0 µg gDW-1. However, the increase 

between two subsequent sampling points was only significant between the days 11 and 14; for EPS 

carbohydrates (KWT; n=120; p=0.0162) as well as for EPS proteins (KWT; n=120; p<0.0001). 

Nevertheless, the mean values measured from day 14 onwards were significantly higher than those 
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determined until day 7 (for both, EPS carbohydrates and proteins: KWT; n=120; p<0.0001). Overall, 

the contents of EPS carbohydrates and proteins showed a strong positive correlation during the 

experiment (Spearman; rs=0.70; n=120; p<0.0001). 

  

Figure 7: Development of the colloidal EPS of the biofilms. Left: mean carbohydrate contents; right: 

mean protein contents (for both n=15; with corresponding STDev).  
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Microbial biomass 

Chlorophyll a contents and bacterial cell counts (BCC) increased during the experiment 

(Figure 8). For instance, mean chlorophyll a contents increased from 0.1 ± 0.1 µg gDW-1 

(day 2) to 3.7 ± 2.1 µg gDW-1 (day 26). Meanwhile, mean BCC increased tenfold from 4.6 ± 

1.1 x106*gDW-1 to 4.3 ± 1.4 x107*gDW-1. Thus, highly significant differences were detected 

for both parameters between earlier biofilm stages (until day 7) and matured biofilms (from 

day 22 onwards) (KWT; p<0.0001; n= 120 for chlorophyll a; n= 40 for BCC).  

However, while BCC showed significant increases from day 5 to day 7 and from day 7 to 

day 11 (KWT; n=40; p=0.0471 and p=0.0074, respectively), the values dropped significantly 

from day 11 to day 14 (KWT; n=40; p=0.0009). In contrast, chlorophyll a content increased 

significantly from day 11 to day 14 (KWT; n=120; p=0.0210), with an even more pronounced 

microalgal growth between day 14 to day 18 (KWT; n=120; p=0.0053). Over the total 

experimental time, BCC and chlorophyll a as a proxy for algal biomass were positively 

related (Spearman; rs=0.69; n=40; p<0.0001). Still, between day 11 and 14, the relation was 

negative although not significant (Spearman; rs=-0.56; n=10; p=0.089). In addition, 

chlorophyll a values were positively related to EPS carbohydrates (Spearman; rs=0.75; n= 

120; p<0.0001) as well as EPS proteins (Spearman; rs=0.60; n= 120; p<0.0001) during the 

entire experiment.  

  

Figure 8: Development of the microbial biomass in the biofilms. Left: mean chlorophyll a contents 

(n = 15; with STDev); right: mean bacterial cell counts (n = 5; with STDev). 
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Microalgae community  

Intra-flume comparisons of the diatom community displayed a high Proportional Similarity 

Index (PSI) from the beginning onwards that even increased over the experiment: PSI 0.71 

(day 7), 0.76 ± 0.09 (day 14) and 0.86 ± 0.03 (day 22). The PSI of the inter-flume comparison 

was similar (e.g. 0.72 ± 0.05 at day 22). While most algal species were determined 

sporadically in single flumes (listed in Table 6); three diatoms occurred ubiquitously in all 

flumes: Nitzschia fonticola, Nitzschia paleacea and Surirella brebissonii var. kuetzingii. 

Apparently, Nitzschia paleacea was the dominant species throughout all flumes while the 

other two diatoms showed varying abundances in the different flumes (Nitzschia fonticola 

dominant in flume 2 and Surirella brebissonii dominant in flume 4). Besides the generally 

prevailing diatoms, the green algae Scenedesmus sensu lato was detected within the 

biofilms from day 7 onwards. 

Table 6: Algae species of the mature biofilms (22nd day): displayed as proportional abundances; 

species with a relative abundance of less than 2.0% were summarised as “others”.  

 Flume # 
 1 2 3 4 5 

      
Cyclotella menighiana  3.8  3.0  
Fragilaria construens f. venter   3.0   
Myamaea atomus var. permitis   3.6   
Navicula capitatoradiata  3.5    
Navicula reichardtiana  2.0 2.1   
Nitzschia abbreviata  2.6    
Nitzschia acicularis 2.1     
Nitzschia fonticola 11.2 21.9 8.9 4.5 6.1 
Nitzschia fonticola - romana form * 2.9 10.5 5.6  3.4 
Nitzschia palea var. debilis 6.6     
Nitzschia palea var. palea 4.1 2.0  2.7  
Nitzschia paleacea 48.5 37.0 61.4 54.5 69.2 
Stephanodiscus sp. 3.7     
Surirella brebissonii var. kuetzingii 2.9 3.5 3.0 26.9 9.8 
others 17.8 13.1 12.5 8.4 11.6 

*: (SWF Vol. 2/2, Tafel 75, Nr. 7/8) 
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Bacterial ecology  

The bacterial range weighted richness (Rr) showed no significant inter-flume variations over 

time (1-way ANOVA; n=20; p=0.9740), but indicated two different stages during biofilm 

growth. During the first two weeks, the initially high (mean) RR of the biofilms (day 5: 41.4 ± 

9.8) decreased to a medium (day 7: 19.6 ± 6.0) and virtually low level (day 14: 10.7 ± 4.5). 

In contrast, a strong increase could be detected in RR over the last two weeks (day 22: 51.4 

± 14.1). Generally, high dynamics was observed (mean rate of weekly change 31.5 ± 8.0 

%), indicating severe changes within the bacterial community. Over time, mean dynamics 

(rate of change) within the bacterial community increased from day 5 to day 7 (from 25.0 ± 

10.7 % to 30.8 ± 13.7 %), followed by a decrease until day 11 (to 25.4 ± 10.5 %, Figure 9). 

Until day 14, mean dynamics reached a new maximum (42.9 ± 7.5 %) and decreased again 

subsequently (to 25.0 ± 8.3 % until day 26). The inter-flume comparison of the dynamics 

development pattern showed no significant differences (1-way ANOVA; n=35; p=0.506). 

 

Figure 9: Dynamics within the bacterial community. Left: DGGE band patterns of 16S rDNA gene 

diversity of biofilms exemplified shown for flume 1 (stained with ethidium bromide; inverted picture; 

numbers represent days of growth); right: moving window analysis of the bacterial community’s 

dynamics in the same flume (crosses) based on densitometry similarity matrices. Additionally, shown 

are the maximal (round dots) and minimal (triangular) change rates over the residual flumes. 

Over the experiment, the functional organization of the bacterial community in the biofilms 

increased steadily (Figure 10) and showed no significant inter-flume difference (1-way 
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ANOVA; n=20; p=0.3910): on day 5 20.0 % of the bacterial DGGE bands corresponded to 

a mean proportion of 52.9 ± 7.2 % of the cumulative band abundance indicating a medium 

degree of functional organization. This value slightly increased until day 7 (59.8 ± 4.7 %) 

and subsequently reached a high level at 73.8 ± 10.8 % on day 14. Until day 22 and for the 

rest of the experiment this increase was mitigated, but still detectable (77.2 ± 5.2 % on day 

22).  

 

Figure 10: Functional organization of bacterial community expressed as Parento-Lorenz curves 

obtained via densitometry and normalization of DGGE peak patterns. 
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Biofilm adhesiveness  

The developing biofilms established a surface adhesiveness which was up to four times 

higher than the abiotic sediment (Figure 11). This increase from 94.9 ± 44.9 mA at the start 

of the experiment to 272.3 ± 89.7 mA at day 5 was highly significant (KWT; n=135; p<0.000, 

days 1 - 2; p=0.0131, days 2 - 5). After a decline between day 5 and 7, new maximum values 

up to 427.1 mA were measured on day 11, with a mean value of 304.4 ± 118.8 mA. 

Subsequently, adhesiveness slightly decreased and stagnated at a level of ca. 227.4 ± 89.3 

mA for the rest of the experiment.  

 

Figure 11: Temporal development of the adhesiveness of the biofilms displayed as mean 

determined current [mA] (n = 15; with STDev).  
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3.2 The seasonal effect on biofilm development and microbial biostabilization 

3.2.1 Background 

In lotic waters, the dynamics of fine sediments are significantly influenced by a strong 

feedback between the benthos and the water column, the ETDC-cycle (Erosion, Transport, 

Deposition and Consolidation) (e.g. (Paterson & Black, 2000;  Noack et al., 2015). As the 

majority of nutrients binds to the grains of fine sediments (Mortimer, 1941;  Sfriso, Pavoni & 

Marcomini, 1995) this interaction not only affects essential features of sediment particles 

floating in the free water (Droppo, 2001;  Droppo, 2004), but also the primary production of 

benthic microalgae (Schreiber & Pennock, 1995). Thus, the ETDC-cycle is a driving factor 

for nutrient cycling within aquatic ecosystems. Especially in shallow reaches, the sediment 

surface harbors biofilms adapted to different small-scale environmental niches. Various 

microbes forming and inhabiting these biofilms secrete extracellular polymeric substances 

(EPS) such as adhesive proteins, which allow diatoms to attach to sediment grains (Dugdale 

et al., 2005;  Willis et al., 2013), or carbohydrate monomers described to be essential for 

bacterial adhesion (Li et al., 2005). In doing so, sediment grains also can be glued together 

resulting in a phenomenon called biostabilization, where the resistance of fine sediments 

towards erosion can be significantly increased (Black et al., 2002;  Gerbersdorf, Manz & 

Paterson, 2008;  Lubarsky et al., 2010). Besides providing ecological services e.g. retention 

of contaminated sediment (Förstner, 2004), biostabilization represents a major scientific 

challenge in the context of sediment management strategies (e.g. concerning maintenance 

of reservoirs). The huge economic importance of understanding sediment dynamics is 

evidenced by the constantly evolving standards and regulations concerning modelling of 

sediment dynamics and different sediment management strategies (Gölz et al., 2010;  

Aberle et al., 2013;  Kopmann et al., 2014). Though appropriate modelling solutions for the 

dynamic of sediments of grain sizes down to fine sand exist and are commonly used (Wu, 

Wang & Jia, 2000;  Wang & Wu, 2004), only a few semi-empirical approaches (Righetti & 

Lucarelli, 2007) have been developed to assess cohesive sediments under the influence of 

biological activity. New mathematical approaches like the fractal-based one described by Xu 

et al. (2014) address the various interactions between different sized sediment aggregates. 

However, due to a significant lack of understanding on how biofilms impact physical features 

of fine sediments (Grabowski, Droppo & Wharton, 2011), no universal modelling solution or 

erosion prediction model currently exists for sediments of grain sizes smaller than 63 µm. 

One possible reason for this absence might be the ever-changing environmental conditions 
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of riverine systems: Over the course of a year, constantly shifting abiotic environmental 

parameters such as temperature, flow velocity or underwater light intensity have a significant 

impact on the biocoenosis in the river resulting in clearly visible succession processes within 

the benthic biofilm (Garnier, Billen & Coste, 1995;  Sekar et al., 2004;  Lyautey et al., 2005). 

While knowledge of this seasonal effect upon benthic and biofilm organisms is steadily 

increasing (Coma et al., 2000;  Olapade & Leff, 2004;  Moss et al., 2006) and some 

implications for biofilm functionality (e.g. on aquatic food webs) have been studied 

(Yoshioka, Wada & Hayashi, 1994;  Power, Parker & Dietrich, 2008), the link to 

biostabilization of fine sediments is still to be examined. 

This section presents the first approach combining biological and engineering science to 

analyze the fundamental processes shaping the seasonal dynamics in the stabilization 

capacity of lotic biofilms. While Thom et al. (2015a) showed the seasonal shifting erosion 

resistance of fine lotic sediments, this paper aims to examine the underlying biological 

processes; the overall objective is to relate the development of different biological and 

biochemical parameters to the resulting erosion resistance of biofilm-covered fine lotic 

sediments. For this purpose, the experimental set-up described in section 2.2 was used 

while the biofilm inoculum was collected during different seasons from a nearby river. As a 

consequence, besides seasonal changes in water quality, seasonal shifting microbial 

species composition in the river constitutes the only varying parameter in this experimental 

design. Furthermore, the importance of the microbial community for biostabilization - the 

overall biofilm ecosystem function – can be elucidated.  
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3.2.2 Temporal development of the biofilm EPS matrix and microbial biomass  

Generally, mean EPS carbohydrate contents displayed fluctuating values. While increases 

over time (not significant) were detected in each experiment during spring and summer, 

autumn biofilms showed approximately stable EPS carbohydrate content. In contrast, a 

significant increase in EPS protein content (KWT: p= 0.0041; n=45) from 2.9 ± 0.6 µg gDW-

1 on day two to 27.6 ± 7.4 µg gDW-1 on day 28 was detected during spring, but neither 

summer nor autumn showed a significant rise (Figure 12). Biofilm chlorophyll a content 

increased over time in each season; this was highly significant for spring and summer (KWT: 

spring: p= 0.0010; n=45; summer: p< 0.0001; n=44) and a strong trend was observed in 

autumn (KWT: p= 0.0488; n=16). So, on day 28 mean chlorophyll a content reached 2.3 ± 

0.3 µg gDW-1 during spring, 2.6 ± 0.7 µg gDW-1 during summer and 1.4 ± 0.3 µg gDW-1 

during autumn. Bacterial cell counts (BCC) also increased significantly during spring and 

summer (KWT: spring p=0.0233; n=20; summer p=0.0156; n=20) and showed a similar 

trend during autumn (KWT: p= 0.0611; n=16) (data not shown). This resulted in mean BCC 

value of 2.3 ± 1.2 x 107 gDW-1 during spring, 4.3 ± 1.6 x 107 gDW-1 during summer and 1.8 

± 0.8 x 107 gDW-1 during autumn on day 28.  

3.2.3 Temporal development of biofilm adhesiveness  

In accordance with the chlorophyll a contents, biofilm adhesiveness showed two distinctly 

different developmental stages manifesting in a significant difference between early (until 

day 18) and later biofilm developmental stages (from day 21 onwards; Figure 12). 

Adhesiveness T3 showed a highly significant increase during spring and summer (KWT: 

spring: p< 0.0001; n=45; summer: p< 0.0001; n=44) and a similar trend in autumn (KWT: p= 

0.0547; n=16). However, maximal mean values were clearly different: in spring mean T3 

was 543.3 ± 102.3 mA on day 28, while it was 263.9 ± 49.8 mA in summer and 78.4 ± 18.8 

mA in autumn (Figure 12). 
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Figure 12: Temporal development of selected biofilm features (mean values with corresponding 

STDev): spring (▲) as well as summer (●) n=4; autumn (■) n=2. Upper left: EPS carbohydrate 

contents - per g dry weight of the sediment (DW); upper right: EPS protein contents; lower left: 

chlorophyll a contents; lower right: biofilm adhesiveness (T3) – with logarithmic ordinate. 
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3.2.4 Comparison of the different seasons  

To investigate seasonal variation in biofilm development, results from day one to 28 of all 

experiments were compared. The overview of the analyzed biofilm parameters in Table 7 

reflects the two distinct biofilm developmental stages – early, transparent and bacteria 

dominated until day 18 and the later greenish, brownish and diatom dominated from day 21 

onwards. Although no significant differences were detected in biomass - chlorophyll a 

content and bacterial cell counts (BCC), spring biofilms clearly differed from biofilms of the 

remaining seasons: Biofilm adhesiveness T3 and EPS contents were significantly higher in 

spring (KWT; p=0.0013; n=80 for T3; p< 0.0001; n=64 for both carbohydrates and proteins). 

However, diatom diversity on day 28 (mean Shannon index 1.7 ± 0.8 compared to 2.0 ± 0.8 

in summer and 2.5 ± 0.3 in autumn) and the dynamics within the bacterial community were 

lowest during spring (KWT; p< 0.0001; n=68 for dynamics).  

3.2.5 Interactions of different biofilm features 

As biostabilization was highest during spring, the investigation of interactions between 

different biofilm features and biofilm stability focused on this season. EPS protein content, 

biofilm chlorophyll a content and BCC showed high correlations to biofilm adhesiveness T3 

(spearman; proteins-T3: rs=0.73; p<0.0001; n=45; chlorophyll a-T3: rs=0.71; p<0.0001; 

n=45; BCC-T3: rs=0.75; p=0.0001; n=45; Table 8). Furthermore, high correlations between 

EPS protein content and chlorophyll a as well as BCC was detected (spearman; proteins-

chlorophyll: rs=0.75; p<0.0001; n=45; proteins-BCC: rs=0.72; p=0.0004; n=20). Evidence 

for the importance of the development within the bacterial community was suggested as its 

functional organization (Fo) showed high correlations to chlorophyll a content and biofilm 

adhesiveness T3 (spearman; Fo-chlorophyll a: rs=0.82; p<0.0001; n=42; Fo-T3: rs=0.78; 

p<0.0001; n=42; Table 8).  
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Table 7: Seasonal comparison of biofilm productivity, microbial community and functionality (mean values and corresponding StDEV). 

 
Biofilm parameter 

Spring Summer Autumn  
Difference 

between seasons 
Early 

Day 0-18 
Late 

Day 21-28* 
Early 

Day 0-18 
Late 

Day 21-28* 
Early 

Day 0-18 
Late 

Day 21-28 

EPS 
 

Carbohydrates 
[µg gDW-1] 

15.9 
± 8.1 

19.3 
± 5.7 

10.2 
± 9.2 

11.8 
± 8.4 

6.0 
± 2.6 

8.5 
± 3.7 

 
S 

Proteins 
[µg gDW-1] 

8.1 
± 8.9 

10.2 
± 10.4 

4.2 
± 3.1 

5.5 
± 3.6 

2.3 
± 2.7 

3.6 
± 1.3 

 
S 

Biomass 
 

Chlorophyll a 
[µg gDW-1] 

0.2 
± 0.3 

2.4 
± 1.5 

0.2 
± 0.2 

1.9 
± 0.9 

0.1 
± 0.1 

0.7 
± 0.5 

 
N 

Bacterial cells 
[*107 gDW-1] 

1.2 
± 1.8 

3.0 
± 2.2 

0.9 
± 0.7 

4.2 
± 2.4 

0.7 
± 0.3 

1.5 
± 0.9 

 
N 

Bacterial 
Community 

Range weighted 
richness 

18.7 
± 3.1 

26.2 
± 13.9 

13.7 
± 5.2 

12.9 
± 8.1 

13.9 
± 5.4 

27.9 
± 7.7 

 
N 

Functional 
organization 

45.3 
± 7.3 

61.1 
± 7.9 

50.8 
± 11.1 

49.9 
± 10.1 

51.2 
± 2.7 

39.8 
± 3.8 

 
N 

Dynamics 
10.2 
± 6.1 

10.8 
± 5.7 

13.7 
± 6.0 

16.5 
± 10.5 

22.0 
± 2.1 

34.9 
± 2.2 

 
S 

Diatom 
community 

Shannon Index 
2.9 

± 0.1 
1.7 

± 0.8 
2.8 

± 0.2 
2.0 

± 0.8 
3.1 

± 0.1 
2.5 

± 0.3 

 
N 

Evenness 
0.7 

± 0.1 
0.5 

± 0.2 
0.7 

± 0.1 
0.6 

± 0.2 
0.8 

± 0.1 
0.7 

± 0.1 

 
N 

Biofilm 
Stability 

Adhesiveness 
[mA] 

64.2 
± 34.6 

294.4 
± 210.8 

63.2 
± 33.4 

171.8 
± 76.3 

31.1 
± 10.3 

72.8 
± 13.5 

 
 

S 

*: data given in Figure 12 for spring and summer exceed this observation period until day 28.  

N: no significant difference detectable; S: significant different observed
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Table 8: Correlations of biofilm parameters during spring.  

 
EPS Biomass 

Bacterial  
community 

Biofilm 
adhesiveness  

Carb Prot Chloro BCC Rr Fo Dy T3 

EPS 

Carb 1         

Prot 0.55 1        

Biomass 

Chloro 0.18 0.75 1       

BCC 0.54 0.72 0.55 1      

 
Bacterial 

community 
 

Rr 0.15 -0.42 -0.10 -0.06 1     

Fo 0.21 0.70 0.82 0.65 0.08 1    

Dy -0.09 0.38 0.24 0.40 -0.48 0.18 1   

Biofilm 
adhesiveness 

T3 0.40 0.73 0.71 0.75 0.01 0.78 -0.02 1 
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3.2.6 Microbial community  

Bacterial community  

For the bacterial community the temporal development of the three ecology indices “range 

weighted richness” (Rr), “dynamics” (Dy) and “functional organization” (Fo) showed distinct 

differences during the different seasons. No significant changes were observed in any index 

for the summer biofilm. The only season with a significantly changing Rr was autumn, which 

displayed a significant increase over time (KWT; p=0.0430; n=14). Here, a trend towards 

increasing dynamics (KWT; p=0.0514; n=12) was also detected. Spring was the only season 

showing a highly significantly growing Fo (KWT; p= 0.0005; n=42) as initial mean Fo 

approximately doubled until the end of the experiments (from 40.02 ± 5.75 to 79.75 ± 7.07) 

(see Figure 13). 16S rRNA gene based identification of bacterial key players can be found 

in section 3.3.2. 

 

Figure 13: Temporal development of the bacterial community. Inverted image of DGGE band 

patterns taken during spring from the experiment “May”. The indicated numbers represent days of 

growth. The developing specialization of the bacterial community and dominance of single bands 

became very plain.  
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Diatom community 

Generally, biofilms were dominated by a variety of different diatoms (see Table 9 in the 

appendix), while only few green algae such as Scenedesmus sensu lato were detected in 

low abundances. Hence, the analysis is focused on the diatom community: Statistical 

analysis of the complete data set for Bray-Curtis dissimilarity (BCD) indices of the diatom 

communities displayed no significant differences between the single flumes of one single 

experiment or between the two corresponding experiments representing one season (KWT: 

p=0.934, p=0.3928 resp.; for both n=132). However, significantly increasing BCD indices 

were detected comparing the diatom communities of day 11 with day 18 and day 28 (KWT: 

day 11 vs. day 18: p= 0.0054; day 18 vs. day 28 and day 11 vs. day 28: p<0.0001; for all 

n=132). On day 28, BCD indices obtained from the comparison of the diatom communities 

of spring and autumn were significantly higher than the ones between summer and autumn 

or between spring and summer (ANOVA: p=0.0185; n=44) reflecting the annual succession 

in riverine waters. The DCA including all diatom samples (Figure 14) confirms this seasonal 

succession as it indicated three distinct clusters for the different seasons, where spring and 

summer are divided along the ordinate, while summer and autumn as well as autumn and 

spring are separated along the abscissa.  

 

Figure 14:  DCA of the diatom communities. Triangles: spring; circles: summer; squares: autumn. 

Numbers represent sampling days. A: “August”, J: “July”, M: “May”, m: “March”, N: “November”. The 

additional “a” and “b” represent the two different flumes or replicates run during one single sediment. 

Late successional biofilms (day 28) were always dominated by a combination of the four 

diatom species Achnanthidium minutissimum var. minutissimum (A. min.), Sellaphora 
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seminulum (S. sem.), Nitzschia fonticola (N. font.) and Nitzschia dissipata var. dissipata (N. 

diss.) with abundances changing during the course of the year (Figure 15). During spring 

A. min. and S. sem. dominated late successional biofilms while other diatom species such 

as Mayamaea atomus var. permitis or Eolimna minima (E. min.) were subdominant. In 

summer biofilms, S. sem. developed very high abundances while the fractions of other 

diatom species such as Nitzschia paleacea and Eolimna subminuscula were lower. In 

contrast to spring and summer, autumn diatom communities were dominated by N. font. and 

N. diss. representing almost half of the diatoms in the late biofilms.  

 

Figure 15:  Relative abundances of diatom genera [%] of early and late successional biofilm 

stages during all seasons. Genera with a relative abundance of less than 3.0 % were added up 

and summarized as 'others'. 
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3.3 The effect of light intensity and shear stress on microbial biostabilization 

3.3.1 Background 

In recent years, biofilms are recognized as increasingly important subjects of research. One 

obvious reason for this development can be found in the high economic importance of 

biofilms – independent of the point of view whether they are regarded to be beneficial e.g. 

in the context of bioremediation (Kwon et al., 2016;  Lai et al., 2016) or adverse e.g. during 

biofouling (Mueller-Steinhagen, Malayeri & Watkinson, 2011;  Trueba et al., 2015;  Moreira 

et al., 2016) or colmation of riverine sediments (Mueller et al., 2013).  Depending on the 

research focus, these and various other studies concentrate on one of two fundamental 

perspectives: either the impact of environmental conditions upon the development and 

characteristics of the biofilms is investigated or the “performance” e.g. the rate of nutrient 

cycling or contaminant retention of the biofilm system is of major interest. Furthermore, 

numerous studies investigated the influence of different environmental factors on the 

development of different biofilms, the main focus was either the investigations of the 

resulting biofilm structure (Blenkinsopp & Lock, 1994), the affected metabolism pathways 

(Romani et al., 2004;  Marcarelli et al., 2009;  Kendrick & Huryn, 2015) or the analysis of the 

microbial community (Lawrence et al., 2004;  Wagner et al., 2015). As a result, knowledge 

about the impact of important environmental conditions such as light or nutrient availability 

upon biofilm systems is constantly increasing. Moreover, the different feedback loops 

between biofilm and environment are unravelled.  

However, the process of biostabilization of fine sediments is still poorly understood, even if 

recent studies focused on this essential ecosystem function. Many recent studies 

concentrated on the role of different components in the EPS matrix (Taylor, Paterson & 

Mehlert, 1999;  Tolhurst, Gust & Paterson, 2002) as these substances are generally 

considered as driving factors for biostabilization. On the one hand, results of these 

investigations highlighted the important role off algal EPS production (Yallop, Paterson & 

Wellsbury, 2000), on the other hand the essential role of bacteria was also indicated 

(Gerbersdorf et al., 2009).  These findings indicate how complex this field of research is and 

that the stabilizing potential of biofilms is affected by various abiotic and biotic parameters. 

As these boundary conditions are constantly changing during field experiments, 

fundamental research on this subject appears only feasible via the usage of mesocosm 

experiments (with a high amount of replicates) where every environmental parameter could 
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be controlled and biofilms could be cultivated under constant, reproducible natural-like 

boundary conditions. Using this corresponding experimental setup whose design and 

reliability were presented in section 3.1, the impact of environmental conditions on 

biostabilization could be assessed (Thom et al., 2015a), albeit without including detailed 

information about the composition of the microbial community and the role of potential 

microbial key players in the process of biostabilization. Thus, the central focus of this section 

was to gather a comprehensive insight into the impact of two major abiotic environmental 

factors (flow velocity and illumination intensity) upon the biofilm development with special 

consideration of the microbial community composition.  

The investigated boundary conditions were set in three natural-like levels (see Table 2). In 

this context, the applied three levels of bed shear stress (BSS) ranged from a situation with 

very low flow velocity such as in shallow reaches of abandoned meanders, up to a level of 

physical stress closed to the point of erosion of the used fine sediment.  The three set light 

intensities (LI) reflected situation of virtually no illumination penetrating the water column 

and reaching the river bed e.g. in very turbid and/ or heavily shaded rivers up to very high 

levels of irradiation as found in very shallow reaches illuminated by bright sunlight during 

the midday hours.  

Essential prerequisite for a deep understanding of biostabilization as the overall functionality 

of the biofilm system was the assessment of various other biofilm characteristics which were 

demonstrated to impact biofilm adhesiveness. Thus, this investigation included the 

physiology of the biofilms such as algal and bacterial biomass and produced EPS in the 

biofilm matrix as well as the community structure of bacteria and algae in order to identify 

potential key players during the process of biostabilization.  

3.3.2 Comparison of the different boundary conditions  

Comparing the three different levels of bed shear stress (BSS), significant differences 

became plain in the parameters EPS protein content (KWT; n= 175; p=0.0178), biofilm 

adhesiveness (KWT; n= 173; p=0.0398), Rr (KWT; n= 172; p=0.0001), Dy (KWT; n= 140; 

p=0.0047) and Fo (KWT; n= 175; p=0.0213) (Table 10). In this context, adhesiveness and 

Rr of biofilms grown under high shear stress were comparably low, while Dy and Fo of these 

biofilms were very high. Furthermore, EPS protein contents displayed maximal mean values 

in biofilms grown under medium bed shear stress. The comparison of the three different 

levels of light intensity (LI) displayed significant differences between all analysed parameters 
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(Table 10). Amongst others, biofilms cultivated under minimal illumination intensity showed 

highly significantly minimal mean values for adhesiveness (KWT; p<0.0001; n=229), Fo 

(KWT; p=0.0005; n=212) and Rr (KWT; p<0.0001; n=226).  

3.3.3 Temporal biofilm development   

The cultivation under different boundary conditions clearly influenced the temporal 

development of the analysed biofilm parameters. In this context, the three levels of BSS 

displayed various impacts: while the contents of EPS carbohydrates showed fluctuating 

values without significant changes, EPS protein contents significantly increased under 

minimal and maximal BSS (see Table 11). Furthermore, algal biomass significantly 

increased in all biofilms but BCC only displayed a significant growth over time under minimal 

bed shear stress (KWT; p<0.0001; n=48). The bacterial community displayed very variable 

reactions to the different levels of BSS: a significant increase in Fo could be detected in all 

biofilms, but Dy only increased significantly under medium and maximal BSS. Moreover, the 

only case of significantly growing Rr was observed in biofilms grown under minimal BSS. In 

addition to the observed significant minimum in adhesiveness of biofilms under maximal 

BSS, this parameter did not show a significant increase (KWT; p=0.0643; n=28) – in contrast 

to the adhesiveness of biofilms cultivated under minimal or medium BSS.  

Concerning the temporal development of the biofilms cultivated under different levels of light 

intensity (LI) (summarized in Table 12), it became plain that under minimal LI only BCC 

(KWT; p=0.0023; n=30) and biofilm adhesiveness (KWT; p=0.0395; n= 61) increased 

significantly over time. In contrast, biofilms cultivated under maximal illumination displayed 

various significantly increasing parameters including mean EPS protein contents, algal and 

bacterial biomass and biofilm adhesiveness. In addition, this is the only treatment where a 

significant increase in mean EPS carbohydrate content could be detected.  
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Table 10: Summarized comparison of the different boundary conditions.  

Biofilm parameter 
 

Bed shear stress 
Difference 

between conditions 
Light intensity 

Difference 
between conditions 

n p   n p 

EPS 
 

Carbohydrates 175 p = 0.7474 
 

N 235 p = 0.0004 
 

S 

Proteins 175 p = 0.0178 
 

S 235 p = 0.0002 
 

S 

Biomass 
 

 
Chlorophyll a 

 
177 p = 0.1805 

 
N 235 p < 0.0001 

 
S 

 
Bacterial cells 

 
80 p = 0.8905 

 
N 121 p = 0.0013 

 
S 

Bacterial 
community 

Range weighted 
richness 

172 p = 0.0001 
 

S 226 p < 0.0001 
 

S 

Functional 
organization 

162 p = 0.0213 
 

S 212 p = 0.0005 
 

S 

Dynamics 140 p = 0.0047 
 

S 174 p = 0.0123 
 

S 

Biofilm 
stability 

Adhesiveness  173 p = 0.0398 
 

S 229 p < 0.0001 
 

S 

N: no significant difference detectable; S: significant different observed 
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Table 11: Temporal biofilm development under different levels of bed shear stress. 

Biofilm parameter 

Minimum BSS Medium BSS Maximum BSS 

n p n p n p 

EPS 
 

Carbohydrates 
 

105 p = 0.0576 40 p = 0.1981 30 p = 0.4511 

Proteins 
 

105 p = 0.0002 40 p = 0.0833 30 p = 0.0424 

Biomass 
 

Chlorophyll a 
 

105 p < 0.0001 40 p = 0.0005 32 p = 0.0026 

Bacterial cells 
 

48 p < 0.0001 13 p = 0.0853 12 p = 0.0883 

Bacterial 
community 

Range weighted 
richness 

102 p = 0.3665 40 p = 0.0550 30 p = 0.0721 

Functional 
organization 

96 p < 0.0001 38 p = 0.0138 28 p = 0.0183 

Dynamics 80 p = 0.7847 32 p = 0.0240 22 p = 0.0347 

Biofilm Stability Adhesiveness   106 p < 0.0001  40 p = 0.0009 28 p = 0.0643 
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Table 12: Temporal biofilm development under different levels of light intensity. 

Biofilm parameter 
 

Minimum LI Medium LI Maximum LI 

n p n p n P 

EPS 
 

Carbohydrates 
 

65 p = 0.4069 105 p = 0.0576 65 p = 0.0199 

Proteins 
 

65 p = 0.2770 105 p = 0.0002 65 p = 0.0024 

Biomass 
 

Chlorophyll a 
 

65 p = 0.9523 105 p < 0.0001 65 p < 0.0001 

Bacterial cells 
 

30 p = 0.0023 48 p < 0.0001 25 p = 0.0143 

Bacterial 
community 

Range weighted 
richness 

62 p = 0.8215 102 p = 0.3665 62 p = 0.6016 

Functional 
organization 

54 p = 0.8196 96 p < 0.0001 48 p = 0.0473 

Dynamics 44 p = 0.1643 80 p = 0.7847 62 p = 0.0074 

Biofilm Stability Adhesiveness   61 p = 0.0395   106 p < 0.0001  62 p < 0.0001 
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3.3.4 Detailed investigation of biofilm parameters  

As illustrated in section 3.2, seasonality has a strong influence for the biofilm growth with a 

clear maximum in biostabilization detected during spring. Thus, a more detailed examination 

of the biofilm development during this season constitutes an essential source of deeper 

information about the reaction of the biofilm community to the different environmental 

conditions and resulting biostabilzation. In this context, it is important to take into account 

the aforementioned two different successional development stages of the biofilm (nascent 

bacteria dominated in the first two weeks versus matured algae dominated from week two 

on). Although matured biofilms cultivated under medium BSS displayed maximal mean 

values for chlorophyll a (5.9 ± 3.6 µg gDW-1) and bacterial cell counts (6.1 ± 2.7* 107 gDW-

1), the different levels of bed shear stress (BSS) did not have a statistically significant impact 

on the bacterial or algal biomass of the biofilms (KWT; BCC: p=0.2329; n=36; Chlorophyll 

a: p=0.1948; n=85). However, the bacterial communities were clearly influenced by the 

different flow velocities: On the one hand; range weighted richness (Rr) was significantly the 

lowest under maximal BSS (KWT; p<0.0001; n=84). On the other hand, dynamics in the 

community were significantly the lowest under minimal BSS and the highest under maximal 

BSS (KWT; p<0.0001; n=66). Furthermore, the influence of BSS upon biofilm development 

and biofilm adhesiveness became plain by a strong trend indicating decreasing biofilm 

stability with increasing flow velocity (KWT; p=0.05124; n=85). Detailed information about 

the influence of the different applied levels of BSS during biofilm cultivation upon all 

assessed biofilm parameters can be found in Table 13. Biofilms cultivated under different 

levels of light intensity (LI) displayed significant differences in many investigated parameters 

(see Table 14): mean contents of carbohydrates as well as proteins in the EPS matrix were 

significantly the lowest in matured biofilms grown under minimal LI (KWT; EPS 

carbohydrates: p=0.0006; n=87; EPS proteins: p=0.0082; n=87). Besides their significantly 

lowest algal biomass (KWT; p<0.0001; n=87), the biofilms developing under minimal LI 

displayed very low bacterial Rr (KWT; p<0.0001; n=84) but constantly high Dynamics (KWT; 

p=0.0158; n=68). Furthermore, the functional organization of the bacterial community under 

minimal LI stagnated throughout the experiments, while the bacterial communities under 

medium and maximal LI increased in their specialization leading to significantly higher mean 

values in matured biofilms (KWT; p=0.0026; n=82).   
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Table 13: Comparison of biofilm grown under different levels of bed shear stress. 

 
 

Minimum BSS Medium BSS Maximum BSS  
 

Difference 
between treatments 

Early 
Day 0-18 

Late 
Day 21-35 

Early 
Day 0-18 

Late 
Day 21-35 

Early 
Day 0-18 

Late 
Day 21-35 

EPS 
 

Carbohydrates 
[µg gDW-1] 

12.9 
± 6.1 

21.6 
± 8.5 

13.6 
± 6.7 

26.3 
± 8.1 

7.1 
± 5.0 

23.6 
± 10.9 

 
N 

Proteins 
[µg gDW-1] 

10.2 
± 9.6 

33.1 
± 10.2 

13.4 
± 6.3 

31.5 
± 13.2 

4.5 
± 3.2 

29.8 
± 8.0 

 
S 

Biomass 
 

Chlorophyll a 
[µg gDW-1] 

0.3 
± 0.3 

6.9 
± 6.5 

0.5 
± 0.5 

5.9 
± 3.6 

0.2 
± 0.2 

3.6 
± 3.0 

 
N 

Bacterial cells 
[*107 gDW-1] 

1.8 
± 2.3 

4.7 
± 3.7 

1.6 
± 1.9 

6.1 
± 2.7 

0.6 
± 0.6 

4.6 
± 1.7 

 
N 

Bacterial 
community 

Range weighted 
richness 

6.1 
± 1.8 

9.5 
 ± 6.2 

8.2 
± 2.2 

10.9 
± 5.0 

4.7 
± 1.2 

4.8 
± 2.3 

 
S 

Functional 
organization 

41.6 
± 7.0 

68.0 
± 11.4 

59.3 
± 7.0 

67.9 
± 7.3 

59.7 
± 5.1 

61.4 
± 12.0 

 
S 

Dynamics 
10.0 
± 5.1 

17.3 
± 3.3 

18.3 
± 9.2 

21.2 
± 9.1 

26.6 
± 18.8 

32.9 
± 15.0 

 
S 

Diatom 
community 

Shannon Index 
1.8 

± 0.1 
1.7 

± 0.8 
3.1 

± 0.2 
2.8 

± 0.8 
2.6 

± 0.1 
2.1 

± 0.3 

 
N 

Evenness 
0.5 

± 0.1 
0.5 

± 0.2 
0.8 

± 0.1 
0.8 

± 0.2 
0.8 

± 0.1 
0.7 

± 0.1 

 
N 

Biofilm 
Stability 

Adhesiveness 
[mA] 

72.9 
± 47.3 

810.3 
± 1044.6 

73.5 
± 50.4 

435.0 
± 316.7 

84.8 
± 55.4 

340.6 
± 270.8 

 
 

N 

N: no significant difference detectable; S: significant different observed 
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Table 14: Comparison of biofilms cultivated under different levels of illumination intensity. 

 
 

Minimum LI Medium LI Maximum LI  
 

Difference 
between treatments 

Early 
Day 0-18 

Late 
Day 21-35 

Early 
Day 0-18 

Late 
Day 21-35 

Early 
Day 0-18 

Late 
Day 21-35 

EPS 
 

Carbohydrates 
[µg gDW-1] 

15.7 
± 7.1 

10.3 
± 4.3 

18.8 
± 9.1 

23.6 
± 7.6 

10.7 
± 5.8 

20.3 
± 13.4 

 
S 

Proteins 
[µg gDW-1] 

4.0 
± 2.1 

6.1 
± 0.9 

2.7 
± 1.5 

8.4 
± 3.1 

3.9 
± 3.5 

10.2 
± 6.1 

 
S 

Biomass 
 

Chlorophyll a 
[µg gDW-1] 

0.0 
± 0.0 

0.1 
± 0.0 

0.1 
± 0.1 

2.4 
± 2.9 

0.3 
± 0.2 

3.7 
± 4.4 

 
S 

Bacterial cells 
[*107 gDW-1] 

0.8 
± 0.3 

1.3 
± 0.7 

0.4 
± 0.3 

3.0 
± 0.9 

1.5 
± 1.0 

4.3 
± 4.0 

 
S 

Bacterial 
community 

Range weighted 
richness 

5.4 
± 0.9 

4.3 
± 2.8 

31.2 
± 2.9 

38.6 
± 11.1 

32.4 
± 1.0 

39.5 
± 9.0 

 
S 

Functional 
organization 

50.6 
± 2.9 

50.9 
± 4.1 

50.2 
± 4.5 

56.8 
± 5.5 

52.2 
± 2.2 

64.9 
± 4.6 

 
S 

Dynamics 
16.0 
± 5.2 

15.6 
± 3.4 

10.3 
± 6.1 

4.9 
± 2.6 

8.7 
± 1.4 

14.7 
± 9.4 

 
S 

Diatom 
community 

Shannon Index /* / 
3.3 

± 0.2 
1.0 

± 0.1 
2.7 

± 0.2 
1.4 

± 0.2 

 
N 

Evenness / / 
0.9 

± 0.1 
0.4 

± 0.2 
0.7 

± 0.1 
0.5 

± 0.1 

 
N 

Biofilm 
Stability 

Adhesiveness 
[mA] 

71.2 
± 11.0 

73.6 
± 28.4 

55.5 
± 12.7 

675.9 
± 837.8 

58.0 
± 17.3 

1001.7 
± 994.1 

 
 

S 

*: under minimal illumination, no significant algal development could be observed  

N: no significant difference detectable; S: significant different observed
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Biofilm adhesiveness 

While initial levels of adhesiveness were very similar in all early biofilm stages, the highest 

mean adhesiveness in late biofilm stages could be detected in biofilms grown under maximal 

LI (1001.7 ± 994.1 mA). With a value of 810.2 ± 1044.6 mA, the mean adhesiveness of 

biofilms cultivated under minimal BSS was insignificantly lower. Furthermore, minimal LI 

was the only boundary condition where no significant increase in biofilm adhesiveness could 

be detected (see Figure 16).   

  

Figure 16: Adhesiveness of early and late biofilm stages. Left: under different levels of BSS; right: 

under different levels of LI (with logarithmic ordinate).  

EPS matrix 

Comparing the different levels of BSS, it became plain that early biofilm stages under 

maximal flow velocity displayed lower mean EPS carbohydrate and protein contents. 

However, this differences were mitigated in late biofilms. The reverse development could be 

detected comparing the different levels of LI: although all early biofilms had a similar content 

of carbohydrates and proteins in the colloidal EPS, late biofilms cultivated under minimal LI 

had the significantly lowest mean values of EPS carbohydrates and proteins contents 

(Figure 17).  
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Figure 17: Content of EPS components of early and late biofilm stages under different levels of LI; 

left: EPS carbohydrates; right: EPS proteins.  

 

Microbial biomass 

Under the different levels of BSS, the development of the bacterial and algal biomass was 

very similar to the observed changes in EPS components: after early biofilm stages 

developing under maximal flow velocity displayed lower mean values than biofilm under 

minimal or medium bed shear stress, the levels of bacterial and algal biomass were more 

similar in late biofilms. However, biofilms under maximal BSS mitigated the difference in 

BCC more than the differences in chlorophyll a content (see Figure 18). In contrast to this, 

especially matured stages of biofilms cultivated under medium or maximal LI showed 

significantly higher bacterial and algal biomass than biofilms grown under minimal 

illumination intensity.  
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Figure 18: Microbial biomass of early and late biofilm stages. Upper left: Algal biomass under 

different levels of bed shear stress; upper right: Bacterial biomass under different levels of bed shear 

stress; lower left: algal biomass under different levels of light intensity; lower right: Bacterial biomass 

under different levels of light intensity. 
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Bacterial ecology 

The Range weighted richness (Rr) of biofilms grown under minimal and medium BSS 

displayed increasing mean values, while the mean Rr of biofilms cultivated under maximal 

BSS stagnated at a significantly lower level (KWT; p<0.0001; n=84). Parallel to this 

development, the mean Rr of biofilms developing under medium and maximal LI increased 

over time, while the mean values of biofilms grown under minimal LI were significantly lower 

(KWT; p<0.0001; n=84) and decreasing over time (see Figure 19).   

  

Figure 19: Range weighted richness (Rr) of early and late biofilm stages. Left: under different 

levels of BSS; right: under different levels of LI.  

The mean functional organization (Fo) in early biofilms was significantly lower under minimal 

BSS than under medium or maximal BSS (KWT; p=0,0014; n=78). However, this mean 

value significantly increased over time (KWT; p<0.001; n=96), so that no significant 

difference in mean Fo could be detected in late biofilms under the different levels of flow 

velocity (KWT; p=0.1879; n=84).  Minimal LI resulted in stagnating Fo, while medium and 

maximal illumination led to an increase in Fo over time. As a consequence, significant 

maximal mean Fo could be detected in late biofilms under maximal LI (KWT; p<0.0001; 

n=114) see Figure 20.  
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Figure 20: Functional organization (Fo) of the bacterial community of early and late biofilm stages. 

Left: under different levels of BSS; right: under different levels of LI.  

While no clear trend was observed in biofilms under different levels of LI (stagnating 

dynamics under minimal LI, decreasing dynamics under medium LI and increasing dynamics 

under maximal LI), a clear correlation was indicated under the different levels of flow velocity 

(Figure 21): mean dynamics significantly raised with increasing BSS (KWT; p<0.0001; 

n=66).  

  

Figure 21: Dynamics within the bacterial community of early and late biofilm stages. Left: under 

different levels of BSS; right: under different levels of LI.  
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Interactions of the different biofilm parameters 

 Generally, the correlations of the different investigated biofilm parameters (Table 15) 

displayed many similarities to the results of the assessment of the impact of seasonality on 

biofilm development (section 3.2.; Table 8): A high correlation between algal biomass and 

bacterial cell counts could be detected (spearman; rs= 0.7; p< 0.0001; n=150). Furthermore, 

the content of proteins in the EPS matrix displayed high correlations to algal biomass and 

bacterial cell counts (spearman; chlorophyll a- EPS proteins: rs= 0.58; p<0.0001; n=305; 

BCC-EPS proteins: rs= 0.56; p< 0.0001; n=150). In addition, a similar negative correlation 

between range weighted richness and dynamics in the bacterial community could be 

observed (spearman; rs= -0.24; p<0.000144; n=228). Concerning the biostabilization 

capacity of the biofilms, the microbial biomass (chlorophyll a as well as BCC) and the EPS 

protein content correlated significantly to biofilm adhesiveness (spearman; chlorophyll a- 

biofilm adhesiveness: rs= 0.81; p< 0.0001; n=295; BCC-biofilm adhesiveness: rs= 0.74; 

p<0.0001; n=147). Similar to the observations in section 3.2, the functional organization of 

the bacterial community had the highest correlation to biofilm adhesiveness (spearman; rs= 

0.48; p=<0.0001; n=271) – even if it was lower than during the seasonality study. 
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Table 15: Comprehensive overview over correlations of biofilm parameters.  

 
EPS Biomass 

Bacterial  
community 

Biofilm 
adhesiveness  

Carb Prot Chloro BCC Rr Fo Dy T3 

EPS 

Carb 1         

Prot 0.51 1        

Biomass 

Chloro 0.47 0.58 1       

BCC 0.42 0.56 0.70 1      

 
Bacterial 

community 
 

Rr -0.09 -0.14 0.17 0.04 1     

Fo 0.38 0.43 0.44 0.43 -0.43 1    

Dy 0.10 0.14 0.19 0.14 -0.24 0.21 1   

Biofilm 
adhesiveness 

T3 0.42 0.56 0.81 0.74 0.13 0.48 0.07 1 

Carb:  carbohydrates; Prot: proteins; Chloro: chlorophyll a; BCC: bacterial cell counts; T3: biofilm adhesiveness threshold 3
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Microbial community 

Bacterial species 

Analysis of the 211 prominent bacterial DGGE bands/ sequences yielded 77 different 

bacterial species (see Table 17 in the appendix for detailed information about the sequence 

of every investigated DGGE band). As described in section 3.2 and by Schmidt et al. (2016), 

the influence of seasonality is of great importance for the composition of the microbial 

community and resulting biofilm stability. Thus, the species distribution among the different 

seasons is assessed in a first step. While 16 species could be identified during more than 

one season e.g. members of the genus Aquabacterium, Brevundimonas or Gemmatimonas, 

the number of bacteria exclusively detected in only one season varied to a great extend: 51 

during spring experiments versus 7 during summer experiments and 3 during winter. 

Furthermore, in various experiments and under different boundary conditions, microbial 

organisms generally considered as typical generalists and widely spread were detected. 

Examples for these bacteria of typical freshwater biofilm were Aquabacterium sp. (Kalmbach 

et al., 1999), Brevundimonas diminuta (Vancanneyt et al., 2009) or Gemmatimonas 

phototrophica (Zeng et al., 2015;  Zeng et al., 2016). Besides these mentioned micro-

organisms, several bacterial species were identified independent of illumination intensity. 

However, four species dominated  biofilms grown under high light intensity: Rubrivivax 

gelatinosus (Wawrousek et al., 2014) and Rhodoferax saidenbachensis (Kaden et al., 2014) 

in early development stages, Neosynechococcus sphagnicola (Dvorak et al., 2014) and 

Leptolyngbya sp. (Kanellopoulos et al., 2015) in matured biofilms. In comparison to this, the 

different levels of shear stress displayed no significant influence upon the bacterial 

community composition - with Pseudomonas taeanensis constituting the only exception with 

a stronger appearance in biofilms cultivated under high flow velocity.  

Diatom community 

In total, 13 different diatom genera were present in relative abundances greater than 3% in 

the investigated biofilms. Among these, 4 different diatom genera – Fragillaria, Sellaphora, 

Nitzschia and Achnanthidium appeared to dominate the biofilms in variable abundance 

ratios. Biofilms cultivated under minimal BSS were clearly dominated by Achnanthidium 

minutissimum var. minutissimum (A. min.) (mean relative abundance of 52.0 ± 3.6 % in early 

biofilms and 59.4 ± 4.2 % in late biofilms). Under increased BSS A. min. became less 

dominant and diatoms of the genus Nitzschia -mainly Nitzschia fonticola, Nitzschia 
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abbreviata and Nitzschia dissipata- increased in dominance in matured biofilms as a 

comparison of their cumulative mean relative abundances clearly showed: 9.9 ± 0.2% in 

biofilms cultivated under minimal BSS, 24.9 ± 3.3% in biofilms grown under medium BSS 

and 40.8 ± 3.5% in biofilms developing under maximal BSS). Besides this, Sellaphora 

seminulum (S. sem.) reached a mean relative abundance of 22.1 ± 3.3% which was similar 

to the members of the genus Nitzschia in matured biofilms under medium BSS (see Figure 

22). The high dominance of A. min in late biofilms cultivated under minimal BSS was also 

reflected by minimal mean diversity and evenness (see Table 13).  

 

Figure 22: Composition of early and late diatom communities under different levels of bed shear 

stress. Genera with a relative abundance less than 3% were summarized as “others”.  

The most apparent impact of the applied different levels of light intensity (LI) was that no 

clear algal development could be detected under minimal LI. Furthermore, in contrast to the 

biofilms cultivated under different levels of BSS, members of the genus Nitschia were less 

dominant in the algal communities (see Figure 23). Late biofilm stages were always 

dominated by a variable combination of A. min., S. sem.  and members of the genus 
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Fragilaria - mainly Fragilaria construens and Fragilaria pararumpens (F.par.): A. min. clearly 

dominated biofilms  grown under medium LI (mean relative abundance of 65.2 ± 5.1%) while 

S.sem. had a mean relative abundance of 24.7 ± 3.3%. In late biofilms which grew under 

maximal LI, A. min. and F.par. developed to similar dominant fractions of the diatom 

community (44.6 ± 2.7% and 37.2 ± 3.3%). The development of dominance by a few species 

was reflected by decreasing diversity (Shannon index) and evenness of the diatom 

communities under medium and the highest LI (see Table 14).  

 

Figure 23: Temporal development of the diatom community under different light intensities: no algal 

growth was detectable under minimal illumination. Genera with a relative abundance less than 3% 

were summarized as “others”.  
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4. Discussion 

4.1 Evaluation of the constructed straight flume mesocosm  

4.1.1 Biofilm growth within the new mesocosm  

The main purpose of the present study was to test this new design of straight flumes in terms 

of nature-like biofilm settlement and –cultivation. Despite the absolutely identical set-up of 

the six flumes, biofilm development could still differ due to smallest, possibly undetected 

variations in e.g. the flow field. Moreover, biofilm growth is per se characterized by spatial 

heterogeneity. Thus, for the new flume design, it remained to be shown whether deviations 

in biofilm growth increase strongly along the test sections of one flume or between the 

individual flumes. This is very important since the comparability of biofilm growth and 

composition in the different straight flumes as well as within different flume regions is an 

essential prerequisite for further studies on the impact of environmental parameters on 

biofilm ecology and functionality.  

The high spatial heterogeneity in biofilms and their complex mutual interactions with the 

environment have been described manifold (Donlan, 2002;  Wimpenny, Manz & Szewzyk, 

2000;  Bernard et al., 2012). Biofilms have even been described as microbial landscapes 

that are shaped in their spatial configuration by multiple physico-chemical factors but also 

alter their environment in considerable dimensions due to their growth (Battin et al., 2007). 

Thus, not surprisingly, biofilms settling in the flumes exhibited high small-scale heterogeneity 

(on a single cartridge), but these pattern were clearly similar in all flume regions and flumes. 

This reflects the exact same settings of temperature, illumination and most importantly, 

hydrodynamics in all flumes to provide the same settling and growth conditions for biofilms. 

Most common, an integral approach (Reynolds) is applied to account for the flow conditions 

within a flume as a precisely controlled hydrodynamic regime is either not necessary or not 

practicable. However, an exact determination of near-bed turbulences and bed shear stress 

directly at the sites of interest is essential for this study because various boundary effects 

such as eddy developments along the walls of a flume may influence hydrodynamics and 

near-bed turbulence significantly. Consequently, this might impact the erosive forces acting 

on biofilms as well as their nutrient replenishment to affect biofilm morphology and -activity. 

Hence, in this study the turbulence distribution was determined via high resolution Laser 

Doppler Anemometry (LDA) before this experiment and later on checked with Acoustic 

Doppler Velocimetry (ADV) (Thom et al., 2012a). In addition, the long inlet flow sections as 
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well as the design of the flumes (with a sufficient distance of the biofilm cartridges to the 

flume walls) ensure a homogenous turbulence distribution over the biofilm growth section. 

Another essential fact to keep in mind is that bed shear stress is an exponential function of 

the flow velocity emphasising the importance of constant discharges within the flumes. This 

is why high resolution discharge measurements in all flumes were performed throughout the 

experiment. These data gave evidence on the constant and similar discharges in all six 

flumes and thus, on the identical bed shear stress levels over all biofilm growth sections in 

the presented experiment. This is one important prerequisite for the high reproducibility of 

biofilm cultivation that could be shown for this new experimental set-up in this study.   

4.1.2 Biomass and EPS  

Several studies investigating intertidal biofilms suggested a complex non-linear relationship 

between microbial biomass and EPS production (Yallop, Paterson & Wellsbury, 2000;  Smith 

& Underwood, 2000;  Hanlon et al., 2006). The occasionally fast shifting nutritional and 

physiological states of the biofilm microbes might be of major importance for EPS production 

and secretion. This was underpinned by Underwood  et al. (2004) who described that diatom 

EPS production was, among others, dependent on the nutritional condition of the cells. The 

natural riverine water used in the flumes contained moderate nutrient concentrations 

comparable to oligotrophic habitats that remained stable over the experiment. Besemer et 

al. (2007) and Artigas et al. (2012) reported microbial biomass similar to the values 

determined in the present experiment under comparable conditions of nutrient availability 

(e.g. bacterial cell densities up to 1.13 x108cells*cm-2 or chlorophyll a concentrations of 0.03 

- 6.28 µg cm-2). In contrast, biofilms in a eutrophic river (Neckar) were characterized by high 

microbial biomass and EPS production (Gerbersdorf et al., 2008) e.g. an up to 16 fold higher 

chlorophyll a content than in this study  emphasizing the effects of different water qualities 

upon biofilm development, corresponding metabolic rates and possibly, functionality. Low 

supply of nutrients may have restricted EPS production during biofilm development in the 

present experiment; still, the biostabilization effect (as discussed later) was impressive. 

4.1.3 Microbial community 

As Marzorati  et al. (2008) stated, range weighted richness (Rr), dynamics and functional 

organization calculated from the DGGE fingerprints should be seen as qualitative indicators, 

not as absolute measures due to the known drawbacks of molecular fingerprinting 

techniques. Nevertheless, they are an important tool to describe, compare and interpret 
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different DGGE band patterns in order to obtain a higher level of information about ecological 

processes in biofilms. Generally, observing the microbial community of biofilms in this study 

revealed two distinct stages during development. The first phase could be described as an 

initial colonization of the abiotic substrate by planktonic bacteria. The findings of Beier et al. 

(2008) or Crump and Hobbie (2005) e.g. 40 bacterial TGGE bands in comparable riverine 

water support the initially high bacterial Rr in this experiment. During the subsequent 

establishment of a bacterial biofilm within the first 11 days, competition and specialization of 

the bacterial community became visible by decreasing Rr and increasing functional 

organization. Manz et al. (1999) and Araya et al. (2003) described similar shifts within the 

bacterial community composition during the formation of lotic biofilms. In the period between 

day 11 and 14 severe changes within the bacterial community could be observed. Along 

with significantly decreasing cell counts and Rr, increasing dynamics and functional 

organization of the bacteria might be due to bacterial biofilm detachment, the initial algal 

colonization or settlement of grazing ciliates as described by Wey et al. (2012) - or a 

combination of these processes.  

Besemer et al. (2007) highlighted the role of diatoms as key-players in river biofilms as they 

shape the bacterial community in a combination of physical and biological processes. The 

importance of diatoms in this experiment became obvious since parallel to the development 

of the diatom community (from day 14 on), a steady increase of vertical and horizontal 

heterogeneity of the biofilms could be visually observed. As described by Besemer et al. 

(2009) this spatial small-scale heterogeneity was a major driver affecting the development 

of the microbial community. Thus, diatoms apparently influenced the bacterial community in 

different ways. On one hand their photosynthetic activity and EPS production may have 

supported the growth of associated bacteria as indicated by high increase rates of the total 

cell counts after day 14 of the experiment; a phenomenon already described by Espeland 

et al. (2001). On the other hand, the pronounced three-dimensional structures of their 

colonies may have allowed the formation of various physical and biochemical 

transition/gradient zones e.g. O2 gradients as described by Glud et al. (1999) or Fenchel 

and Glud (2000). Due to this formation of many microenvironments, accumulation of 

different metabolic products of the diatoms as well as their associated bacteria in the biofilm 

matrix and several metabolic cascades, various niches for a broad range of bacteria with 

different physiologies can develop (Stewart & Franklin, 2008). In this context, specialized 

bacteria may have found optimal conditions in the matured biofilms as reported by Manz et 

al. (1999). Summarizing, the diatom development apparently led to dominance of a few 
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bacteria species but may also have led to the establishment of various niches where diverse 

bacterial species might occur in low abundances, indicated by steadily decreasing dynamics 

within the bacterial community and parallel increasing bacterial Rr.  

4.1.4 Biostabilization 

Due to its high economic and ecological importance, sediment dynamics in lotic systems 

plays a major role in hydraulic engineering. Different modelling approaches approximated 

the highly complex sediment-water system. Briefly: the Shields model (1936) is commonly 

applied to determine the stability of sediments versus erosional forces by defining 

characteristic diameters and the density of the sediment grains. However, this approach is 

not applicable for sediments with strong biological influence. Righetti and Lucarelli (2007) 

described the first model based on the Shields equation introducing adhesiveness/adhesion 

as a new parameter in order to incorporate the influence of biofilms on sediment stability. 

But only after the development of the MagPI device that has been applied successfully in 

the marine habitat (Larson et al., 2009;  Lubarsky, 2011;  Anderson et al., 2011), the 

determination of biological-induced adhesiveness in high temporal and spatial resolution 

could be achieved. While most studies focused on brackish/intertidal areas  (Yallop, 

Paterson & Wellsbury, 2000;  Austen, Andersen & Edelvang, 1999;  Gerbersdorf et al., 

2009)), up to now biostabilization of lotic fine sediments is virtually unaddressed. Spears et 

al. (2008) suggested the major importance of biostabilization in marine/brackish habitats 

supporting the current doctrine that high quantities of strong ionic bounds significantly 

strengthen the EPS matrix. Nevertheless, despite observing significantly lower EPS values 

as well as microbial biomass (as compared to brackish/marine biofilms), a significant 

biostabilization effect was detected. This emphasized the importance of biofilm-induced 

stabilization of fine sediments in lotic waters (and contradicted the current doctrine).  

Furthermore, this study gave first insights in the development of various geochemical and 

(micro-) biological parameters during biofilm growth affecting this important ecosystem 

function. In this context, the content of colloidal EPS compounds could be seen as an 

approximate marker for biostabilization capacity. Further investigation of the quality of these 

polymers could lead to the identification of single carbohydrate or protein moieties with high 

gluing and stabilizing capability. While biofilm stability appeared to be related to total cell 

counts in nascent biofilm stages, the development of the bacterial community composition 

turned out to be even more crucial. Thereby, short and long-term shifts within the bacterial 
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and algal community occurred simultaneously to significantly changing biofilm stability. This 

emphasizes the importance of the molecular biology tools used in this study to address the 

biofilm composition and diversity. Identification of bacterial key players in biostabilization 

and their interactions with algae could be the next step to further elucidate the contribution 

of microbiology to sediment stability. Future studies should also consider the role of the 

protozoa community in shaping microbial biofilm community and functionality, here 

biostabilization.  

4.1.5 Conclusions 

The stabilizing effect of biofilms upon lotic fine sediment is currently unaddressed despite 

its broad range of economic and ecological implications. To investigate the complex 

interactions between the biofilm and its environment a sophisticated and unique set-up was 

designed combining biological and engineering expertise.  

The evaluation of biofilm growth in these new flumes presented in this section demonstrates 

that comparable biofilms could be cultivated while exposed to the same abiotic environment. 

Furthermore, this first biofilm cultivation under strictly controlled boundary conditions 

demonstrated the importance of biostabilization (known to be substantial in intertidal 

mudflats) regarding lotic fine sediments.  In doing so, first insight into various ecological 

processes which shape the microbial community and impact the overall biofilm functionality 

could be gained; for instance, the change of a bacteria dominated nascent biofilm to a diatom 

dominated matured development stage resulted in stable biofilms which constantly 

stabilized the underlying sediment significantly.  

Summarizing, regarding their biological and biochemical features, representative biofilms 

can be grown in this novel system- an essential prerequisite for further research into natural 

biofilm colonization and development. In particular, the mutual interactions of various 

environmental parameters impacting biofilms can now be addressed and reliably related to 

each other. With the link to biofilm functionality, the significance of biostabilization can thus 

be investigated for different niches in freshwater habitats.  
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4.2 The seasonal effect on biofilm development and microbial biostabilization 

4.2.1 Seasonal effect upon biostabilization 

The comparison of biofilm adhesiveness among seasons revealed a maximum of 

biostabilization capacity during spring. This has been verified by Thom et al. (2015a) 

reporting maximal stability for biofilm-covered fine sediments during spring using a 

standardized erosion flume (Witt & Westrich, 2003). Maximal biofilm stability during spring 

might be an evolutionary adaptation in rivers of mid-to-high latitude temperate regions: 

during spring, snow melting in higher regions of the catchment regularly leads to rising 

discharge resulting in elevated flow velocity and bed shear stress, which can dislodge 

benthic biofilms. Possible adaptation strategies of biofilm microbes facing this situation could 

be either to resist the increased mechanical stress by attaching tightly to the sediment 

surface or to colonize uncovered sediment very quickly. Thus, the annual repetition of a 

stressful hydraulic regime during spring could favour rapidly growing biofilms (i.e. early 

succession stages of the diatom community). In the epipotamal (downstream) region of a 

river, the combination of high illumination intensities (lacking riparian vegetation) and high 

nutrient availability (lacking macrophyte concurrence) may additionally enhance diatom 

growth, their EPS production and the resulting biostabilization capacity. In this context, the 

annual successional process not only shapes the benthic community but also the 

functionality of the overall biofilm system, in this case biostabilization. Although the used 

experimental set-up constitutes a great simplification of the natural system, it was necessary 

to guarantee that the only variable parameter influencing biostabilization was the 

investigated seasonal changing composition of the microbial community. Furthermore, field 

studies (Widdows et al., 2000;  Amos et al., 2004;  Tena, Vericat & Batalla, 2014) confirm 

results of this study as they demonstrated the seasonality of biostabilization in estuary and 

intertidal mudflats as well as in a riverine system.  

4.2.2 Driving factors for biofilm growth and biostabilization 

EPS matrix 

Extracellular carbohydrates are considered a driving factor for biofilm formation and stability 

(Sutherland, Grant & Amos, 1998;  Underwood & Paterson, 2003;  Tolhurst et al., 2006); 

hence, the composition of diatom EPS carbohydrates and its influence upon the viscosity of 

the cell coating mucilage and biofilm structure have been studied intensively (Staats et al., 
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1999;  Khandeparker & Bhosle, 2001;  Sutherland, 2001;  Higgins et al., 2002;  Magaletti et 

al., 2004). Furthermore, Svetlicic et al. (2013) highlighted the importance of the EPS 

carbohydrate network and its role during colony formation of diatoms. The present study 

confirmed the reported high correlation between biofilm stability and EPS carbohydrate 

content (Yallop, Paterson & Wellsbury, 2000) with the highest values for both parameters 

detected during spring. However, it also indicated that EPS carbohydrates are not the only 

important extracellular components influencing biostabilization since biofilm stability was 

also strongly correlated to EPS protein content. Becker et al. (1996) noted that a high EPS 

carbohydrate content does not necessarily result in stronger diatom adhesion to a surface 

and showed that the relation between EPS and biofilm stability is much more complex, as 

the production of extracellular carbohydrates has a number of functions for microbes that 

are not necessarily linked to biofilm stability. For example different carbohydrates from the 

group of acyl-homeserine lactones are used by a broad range of different bacteria for intra 

and inter species quorum sensing (Waters & Bassler, 2005). Additionally, diatoms can 

produce EPS carbohydrates to avoid photo-oxidative stress due to high illumination 

intensities (Fogg, 1983). They also produce relatively fragile extracellular carbohydrates for 

their locomotion through the sediment (Smith & Underwood, 1998). In general, the 

production and composition of EPS carbohydrates has been found to reflect the general 

condition of diatom colonies, such as their physiological and nutritional state, the 

developmental stage of the colonies and the level of environmental stress (Smith & 

Underwood, 2000;  Underwood et al., 2004;  Abdullahi, Underwood & Gretz, 2006). These 

influencing factors may cause clear shifts in content and composition of extracellular 

carbohydrates. These fluctuations were hinted at during this study but apparently had no 

direct effect on biofilm stability (Fig. 3). On the other hand, the detection of strongly 

correlating biofilm adhesiveness and EPS protein content during spring indicated the 

importance of extracellular proteins. Extracellular proteins also have been identified as 

important structural elements in bacteria e.g. linking together the strands of the extracellular 

matrix (Lind et al., 1997;  Chiovitti et al., 2003;  Chiovitti, Dugdale & Wetherbee, 2006) and 

as specific adhesive proteins produced by diatoms in order to attach to a surface (Dugdale 

et al., 2006;  Dugdale, Willis & Wetherbee, 2006). This indicates the important role of 

extracellular proteins for the mechanical strength of the EPS matrix which greatly influences 

the stability of the biofilm and its biostabilization capacity. Furthermore, the results of this 

study suggest a much more complex relationship between the microbes in the biofilm and 

biofilm EPS content than the reported correlation between microbial biomass and EPS 
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production (Yallop, Paterson & Wellsbury, 2000;  Underwood & Paterson, 2003): on one 

hand, EPS protein contents showed high correlation with microbial biomass during spring, 

while on the other hand, the highest EPS contents were not reflected in microbial biomass 

when comparing among seasons. This emphasizes the great importance of analyzing the 

microbial community to derive a comprehensive understanding of the driving factors 

influencing biostabilitzation. 

Microbial community 

Bacterial community 

Moreover, the complexity of biostabilization was demonstrated by the fact that the seasonal 

changing biofilm stability was not mirrored by seasonal differences in microbial biomass. 

Furthermore, the observed Rr values indicate similar “carrying capacities” of the biofilms 

during all seasons, which are comparable to the findings of Lubarsky et al. (2012). These 

medium levels of Rr values (Marzorati et al., 2008) indicate that all biofilms in the relatively 

unpolluted water of the River Enz could harbor a moderate diversity of bacteria. This finding 

emphasizes the importance of a comprehensive observation of the temporal development 

within the microbial community. Especially functional organization and dynamics appeared 

to be of importance as maximal biostabilization during spring was reflected by higher Fo and 

especially significantly lower Dy compared to autumn with very low stabilization capacity. 

The comparable higher Fo values and relatively low Dy during spring might indicate that the 

system could have been more stable and that a more specialized bacterial community could 

evolve. The high correlation between chlorophyll a content and Fo during spring might 

suggest an adaptation process of the bacterial community to the developing diatom 

dominance known to shape the biochemical and physical micro environment of biofilms 

(Besemer et al., 2007). The fact that diatoms have a range of specific satellite bacteria 

mainly associated with them was outlined by Amin et al. (2012). Furthermore, bacteria and 

their secreted substances were shown to influence diatom growth and EPS production 

(Bruckner et al., 2011). Other studies stated the important role of bacteria during diatom 

attachment (Gawne et al., 1998) and during the formation of diatom aggregates (Gaerdes 

et al., 2011). Furthermore, Lubarsky et al. (2010) demonstrated that this symbiosis between 

diatoms and bacteria had a direct impact on the overall biofilm network and was an essential 

driving factor for biofilm stability and biostabilization. Considering both the maximum in 

biofilm stability during spring and the high correlation between Fo and T3, this study might 
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be the first to report a specialized bacterial community with high stabilization potential. The 

trigger for this specialization might be the influence of the diatoms. However, parallel to the 

diatom community, the bacterial community in the inoculum is probably even more essential 

because its composition is also significantly influenced by seasonality (Karrasch et al., 2001;  

Yannarell & Triplett, 2005). In addition, it directly impacts species composition in “river snow” 

(Böckelmann et al., 2000) as well as in biofilms (Brümmer, Fehr & Wagner-Döbler, 2000;  

Brümmer, Felske & Wagner-Döbler, 2003;  Lyautey et al., 2005).  

Diatom community  

The diatom community showed typical representatives of European freshwater habitats 

(Battarbee, 1986;  Krammer & Lange-Bertalot, 1986-1991;  Hofmann, Werum & Lange-

Bertalot, 2011) with A. min., S. sem. and E. min. being considered typical pioneer species 

that are primary colonizers of fresh uncovered sediment (Peterson, 1996). During the course 

of the year, clear evidence for the seasonal succession process within the diatom community 

was detected. Considering the effect of the diatom community upon biostabilization, the 

morphology and life forms of the different diatom species in the biofilm appears to be an 

essential influencing factor. In this context, many studies have examined the process of 

diatom locomotion through the biofilm and sediment via EPS secretion (Paterson, 1989;  

Smith & Underwood, 1998;  Wang et al., 2013), as well as its importance as a survival 

mechanism in a dynamic habitat e.g. shifting sediment surfaces, water depths or underwater 

light intensities (Stal, 2003;  Underwood & Paterson, 2003;  Apoya-Horton et al., 2006). 

However, while knowledge on the physiological and molecular biological reaction of selected 

diatoms to their environment and stress such as nutrient limitation or trace elements is 

constantly growing (McKay, Geider & LaRoche, 1997;  Kudo et al., 2000;  Dyhrman et al., 

2012) the various effects of their movement upon the biofilm matrix and biostabilization are 

currently barely addressed. Nevertheless, parallel to the observations that 

macrozoobenthos migration can disturb biofilm stability (de Deckere, Tolhurst & de Brouwer, 

2001) it can be assumed that the movement of large motile diatoms may impact the overall 

biofilm structure. Besides a potential positive effect upon the growth of heterotroph microbes 

degrading the mucilage trails this microbioturbation can increase the microroughness of the 

biofilm surface resulting in higher turbulence and erosive forces affecting the biofilm. This 

might destabilize the biofilm as stated by Gerbersdorf and Wieprecht (2015). To investigate 

possible effects of the diatom community compositions during the different seasons upon 

the biofilm structure, surface area and volume of the detected diatoms were calculated 
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(Hillebrand et al., 1999;  Sun & Liu, 2003). It became clear that N. font. and N. diss. 

dominated autumn biofilms, with up to eightfold higher biovolume and up to sevenfold higher 

surface area than smaller diatoms (e.g. A. min., S. sem. or E. min.) which were more 

abundant during spring and summer. In contrast to A. min which represented a big fraction 

of the microphytobenthos during spring and which is known to be immotile and to attach 

permanently to the sediment via short EPS stalks (Potapova & Hamilton, 2007), different 

Niztschia species such as N. font. and N. diss. were described to be highly mobile (Lange 

et al. 2011). Different studies could show that there are major differences in the composition 

of sugar monomers and the overall structure between adhesive stalks, the mucilage capsule 

and EPS strands involved in locomotion (Wustman, Gretz & Hoagland, 1997;  Wustman et 

al., 1998;  Wang et al., 2000). There are strong indications that the different forms of 

attachment induced either by immotile diatoms which permanently glue to sediment grains 

or by constantly migrating specimens may be represented in EPS composition. Although the 

complex relationship between EPS composition and biofilm stability is still not fully 

understood, this might constitute one possible explanation for the observed significantly 

different adhesive capacities and biostabilization of biofilms. Evidence for this might be 

obtained in the results of recent studies: Higgins et al. (2003) described clear differences in 

EPS coating of different species of diatoms: while some species known to be persistent 

fouling organisms such as Crasepdostauros australis E. J. Cox showed the whole cell 

surface covered in a thick compressible layer of EPS, the apparently more mobile Nitzschia 

navis-varingica Lundholm et Moestrup displayed only few EPS strands near the raphe 

region. It was suggested that this arrangement of EPS may play an important role for the 

biofilm network on a bigger scale and connection of structural elements in the extracellular 

matrix – especially in a range very near to the cell surface. Other studies (de Brouwer & 

Stal, 2002;  de Brouwer et al., 2005;  Molino et al., 2006) demonstrated that the features of 

produced EPS are greatly influenced by the physiology and species of diatoms i.e. distinct 

types of diatoms produced different quantities and compositions of EPS with diverse 

viscoelastic properties and adhesive features which can affect the structural stability of the 

whole biofilm. Even if these results were gathered via lab experiments with some model 

diatoms and may not cover all processes in a natural system, these findings are essential 

as they indicate a link between species composition, EPS production and overall biofilm 

stability.  
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4.2.3 Conclusions  

To sum up, the presented experiments could evidently demonstrate the clear seasonal 

changing biofilm stability with a maximum during spring and a minimum during 

autumn/winter. Interestingly, this result was clearly reflected in seasonal changes in the 

community composition of the biofilm diatoms and their corresponding lifestyles. Moreover, 

this unique comprehensive assessment could unravel various complex interactions of the 

EPS in the biofilm matrix, the responsible microbial producers and the overall effect on the 

biofilm and sediment stability.  

These observations have great implications for further investigations into biostabilization as 

the detected seasonality clearly affects comparability of results and experimental setups and 

data analysis have to be adapted to the significantly different development of biofilm during 

the different seasons. Moreover, only further analyses such as a combination of mass 

spectrometric and transciptomic approaches may elucidate e.g. which adhesive proteins are 

produced when, how and by which microbes. Furthermore, deeper investigations into the 

bacterial key players via clone libraries and sequencing were found to be necessary to 

increase the understanding of driving factors influencing the overall biofilm functionality and 

biostabilization.  

4.3 The effect of light intensity and shear stress on microbial biostabilization 

4.3.1 Driving factors for development of the cultivated biofilms 

The decisive factor for biofilm development and resulting biofilm stability was the reaction of 

the microbial community to the present boundary conditions. Three of these parameter - 

illumination, temperature and hydrodynamics - were relatively easy to set up, keep constant 

and control. However, the development of the microbial community is influenced by various 

complex interactions between abiotic and biotic conditions e.g. the competition of different 

taxa and species for nutrients and light as energy source. Furthermore, the microbes 

influence their environment e.g. due to the steadily changing biofilm morphology (Besemer 

et al., 2007). This is the reason for the extended analysis of the community of biofilm bacteria 

and algae as well as the identification of functional key players. However, the question how 

the experimental setup and the arrangement of all applied experimental conditions – besides 

the investigated effects of different levels of shear stress and illumination intensity- 

influenced the resulting biostabilization is of great interest.  
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Hydrodynamic regime 

The influence of the hydrodynamic regime was one of the two investigated essential abiotic 

boundary conditions. Due to the high importance of a fully developed, homogenous 

turbulence over the test section of the flumes the experimental setup was designed and 

constructed with knowhow of engineering science (see sections 2.1 and 3.1.3). Generally, 

hydrodynamics or flow velocity respectively can have a major, very visible and graspable 

influence upon benthic microbial communities. As an example, different structures in rivers 

that influence shear stress were demonstrated to have massive impact on the microbial 

composition of biofilms, e.g. recessed areas were shown to promote the growth of long 

filamentous chlorophytes, which were not abundant in exposed areas (DeNicola & McIntire, 

1990). This example demonstrates the great potential of the hydrodynamic boundary 

conditions to shape the living conditions of biofilm microorganisms: one the one hand, the 

biofilm is diffusion limited in its uptake of nutrients and an increased turbulence can reduce 

the diffusive boundary layer. This can accelerate the mass transfer from the overlaying water 

column (Horn & Hempel, 1998;  Holtappels & Lorke, 2011) - especially mass transfer rates 

into and within biofilm voids (Rasmussen & Lewandowski, 1998). This diffusion limitation 

may be one reason why very thick biofilm (Rasmussen & Lewandowski, 1998) or biofilm 

developing in waters with very low flow velocities tend to develop filamentous structures 

called “streamers” which undulate to increase turbulence and therby the transport rate of 

nutrients to the biofilm cells (Stewart, 2012;  Gashti et al., 2015). On the other hand, high 

levels of shear stress on the sediment and biofilm surface can constitute o stressor for biofilm 

formation. Not only does the shear force determine bacterial detachment (Fink et al., 2015) 

and was shown to promote biofilm erosion/ sloughing (Moreira et al., 2015), it also shapes 

the community structure of all kinds of other microbes such as algae and protists (Willkomm 

et al., 2007;  Pohlon, Marxsen & Kuesel, 2010). In addition, as shown in section 3.3.2, high 

levels of shear stress can strongly delay the formation of natural complex biofilms on fresh 

un-colonized sediment which was also reported by Coundoul et al. (2015). One possible 

explanation may be the complication of bacterial settlement and thus, the initial phase of 

biofilm formation (Lemos et al., 2015). Although established bacterial biofilms may be able 

to react to present levels of shear stress and adapt their morphology (Peyton & Characklis, 

1993;  Choi & Morgenroth, 2003), if the initial bacterial settlement is impaired by very high 

shear forces near the substrate, the next succession steps in biofilm formation are impeded, 

too. A reason for this delay in biofilm formation may be found in a variety of complex 

interactions between bacteria and algae during the nascent stages of a biofilm. The initial 
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development of a bacterial biofilm as a “conditioning layer” on the sediment was described 

to be essential for a subsequent settlement of larger microbes such as diatoms (Blenkinsopp 

& Lock, 1994;  Roeselers, Van Loosdrecht & Muyzer, 2007). Furthermore, impairment of the 

bacterial community can also strongly influence the community composition and morphology 

of the diatom community in a developed biofilm (D'Costa & Anil, 2014).  

Considering these ambivalent impacts and as described in section 3.3.2, a medium level of 

flow velocity appears to constitute an optimal situation for biofilm growth (sufficient nutrient 

supply and tolerable shear forces). Interestingly, bacteria seem to be less susceptible to 

shear stress than diatoms (decrease in mean chlorophyll a contents with increasing flow 

velocity ca. 50% compared to approximately stable BCC under the highest BSS). A reason 

for this may be found in the fact that the amount of contact events of cells and substrate is 

increased with growing turbulence and flow velocity. Especially the first contact and the 

number of contact events of cells and the substrate are of great importance as the microbial 

cell itself first reacts as an inert particle (Hermansson, 1999) while near surface forces such 

as Brownian motion can augment surface drag to the substrate (Li, Tam & Tang, 2008). 

However, within seconds after contact to the substrate, bacterial cells can initiate multiple 

very fast and short reversible bindings which apparently trigger irreversible binding to the 

surface (Hoffman et al., 2015). In this transition process of reversible to irreversible binding, 

bacterial flagella play an essential role as an instrument for the bacteria to actively control 

the attachment through rapid changes in genetic and metabolic pathways (Deweger et al., 

1987;  Bruzaud et al., 2015;  Yoshihara et al., 2015). Furthermore, the influence of flagella 

as important components for active attachment was extended by Gu et al. (2016) as it could 

be demonstrated that flagella response on microscale topography of the substrate and are 

a driving factor for the orientation of the attached cell. When single cells are irreversible 

attached to the surface and start to proliferate, their produced EPS augment the 

development cell-cell adhesiveness that can be even higher than the adhesion forces 

between cells and the substrate (Fang, Chan & Xu, 2000). This could explain, the erosion 

of greater biofilm sheets rather than small biofilm flocks during determination of erosion 

resistance via SETEG measuremts. These findings suggest that in comparison to other 

bigger microbes (such as diatoms), bacteria are adapted to faster colonization and 

attachment and a shorter residence time in the biofilm.  

Furthermore, the hydraulic regime may have had an additional influence upon the biofilm 

development which can become clear when differentiating between large scaled and micro 
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scaled flow patterns. While the overall flow velocity and bed shear stress affects the general 

settlement and detachment of biofilm compounds as described above, micro scaled 

characteristics of the flow (e.g. micro stalls and eddies) and biofilm structures influence each 

other in a strong reciprocal way (Karimi et al., 2015). As a consequence, the hydrodynamic 

regime should be seen as a driving factor for small scale heterogeneity of the biofilm: high 

shear stress may impair and delay biofilm development in a general way and prevent the 

biofilm from growing large structures into the running water due to mechanical forces ripping 

off too exposed components. However, the most important micro scale flow regime near the 

bed can be impacted by very small biofilm structures which in turn influences the boundary 

conditions (flow velocity, nutrient advection) for near spots on the sediment surface. These 

small changes can be very crucial as they may constitute the small difference determining 

if cells can stay in touch with the surface long enough to permanently adhere in that spot. 

Thus, biofilm patchiness is increased with flow velocity as a result of a higher impact of small 

scale topographical differences upon near bed current. 

Illumination intensity and nutrients 

In contrast to the effects of shear stress, the influence of light intensity and nutrient 

availability upon the development of the biofilm is rather convoluted because these two 

parameters cannot be regarded strictly separated as light is the primary energy source for 

autotrophic organisms and their photosynthesis is directly linked to the growth in biomass 

and the uptake of nutrients (Geider, MacIntyre & Kana, 1998;  Li et al., 2010;  Prieto et al., 

2016). Other studies (Lange et al., 2011;  Bowes et al., 2012) even emphasized that 

illumination intensity is the most important driving factor for the development of the algal 

community structure – even more important than nutrient (phosphorus) limitation or the 

effect of grazing. Although this was supported by Zippel and Neu (2005) who expanding 

these observations by the effects of illumination upon the overall biofilm structure, 

microalgae are not the only functional key players. The complex interactions between 

autotrophic and heterotrophic microbes have to be taken into account as they shape the 

overall biofilm system. As described above, pioneer bacteria are crucial for diatom 

settlement. However, this is just one small facet as a complex competition for nitrogen and 

phosphorus between diatoms and bacteria shapes the entire biofilm food web (Havskum et 

al., 2003) and is apparently strongly affected by the amount of available organic carbon. 

Moreover, recent studies gathered insights in very specialized bacterial EPS utilization 
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(Sack, van der Wielen & van der Kooij, 2014) and a strong regulatory role of these EPS 

produced by diatoms upon bacterial development and activity (Agogue et al., 2014).  

The importance of nutrient limitation for river bed communities could recently be 

demonstrated via a large comprehensive set of field experiments (Reisinger, Tank & Dee, 

2016) which could link the type of land use and resulting nutrients runoff into limnic systems 

to biofilm productivity. However, it is still hardly addressed in which way nutrient competition 

between different species and taxa impacts the community composition of biofilms. Jackson 

et al. (2001) suggested that resource competition may not be the primary driving force for 

the development of the bacterial community structure. In fact, in the mentioned study, 

bacteria were shown to react more sensitively to abiotic niches such as temperature 

gradients. In contrast to this, nutrient and light competition was described as essential for 

algal communities (Hillebrand & Sommer, 1997). In this context, the attachment form of the 

algal cells was demonstrated to be of major importance. Biofilm morphology and diffusion 

limited nutrient uptake and nutrient cycling often influence each other in a complex reciprocal 

feedback relationship (Mulholland et al., 1994). As a consequence, erected species can 

access nutrients from the water column overlying the nutrient- depleted periphyton, while 

microalgae which live adnate to the surface (such as diatoms) might be excluded from the 

water column as nutrient source (Riber & Wetzel, 1987;  Paul & Duthie, 1989;  Burkholder, 

Wetzel & Klomparens, 1990;  Mulholland et al., 1994). Some diatom species adapted to this 

disadvantage by faster reproduction and the ability to colonize new habitats very quickly, 

before they are suppressed by later successional stages which are more competitive 

(Peterson, 1996). Other diatom species are able to avoid suppression via the ability to 

relatively fast active movement (Hay, Maitland & Paterson, 1993). These different life styles 

and attachment forms may have an essential impact upon the overall biofilm stability as flat 

attaching microalgae species were shown to exhibit significantly greater resistance to 

mechanical forces than erected specimen (Poff & Ward, 1995) and the movement of a great 

fraction of biofilm diatoms trough the matrix might have a destabilizing effect (see chapter 

3.2.3). Taking into account these findings and the high complexity of the constantly changing 

and adapting biofilm community, the great importance of the temporal scale becomes plain 

as different organisms may be dominant at different points in time. This is the reason for the 

high temporal resolution during sampling which allowed a detailed insight into the microbial 

community.  
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Regarding the cultivation conditions in the flumes, as nutrient levels in the water taken from 

the River Enz were constantly low to moderate during the course of the year, erected species 

might have had an advantage after long biofilm development. However, during spring where 

biostabilization displayed a maximum, pioneer diatoms were dominant in the gathered river 

water which is a result of the natural seasonal succession in the river (Battarbee, 1986). In 

addition, these early successional stages such as pioneering small diatom species, such as 

the permanently attaching Achnanthidium minutissimum, had a competitive advantage on 

the fresh, un-colonized sediment surfaces due to their faster reproduction and in higher flow 

regimes due to their small profile and strong attachment. Thus, especially during spring and 

in the observed period of time during the experiments, early successional stages had all 

prerequisites to dominate the diatom community before later succession stages could 

establish dominance (which was indicated during autumn which a dominance of Nitzschia 

specimen in matured biofilms) The fact that only relatively few diatom species were 

dominant throughout the experiments might be due to experimental setup as a closed 

system without the addition of new fresh river water during running experiments. This closed 

system in combination with nutrient limitation may have led to the same development 

described by Law et al. (2014) who reported only two diatom species dominant in very 

oligotrophic conditions even if a large colonization pool could be found. This nutrient 

limitation was stated to be more important than flow velocity or grazing as it constitutes a 

selective factor favoring the most effective nutrient assimilation capacity. Furthermore, this 

might be one reason for the dominance of the bacterial community by Leptolyngbya whose 

ability to fixate great amounts of atmospheric nitrogen (Havens et al., 1996) could have 

resulted in a decisive competitive advantage against other autotrophic microorganisms.  

4.3.2 Potential indicators for biofilm stability 

Considering bacterial species, as mentioned before, many examples were found 

independent of boundary conditions and in biofilms of varying biostabilization capacity which 

suggests that these microbes may have no direct influence upon biofilm stability. However, 

a comprehensive investigation of the microbial community composition across the different 

seasons and boundary condition revealed clearly distinct dominance patterns. In biofilms 

with very high stability, a variable combination of 6 different bacteria dominated the 

community. Among these 6 organisms were two cyanobacteria - Leptolyngbya sp. and 

Pseudoanabaena biceps, two alpha proteobacteria - Paracoccus aminophilus and 

Rhodobacter capsulatus – and two beta proteobacteria – Rhodoferax saidenbachensis and 
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Rubrivivax gelatinosus (see Table 16 in the appendix). Interestingly, these species were not 

dominant or even absent in biofilms which exhibited significantly lower stability. Instead, 

three bacterial species clearly dominated biofilms with comparable low biostabilization 

capacity: Pseudomonas fluorescens, Pseudomonas taeanensis and Caulobacter vibrioides.  

4.3.3 The role of microorganisms for biofilm stability  

All bacterial species which were dominant in very stable biofilms had at least one of two 

common features: they were either phototrophic and/or had very versatile metabolisms.  

Besides the two cyanobacteria of the genus Leptolyngbya and Pseudoananaena, 

Rhodobacter capsulatus was shown to be capable of anoxic photosynthesis, N-fixation and 

various other metabolic pathways including different types of respiration (Tichi & Tabita, 

2001). In addition, Rubrivivax gelatinosus was described as a very fast growing facultative 

photoheterotrophic microorganism (Wawrousek et al., 2014). Paracoccus aminophilus and 

Rhodoferax saidenbachensis can be considered as very adaptable microorganisms with a 

broad range of different respiration pathways (Urakami et al., 1990) and the ability to utilize 

various algal secondary metabolites such as sugar alcohols (Kaden et al., 2014) which can 

be considered as constantly present in the EPS matrix due to secretion of algal cells or as 

a result of cell death and lysis. This metabolic versatility might be an essential prerequisite 

for these microbes to utilize different niches, e.g. gradient zones, in the biofilm system which 

became increasingly complex due to diatom development. In this context, it is interesting to 

note that Rubrivivax gelatinosus apparently dominated early and maturing biofilms 

developing under high illumination intensity up to a point where diatom proliferated in the 

system. In matured biofilms Rubrivivax gelatinosus apparently was outcompeted which was 

clearly visible on DGGE fingerprints. This replacement may be a result of the increasing 

competition for light as primary energy source due to the multiplying diatoms and other 

phototrophic bacteria like the detected cyanobacteria. However, besides other bacterial 

species Rubrivivax gelatinosus might play an essential role in conditioning the sediment 

surface facilitating a later diatom settlement and development as described for other 

heterotrophic bacteria (Roeselers, Van Loosdrecht & Muyzer, 2007).  

Moreover, the fast growth and the potential for high EPS production of Rhodobacter 

capsulatus and Paracoccus aminophilus (Onder et al., 2010;  Brimacombe et al., 2013;  

Dziewit et al., 2014) may lead to a stable biofilm matrix tightly attached to the sediment 

grains – especially in crucial early development stages. This could be of major structural 



 
97 

 

importance for the overall biofilm system and lead to higher biofilm stability. Considering 

these structural aspects, the two detected dominant cyanobacteria might also be of high 

relevance as they form long filaments which are up to 5 mm long (Kanellopoulos et al., 

2015). On the on hand, these extended chains of single cells constitute an option to increase 

micro-turbelation and availability of nutrients. On the other hand, these fibers can act as 

anchor points for settling cells and can be linked and tangled up which can increase the 

stability of the overall biofilm network. 

In contrast to biofilms displaying very high stability, biofilms with low biostabilization capacity 

were dominated by bacteria of the genus Caulobacter or Pseudomonas. A very important 

characteristic which differentiates members of these genus from the earlier mentioned 

species proliferation in very stable biofilms is a very high motility. This feature is essential 

for fast colonization of favorable substrates and new nutrient resources (de Weert et al., 

2002). However, the lifestyle of the detected dominant Caulobacter vibrioides might 

decrease overall biofilm stability as the anisomorph reproduction cycle with staked and 

swarmer cells (Henrici & Johnson, 1935) can be assumed to lead to a steadily shifting, 

comparable unstable cover with bacterial cells in opposite to a colonization by immotile 

bacteria such as Paracoccus aminophilus which forms stable clusters of cells (Urakami et 

al., 1990). The swimming behavior of the two dominant monotrichous Pseudomonas 

fluorescens and Pseudomonas taeanensis was described as very similar to Caulobacter 

specimen (Ping, Birkenbeil & Monajembashi, 2013). However, in contrast to Caulobacter, 

for Pseudomonas the flagellum is of major importance for surface adhesion as the initial 

step of biofilm formation (Mastropaolo et al., 2012). Moreover, Decoin et al. (2015) could 

demonstrate the expressional link between flagellum compounds such as flagellin and the 

production of antimicrobial agents and suggested that parallel motility and antibiotics 

production enhances competitiveness. The well described antibiotics production by different 

members of the genus Pseudomonas (Raaijmakers, Weller & Thomashow, 1997) may 

effectively suppress bacterial competitors and might be another explanation for the 

decreased stability of the biofilm matrix. Especially, the fact reported by Duffy and Defago 

(1999) that  algal secondary metabolites such as sugar alcohols can be used by 

Pseudomonas to increase the antibiotic production is very interesting. Although the abiotic 

factors should not be ruled out as influencing factors, it might be possible that in a complex 

multispecies biofilm, the Pseudomonas specimen might start their chemical warfare against 

competing bacteria and thereby delay the maturation of the biofilm. First, the settlement of 

algae could be delayed in early biofilms due to a lack of sufficient bacteria creating favorable 
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surface features. Subsequently, when the biofilm system gradually changes by the 

development of algae, Pseudomonas might be able to increase their antibiotic production 

due to algal exudates. This may increasingly impact symbiotic bacteria of the algae (Amin, 

Parker & Armbrust, 2012) or the species found in dominant abundances in very stable 

biofilms.  Structural consequences with implications for the stability of the overall biofilm 

system might be possible. An alternative might be a frequent migration to better suited 

sediment patches which could disrupt the biofilm matrix when a great fraction of bacteria 

changes into motile state and leaves the sediment surface. 

4.3.4 The impact of the cultivation conditions in the used mesocosm setup  

It can be expected that beside the strictly controlled and controllable boundary conditions 

during the experiments, a number of simplifications in the used setup and limitations in the 

approach additionally influenced the gathered results. These impact factors can be divided 

in abiotic and biotic boundary conditions during the experiments. The simplifications in 

abiotic conditions concerned the constant levels of temperature, illumination and flow 

velocity throughout the duration of the experiments which were essential for reproducibility 

of results. Generally, a highly dynamic system promotes a higher diversity due to the 

establishment of various spatial and temporal ecological niches. This may be a reason why 

a higher bacterial diversity could be detected in rivers than in lakes (Pascault et al., 2014). 

Furthermore, niches and temperature gradients can be very important impact factors for the 

bacterial community (Lear et al., 2014), whereas a lack of dynamics in terms of temperature 

and illumination may have a stabilizing effect on the community of diatoms (Carrick & 

Steinman, 2001). These findings suggest that the lack of dynamics promotes a clearer 

development of dominant species in a more homogenous environment. As these boundary 

conditions were kept constant, the main driving factor for small scaled heterogeneity was 

the hydrodynamic regime whose micro flow patterns created a highly diverse environment. 

This is supported by the fact that increasing flow velocity resulted in higher dynamics in the 

bacterial community (see chapter 3.3.2). 

Another simplification was the utilization of one type of inert sediment (glass beads of a 

diameter of 100-200 µm) as substrate for biofilm cultivation. While the inert character of the 

glass beads was essential to exclude potential influences of organic matters present in the 

sediment upon the biostabilization capability of the biofilm, the grain size of the chosen 

substrate is an unneglectable parameter. Although studies are rare that precisely 
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investigated substrate preference of diatoms - which constitute the functional key players in 

matured biofilms - there have been indications that mobile species are more abundant in 

soft substrate while sessile species dominate hard substrates (Potapova & Charles, 2005). 

In addition to this preference for muddy sediments, diatom species with a small profile may 

develop clear dominance in disturbance-rich environment (Passy, 2007). Besides the fact 

that biostabilization is of no relevance on gravels, rocks or wood, which was the reason for 

choosing these glass beads as substrate, the high dynamics in fine sediments (comparably 

low resistance towards erosion) might give mobile diatom species an important survival and 

completion advantage e.g. as they are able to resurface after being buried during sediment 

erosion. However, this possible disadvantage for sessile diatom species could not prevent 

the dominance of pioneer species such as Achnanthidium minutissimum during the spring 

experiments nor the dominance of different species of non-motile Fragilaria during the 

summer experiments. Thus, the type and grain size of the utilized sediment apparently had 

a minor influence upon the development of the microbial community.  

Concerning the biotic conditions during the experiments, the most apparent simplification 

during the mesocosm experiments was the lack of macrophytes in the flumes. As a 

consequence, microbial algae developing in the water column and on the sediment surface 

had no competition for light which can have a significant reducing effect upon biofilm 

development (Gette-Bouvarot et al., 2015). This lack of an important inhibitory effect might 

have enhanced the development of phototroph microbes. As all phototroph microorganisms 

are affected in the same way, the general succession in the biofilm can be assumed to have 

been accelerated: first the pioneer species profit from the increased illumination intensity 

and their faster reproduction.  However, pioneer species can be outcompeted fast by more 

competitive later succession stages. Thus, the microbial community composition should not 

have been influenced in a significant way. 

Another very apparent simplification was the exclusion of macrozoobenthos during biofilm 

cultivation via filtration of the river water through gauze. Generally, different species of 

grazers have a significant reducing effect on the biomass of algae in biofilms (Sturt, Jansen 

& Harrison, 2011;  Schneck, Schwarzbold & Melo, 2013;  Martina et al., 2014;  Schossow, 

Arndt & Becker, 2016). In this context, the abundance of grazers is apparently of greater 

importance than grazer taxon (Lamberti et al., 1995). Furthermore, as grazers were shown 

to prefer specific growth forms or physiological stages of microalgae (Steinman, Mulholland 

& Hill, 1992;  De Troch et al., 2012), the community structure of algae in biofilms can be 
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significantly influenced and shaped. As a result, algal communities are driven to early 

successional stages under grazing pressure (Poff & Ward, 1995) as species with rapid 

reproduction can regenerate faster after being grazed. Moreover, the migration patterns of 

the grazers may significantly increase the spatial heterogeneity of biomass distribution in 

biofilms (Hillebrand, 2008). These findings demonstrate the important impact of grazers 

upon the algal community of biofilms. However, in the absence of grazing macrozoobenthos, 

a clear dominance of diatoms was recorded in benthic biofilms – especially under high 

illumination intensities (Steinman, 1992). This observation, besides the annual succession 

within the community of microalgae in the river, may explain the development of the 

community structure of the biofilm algal communities during the flume experiments of this 

study - especially during spring. Thus, the exclusion of grazers in the performed flume 

experiments might have resulted in a competition advantage for slower reproducing 

microalgae. This may have promoted the growth of big diatom species such as the members 

of the family Nitzschia or the even bigger Fragilaria.  As diatom migration may have had an 

adverse effect on biofilm stability (see section 3.2.3), biofilm under moderate grazing 

pressure might even establish higher stabilization potential, when the diatom community is 

driven to early successional stages consisting of sessile species such as Achnanthidium 

minutissimum.  

4.3.4 Conclusions  

This section demonstrated a significant impact of the investigated abiotic boundary 

conditions (light intensity and bed shear stress) on biofilm development. Besides having a 

clear effect on different biofilm parameters such as microbial biomass, produced EPS, and 

the microbial community composition, the environmental conditions significantly influenced 

biostabilization. In addition, the different levels of LI and BSS effected the biofilms in different 

ways. On the one hand, minimal LI resulted in a significant reduction of biofilm development 

as especially the growth of microalgae was impaired. This observation emphasizes the 

important role of primary production of autotrophic microbes in the biofilm matrix. On the 

other hand, the highest level of BSS caused a general delay in biofilm formation and 

biostabilization as the initial microbial settlement, especially of microalgae, was apparently 

limited while bacteria could adapt faster to the high dynamics in the habitat with very high 

flow velocity.  
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Moreover, it was possible for the first time to shed light on the role of different microbial key 

players and their respective mode of life during the process of biostabilization. In biofilms 

with very high stability, the dominant species among bacteria and diatoms were always 

sessile and/ or had the capacity to produce high amounts of EPS adhesives which is linked 

to fast reproduction and colonization of freshly exposed sediment surfaces. Thus, their 

lifestyle may have directly enhanced the stability of the biofilm system and the underlying 

fine sediment. In contrast to that, less stable biofilms were constantly dominated by 

opportunistic, very flexible microbes often associated with later successional stages. These 

microorganisms displayed a high degree of mobility and the potential for elaborated forms 

of chemical warfare. As a result, these specific species may have profited from these 

opportunistic strategies and had a selective advantage but their dominance apparently had 

adverse effects on other microbes with a higher stabilizing effect, and the overall integrity of 

the biofilm matrix. This observation may reflect the unstable, ever changing nature of a 

matured biofilm system which is characterized by a constantly high degree of attachment 

and detachment as well as biological, chemical and structural reorganization. 

5. General Conclusion  

In this experimental setup, no statistically significant differences could be detected in any 

biofilm parameters during inter- or intra- flume comparisons. Furthermore, biofilm formation 

as well as biostabilization were very similar under the same boundary conditions. It has to 

be emphasized how crucial this result is for all further considerations as this constituted the 

scientific proof for the reliability of this mesocosm: The fact that identical abiotic boundary 

conditions resulted in very similar biofilms was an essential prerequisite for the investigation 

of different influencing factors – as seen in the sections 3.2 and 3.3 – and allowed a first 

elucidation of some fundamental principles of riverine microbial biostabilization.  

1. Microbial biostabilization is not only of essential relevance in marine and brackish habitats 

but also in lotic systems. Compared with biofilms from intertidal mudflats, biofilms in the 

presented flume mesocosmos displayed lower biomasses. Reasons for this may be higher 

nutrient levels and longer maturation of the biofilms on the researched brackish or marine 

sediments. However, throughout the experiments in the flume mesocosmos, a high degree 

of biostabilization could be detected in developing biofilms– even under boundary conditions 

of minimal nutrient supply - as inert glass beads were used as substrate and the river water 

had a minimal nutrient load. The tested sets of environmental conditions allowed only a first 
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but very important insight in the huge variety of different possible combinations of boundary 

conditions in the environment as these results demonstrated the significance of microbial 

stabilization of fine sediments in rivers.  

2. The extracellular polymeric substances (EPS) play an essential role during the process 

of biostabilization. Presently, it is generally assumed that EPS are the main responsible 

factor for the gluing and stabilizing effect of biofilms on fine sediments. As carbohydrates 

generally contribute the majority to the EPS, the main focus of many studies laid on further 

investigations of these components e.g. by analysing sugar monomers or functional groups. 

However, in the experiments of the present work, correlations between EPS protein content 

and biofilm adhesiveness were clearly higher than between EPS carbohydrate content and 

biofilm stability. This indicated the importance of extracellular proteins e.g. adhesive proteins 

produced by sessile diatoms despite their lower quantitative proportion in the EPS matrix 

compared to extracellular carbohydrates. In addition, this observation may highlight the 

different roles of carbohydrates and proteins in the extracellular matrix where small amounts 

of secreted proteins e.g. extracellular enzymes produced by bacteria can play an important 

structural and functional role.  

3. High microbial biomass and EPS production enhances biostabilization as especially 

microalgae produce high amounts of EPS with stabilizing effect. High correlations between 

biofilm adhesiveness and algal biomass as well as bacterial cell counts could be detected 

which is supported by various studies describing the link between microbial biomass, the 

produced EPS, and resulting biostabilization. However, as the dominant species of algae 

and bacteria could clearly be correlated to different levels of biofilm stability, the composition 

of the microbial community appears to be of greater significance for biofilm stability than 

mere biomass. Especially a dominance of sessile bacterial and diatom species might be 

beneficial for the stability of the biofilm matrix while motile specimen can have a disrupting 

effect on the biofilm system. Furthermore, the high correlation between functional 

organization of the bacterial community and adhesiveness in matured biofilms emphasize 

the role of the symbiotic interactions of bacteria and diatoms, and the resulting shaping 

influence upon the bacterial community composition. 

4. The seasonal changing microbial community has a significant impact upon biofilm 

development and corresponding biostabilization. The seasonal changing microbial 

biocenosis in the water column of rivers in moderate climate, e.g. the succession of diatoms, 
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green algae and cyanobacteria during the course of the year, is well known. The 

investigations described in section 3.2 could demonstrate how this seasonality significantly 

influenced especially the algal community of the developing as well as matured biofilms. In 

this context, it was very remarkable that a change of pioneer species to later successional 

stages in the diatom community was already sufficient to induce a significant decrease in 

biofilm adhesiveness. Reasons for this development might be found in the different lifestyles 

of early and late successional stages and different requirements of adaptation during the 

course of the year e.g. the need and possibility for fast reproduction in a situation without 

macrophyte competition during spring versus high competition and predation risk during 

summer and autumn. Thus, these results should be taken into account during further 

experiments aiming towards a deeper investigation of impact factors on biostabilization in 

rivers.  

5. Abiotic boundary conditions – especially light intensity- have a significant impact upon the 

microbial development, production and sediment stabilization as photosynthetic microbes 

dominate the metabolic pathways in the biofilm system. The two investigated abiotic 

boundary conditions – light intensity (LI) and bed shear stress (BSS) – clearly differed in 

their influence on biofilm development. On the one hand, algal biomass and biofilm 

adhesiveness displayed clear rising values with increasing levels of LI. Especially the very 

low biofilm stability detected under minimal LI growth conditions demonstrated the essential 

role of algal EPS production as a nutrient source for heterotrophic microbes during the 

process of biostabilization in this flume system where no additional nutrient sources existed. 

On the other hand, increasing levels of BSS delayed biofilm development and 

biostabilization. The microbial community might be able to adapt to a rather unstable 

environment under high levels of BSS to a certain degree, as indicated by the constantly 

high dynamics in the bacterial community and high quantitative fraction of mobile diatom 

species that were detected in the biofilm matrix. However, as high biostabilization seems 

linked to earlier successional stages it remains questionable if a considerably longer 

experimental duration can result in comparable stabilizing effect as observed under the 

lowest level of BSS.  
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6. Outlook 

Hydropower plays an essential role in the context of the turnaround in energy politics as well 

as a central renewable energy source for the future on a global level (Bartle, 2002) as its 

output is much more stable and controllable compared to other renewable energy sources 

such as solar or wind energy. Nevertheless, there are increasing signs that reservoirs may 

be significantly involved in the emission of great amounts of greenhouse gases such as 

methane e.g. due to frequently fluctuating water levels (Deemer et al., 2016). A possible 

counter strategy for this issue may either be the avoidance of ebullition of greenhouse 

gasses from the consolidated fine sediments or the prevention of anaerobic conditions in 

reservoir fine sediments which is a prerequisite for fermentative processes such as 

methanogenesis. The simplest way to implement this approach may be less frequent 

flushing of the reservoir and the installation of deep water aeration systems which may be 

used to enhance the water quality of bottom near water layer, and the oxygen saturation of 

the bed. However, less flushing would facilitate the buildup of high fine sediment deposits 

and the establishment of matured biofilms with significant stabilizing effect upon fine 

sediments – as demonstrated in this work. Admittedly, this approach would clearly collide 

with the aim of power plant effectiveness. This emphasizes clearly the requirement of a 

comprehensive and optimized sediment management strategy which takes all different 

stakeholders into account.  

Besides producing renewable energy, reservoirs play a central role in the flood protection of 

downstream settlements. They can buffer seasonal changing discharges in alpine rivers due 

to snow melting in spring and possible heavy rain events during late summer/ autumn. 

However, when the capacity of a reservoir is reached water has to be discharged to 

downstream river section which can have dimensions of a flushing event if weather 

conditions result in very high discharges. The demonstrated clear seasonality of the 

stabilizing effect of lotic biofilms with a significant maximum in spring and decreasing 

biostabilization through the course of the year strongly suggests that reservoir flushing 

should be performed during autumn or winter when biofilm and fine sediment stability in the 

reservoir is minimal. However, as the spawning time of salmonids, such as black or brook 

trout, is from November until March flushing events during this time of the year could have 

devastating effects on the survival of affected fish populations. Flushing in autumn may 
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colmate the gravel spawning grounds and render them unappropriated so that the 

oviposition of the fish is affected but flushing in late winter can cause colmation of the gravel 

pores and reduce the oxygen content of the habitat of the new born fish larvae (Carling, 

1984). The protection of river and floodplain ecology is statutory regulation enacted by the 

European Water Framework Directive which demands “the good ecological state” of rivers. 

In this context, not only an appropriate chemical quality of surface water in rivers is targeted 

but also a state of the river ecosystem that is as close as possible to a natural condition. In 

a situation where most European rivers are fragmented by numerous dams and weirs, 

different compensatory measures to improve the passage of fish and other aquatic 

organisms have been taken and are being implemented. Though, these procedures are 

often very expensive or not always fully satisfactory (Tummers et al., 2016). In many cases 

an undisturbed migration is still not possible and different organizations try to compensate 

this issue via stocking measures.  

The already discussed colmation of river sediments may not only impact the reproduction of 

gravel spawning fish, it could also greatly influence the community composition and the 

metabolism of sediment microbes parallel to the reported effects on affected benthic 

invertebrates (Descloux, Datry & Usseglio-Polatera, 2014). Thus, possible fermentative 

products as well as opportunistic pathogens might reach the groundwater via the hyporheic 

interstitial and may affect the quality of drinking water (Abia et al., 2016). Moreover, high 

discharges and flow velocities - especially in straightened rivers sections- can cause 

massive sediment transport and deepening of the river bed which may result in a lowering 

of groundwater levels which can have effects on the vegetation of the catchment area and 

nearby agricultural areas. Thus, reservoir management may have great implications for 

human health as well as agriculture and has to account for the long-term assurance of 

ground water and drinking water quality. One possible alternative to avoid an overall flushing 

campaign would be the installation of underwater structures, e.g. propellers, to increase 

near bed turbulence and shear stress to avoid low flow velocity and to delay biostabilization. 

Thus, a series of smaller flushing events might be able to transport the deposited fine 

sediment load without major casualties in macrozoobenthos and fish or impacting the 

quantity and quality of ground water and drinking water.  

However, the effectiveness and economic profitableness, the impact on afore mentioned 

greenhouse gas emissions, as well as the effects on the downstream river reaches of such 

a strategy should be thoroughly investigated beforehand. This dilemma reflects a small part 
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of a current and ongoing discussion about the hierarchy of different objects of protection and 

overall goals in environmental and energy politics where it can be very difficult to find a 

satisfying compromise for the interests of various different stakeholders. A sustainable 

solution should incorporate strategies to increase the passability of both, river sediments as 

well as migrating aquatic organisms, while guaranteeing the economical effectiveness of 

water power plants.  

New impulses to optimize sediment management strategies might be created especially due 

to insights gathered during the seasonality experiments and during the investigations of the 

impacts of abiotic boundary conditions. This concerns all three essential steps in the process 

of developing a successful sediment management concept: measuring, monitoring and 

modelling. First, the effects of seasonality as well as different boundary conditions on the 

development of biofilms and their stabilization capacity were actually measurable. Not only 

was this crucial for any further, deeper analytic steps. This fact suggests that biofilm 

formation and stabilization of riverine fine sediments can be controlled by setting the 

boundary conditions. For further endpoint-orientated investigations this knowledge may 

already suffice e.g. due to time restrictions, the assessment of the impact of different nutrient 

levels could only be performed in smaller subprojects without a reliable statistical data base 

and therefore should be repeated. In addition, experiments should be performed with natural 

sediments and water from the corresponding river/ reservoir to account for the specific 

situation e.g. of the actual nutrient supply and the microbial community in this habitat. 

A cost-effective, fast analysis in monitoring approaches may be facilitated by the finding that 

the stabilizing effect of the biofilms displayed strong correlations to other biofilm parameters. 

The straightforward determination of microbial biomass and EPS contents which displayed 

high correlations to biofilm adhesiveness (see Table 8 and Table 15) as well as the 

measurements of biofilm adhesiveness which in turn was highly correlated with the erosion 

resistance of the colonized substrate (Thom et al., 2015a) may provide additional, more 

sensitive information than common techniques used in monitoring. Moreover, these 

investigations may even constitute appropriate surrogates for difficult and very work and 

time consuming standard measurements of sediment stability e.g. utilizing erosion flumes 

such as SETEG in areas which are hardly accessible or in cases where fragile fine sediment 

cores would have to be transported over long distances.  
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The final step in a sustainable sediment management strategy would be the establishment 

of a suitable model to simulate biofilm formation and corresponding biostabilization. This 

modelling approach would require a broad data base and a comprehensive as well as very 

detailed knowledge about all relevant processes and their role for the microbial stabilization 

of fine sediments. The presented work could provide a first starting point for this 

comprehensive understanding as a central research focus was the investigation of the 

microbial ecology of the cultivated biofilm. The fact that this work is the first to correlate the 

microbial ecology with the overall ecosystem function of the biofilm system demonstrates 

the requirement of further interdisciplinary research to unravel all essential processes. One 

of the most important findings of the microbiologic and genetic investigations might be the 

clear indication of specific dominance patterns among bacteria as well as diatoms which 

had a significant correlation with biofilm stability. This strongly suggests the essential role of 

microbial key players whose productivity and lifestyle displayed a significant effect upon the 

biofilm matrix during the process of biostabilization. Furthermore, this work gave first insight 

in the various influencing factors such as boundary conditions or successional stage which 

exhibited a major impact on the abundance of these microbial key organisms. However, in 

order to incorporate this knowledge of the importance of certain microbial key players into 

possible future modelling approaches, more research is still required: While diatom 

determination is well established and standardized, identification of bacterial key players 

could be optimized e.g. by meta genomic and third generation sequencing approaches 

which avoid possible polymerase biases.  

In addition, the exact role of key players among bacteria and microalgae in the biofilm matrix 

should be further investigated. As an example, the determination of the biofilm adhesiveness 

could be coupled with an assessment of metabolic productivity e.g. via determination of the 

activity of intra and extracellular enzymes in different biofilm layers. Furthermore, the 

produced EPS matrix could be characterized in more detail e.g. proteins via SDS-PAGE and 

mass spectrometry of prominent bands. These and other investigations could constitute the 

foundation of future short- and long-term modelling approaches with the overall aim to 

predict the development of the biofilm microbial community under certain circumstances e.g. 

initial light intensity, initial bed shear stress, initial nutrient supply, initial biofilm pioneers 

(heterotrophic bacteria) and floating microbes in the water column.  

To summarize, the insights into the fundamental principles of the process of biostabilization 

gathered during this work constitute important results for further fundamental research. The 
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first essential steps have been taken: the construction of a reliable unique setup, the 

evaluation of reproducible biofilm cultivation in this setup as well as first investigations of 

different driving factors during the process of biostabilization. These investigations paved 

the way for further studies e.g. to analyze currently hardly assessed boundary conditions 

such as different nutrient levels. Moreover, first links for possible applications of the gathered 

knowledge could be derived. In addition, specialized analytic approaches e.g. metagnomic 

and metabolomic techniques may be applied in order to set the foundation for future 

modelling approaches. 
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7. Appendix 

Table 9: Detected diatom species with minimal abundance of 1% of total counted frustules.  

Taxon spring summer  autumn 

 day 11 day 28 day 11 day 28 
day 
11 day 28 

Achnanthidium minutissimum var. 
minutissimum + + + + + + 

Amphora pediculus + + + + +  

Cocconeis placentula       +  

Cyclotella menighiana    + + + + 

Cyclotella sp.    + + + + 

Diatoma moniliformis var. moniliformis +        

Diatoma vulgaris +        

Encyonema silesiacum + +    +  

Eolimna minima + + + + + + 

Eolimna subminuscula +   + +  + 

Fragilaria construens f. venter  +    +  

Fragilaria pararumpens  +    +  

Fragilaria pinnata       +  

Gomphonema olivaceum       +  

Mayamaea atomus var. permitis + + + + + + 

Navicula gregaria + + +   + + 

Navicula lanceolata +      +  

Navicula reichardtiana       + + 

Navicula veneta       +  

Nitzschia abbreviata    + + + + 

Nitzschia acicularis +   + + +  

Nitzschia amphibia        + 

Nitzschia capitellata +   + +   

Nitzschia constricta    +   +  

Nitzschia dissipata var. dissipata + + + + + + 

Nitzschia fonticola + + + + + + 

Nitzschia inconspicua       +  

Nitzschia linearis +    +  + 

Nitzschia palea var. debilis +   + + + + 

Nitzschia palea var. palea    + + +  

Nitzschia paleacea +   +    + 

Nitzschia sp.        + 

Nitzschia supralitorea +   +   + + 

Pennate unident. +      +  

Planothidium frequentissimum  +   + + +  

Sellaphora seminulum + + + + + + 

Surirella brebissonii var. brebissonii        + 

Surirella brebissonii var. kuetzingii + + +    + 

Surirella minuta    +   + + 
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Table 16: Bacterial community of differently stable biofilms.  

Biofilm 
adhesiveness Bacterial strain  

  

Max Leptolyngbya sp. AM_398976.1 
Max Paracoccus aminophilus JCM 7686 plasmid pAMI1 
Max Pseudanabaena biceps PCC 7429 scaffold_00102 
Max Rhodobacter capsulatus SB 1003 
Max Rhodoferax saidenbachensis ED16 contig64 
Max Rubrivivax gelatinosus IL144 DNA,  
Max Methylibium petroleiphilum PM1 
Max Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 
Max Rhizobium mesoamericanum STM3625 genomic scaffold, ANZ_1636 
Max  Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 
Max Gemmatimonas phototrophica strain AP64 Contig_6 
Max Brevundimonas subvibrioides ATCC 15264 
Max Hydrogenophaga sp. Root209 contig_13 
Max Sphingopyxis sp. MC1 contigEBMC1_3 
Max Gemmatimonas aurantiaca T-27 DANN 
Max Hydrogenophaga sp. Root209 contig_13 
Max Gemmatimonas phototrophica strain AP64 Contig_6 
Max Beta proteobacterium AAP65 AAP65_Contigs_64 
Max Neosynechococcus sphagnicola sy1 strain CAUP A 1101 synech5_c92 
Max Beta proteobacterium AAP65 AAP65_Contigs_64 
Max Aquabacterium sp. NJ1 contig01 
Max Neosynechococcus sphagnicola sy1 strain CAUP A 1101 synech5_c92 
Max Methyloversatilis universalis Fam500 Metunv3DRAFT_Contig245.1_C 
Max Alpha proteobacterium AAP81b AAP81b_Contigs_75 

Min Pseudomonas fluorescens SBW25  
Min Pseudomonas taeanensis MS-3 contig_13 
Min Caulobacter vibrioides strain T5M6 contig_129 
Min Aquabacterium sp. NJ1 contig01 
Min Fluoribacter dumoffii NY 23 chromosome 
Min Microbacterium sp. UNCCL10 BR85DRAFT_scaffold00001.1_C 
Min Gemmatimonas aurantiaca T-27 DANN 
Min Hyphomicrobium zavarzinii ATCC 27496 strain ZV-622  
Min Reyranella massiliensis 521 genomic scaffold, Scaffold01 
Min Hyphomicrobium zavarzinii ATCC 27496 strain ZV-622  
Min Gemmatimonas phototrophica strain AP64 Contig_6 
Min Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 

Identified bacterial strains: Max: the highest biofilm adhesiveness; Min: the lowest biofilm 

adhesiveness. Bold written bacterial strain were found to be dominant in corresponding biofilms.  
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Table 17: Bacterial strains of analysed prominent DGGE bands.  

    Max  Total  Query        
Sample Organism Score Score Cover E value Ident Accession 

                

May13_Qme_end1 Seq 1  Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 894 894 100% 0.0 98% NC_009379.1 
May13_Qme_end1 Seq 2 Candidatus Odyssella thessalonicensis L13 HMO_scaffold00002 619 619 100% 2,00E-174 94% NZ_AEWF01000006.1 
May13_Qme_end1 Seq 3  Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 900 900 100% 0.0 98% NC_009379.1 

May13_Qme_end2 Seq 1 Gemmatimonas aurantiaca T-27 DANN 689 689 100% 0.0 91% NC_012489.1 
May13_Qme_end2 Seq 2 Gemmatimonas phototrophica strain AP64 Contig_6 917 917 100% 0.0 99% NZ_AUXF01000006.1 
May13_Qme_end2 Seq 3 Gemmatimonas phototrophica strain AP64 Contig_6 872 872 100% 0.0 98% NZ_AUXF01000006.1 

May13_Qme Seq 1 Gemmatimonas aurantiaca T-27  689 689 100% 0.0 91% NC_012489.1 
May13_Qme Seq 2 Brevundimonas subvibrioides ATCC 15264 737 1475 100% 0.0 95% NC_014375.1 
May13_Qme Seq 3 Ideonella sp. B508-1 DNA, contig: IB508.C5 795 795 100% 0.0 94% NZ_BADL01000005.1 

May13_Qme_end3 Seq 1 Synechococcus sp. PCC 6312 542 542 99% 5,00E-151 87% NC_019680.1 
May13_Qme_end3 Seq 2 Synechococcus sp. PCC 6312 558 558 99% 5,00E-156 88% NC_019680.1 
May13_Qme_end3 Seq 3 Synechococcus sp. PCC 6312 569 569 99% 3,00E-159 88% NC_019680.1 
May13_Qme_mid Seq 1 Anabaena sp. 90 chromosome chANA01 536 2666 100% 3,00E-149 87% NC_019427.1 
May13_Qme_mid Seq 2 Anabaena sp. 90 chromosome chANA01 531 2638 100% 1,00E-147 87% NC_019427.1 
May13_Qme_mid Seq 3 Anabaena sp. 90 chromosome chANA01 525 2611 100% 6,00E-146 87% NC_019427.1 

May13_Qlo_Qme_end Seq 1 Hydrogenophaga sp. Root209 contig_13 944 944 99% 0.0 99% NZ_LMIE01000005.1 
May13_Qlo_Qme_end Seq 2 Hydrogenophaga sp. Root209 contig_13 939 939 99% 0.0 99% NZ_LMIE01000005.1 
May13_Qlo_Qme_end Seq 3 Hydrogenophaga sp. Root209 contig_13 926 926 99% 0.0 99% NZ_LMIE01000005.1 

May13_Qme_Qhi Seq 1 Anaeromyxobacter sp. Fw109-5 320 641 100% 3,00E-84 78% NC_009675.1 

May13_ub1 Seq 1 Cyanothece sp. CCY0110 1101676644568 573 573 100% 2,00E-160 88% NZ_AAXW01000006.1 
May13_ub1 Seq 2 Sphingomonas sp. Root241 contig_2 737 737 100% 0.0 95% NZ_LMIV01000002.1 
May13_ub1 Seq 3 Reyranella massiliensis 521 genomic scaffold 854 854 99% 0.0 99% NZ_HE997181.1 

May13_ub2 Seq 1 Pirellula staleyi DSM 6068, complete genome 536 536 100% 3,00E-149 86% NC_013720.1 
May13_ub2 Seq 2 Ideonella sp. 201-F6 DNA, contig: ISCTG090 878 878 100% 0.0 97% NZ_BBYR01000090.1 

May13_ub3 Seq 1 Nostoc azollae' 0708 580 2323 100% 1,00E-162 89% NC_014248.1 
May13_ub3 Seq 2 Rhizobacter sp. Root1221 contig_4 689 689 99% 0.0 91% NZ_LMDI01000034.1 

May13_Qhi_mid1 Seq 1 Pseudomonas taeanensis MS-3 contig_13 915 915 100% 0.0 98% NZ_AWSQ01000013.1 
May13_Qhi_mid1 Seq 2 Cyanothece sp. CCY0110 1101676644568 573 573 100% 2,00E-160 88% NZ_AAXW01000006.1 

May13_Qhi_mid2 Seq 1 Aquabacterium sp. NJ1 contig01 920 1841 100% 0.0 98% NZ_JRKM01000001.1 
May13_Qhi_mid2 Seq 2 Aquabacterium sp. NJ1 contig01 937 1874 100% 0.0 99% NZ_JRKM01000001.1 
May13_Qhi_mid2 Seq 3 Aquabacterium sp. NJ1 contig01 942 1885 100% 0.0 99% NZ_JRKM01000001.1 

May13_Qlo Seq 1 Sphingopyxis sp. MC1 contigEBMC1_3 760 760 100% 0.0 96% NZ_AOUN01000003.1 
May13_Qlo Seq 2 Brevundimonas subvibrioides ATCC 15264 821 1642 100% 0.0 98% NC_014375.1 
May13_Qlo Seq 3 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 704 704 100% 0.0 91% NZ_JQKD01000107.1 

 May13_Qlo_end1 Seq 1 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 704 704 100% 0.0 91% NZ_JQKD01000107.1 
 May13_Qlo_end1 Seq 2 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 704 704 100% 0.0 91% NZ_JQKD01000107.1 
 May13_Qlo_end1 Seq 3 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 704 704 100% 0.1 91% NZ_JQKD01000107.1 

May13_Qlo_end2 Seq 1 Anabaena sp. 90 chromosome chANA01 501 2502 100% 1,00E-138 86% NC_019427.1 
May13_Qlo_end2 Seq 2 Anabaena sp. 90 chromosome chANA01 501 2502 100% 1E-138 0,86 NC_019427.1 
May13_Qlo_end2 Seq 3 Anabaena sp. 90 chromosome chANA01 501 2502 100% 1E-138 0,86 NC_019427.1 

Jul13_Lno_Lme1 Seq 1 Gemmobacter sp. LW-1 contig330 584 584 100% 7,00E-164 93% NZ_LJSC01000026.1 
Jul13_Lno_Lme1 Seq 2 Rheinheimera sp. KL1 NODE_33 750 750 100% 0.0 93% NZ_LAMX01000036.1 

Jul13_Lno Seq 1 Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 839 839 100% 0.0 96% NC_009379.1 
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Jul13_Lno Seq 2 Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 845 845 100% 0.0 96% NC_009379.1 
Jul13_Lno Seq 3 Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 850 850 100% 0.0 96% NC_009379.1 

Jul13_ub1 Seq 1 Devosia geojensis strain BD-c194 NODE_87 654 654 100% 0.0 92% NZ_JZEX01000084.1 
Jul13_ub1 Seq 2 Devosia geojensis strain BD-c194 NODE_87 649 649 100% 0.0 91% NZ_JZEX01000084.1 
Jul13_ub1 Seq 3 Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 861 861 100% 0.0 96% NC_009379.1 

Jul13_Lno_Lme2 Seq 1 Fluoribacter dumoffii NY 23 chromosome 848 2546 100% 0.0 96% NZ_CM001373.1 
Jul13_Lno_Lme2 Seq 2 Flavobacterium tegetincola DSM 22377 H602DRAFT_scaffold00029.29_C 438 438 100% 8,00E-120 82% NZ_AUDN01000041.1 
Jul13_Lno_Lme2 Seq 3 Sorangium cellulosum 'So ce 56'  732 2929 100% 0.0 91% NC_010162.1 

Jul13_Lno_Lme3 Seq 1 Caulobacter vibrioides strain T5M6 contig_129 702 702 100% 0.0 93% NZ_LNIY01000034.1 
Jul13_Lno_Lme3 Seq 2 Microbacterium sp. UNCCL10 BR85DRAFT_scaffold00001.1_C 904 904 100% 0.0 99% NZ_JQKT01000007.1 
Jul13_Lno_Lme3 Seq 3 Gemmatimonas aurantiaca T-27 DANN 795 795 100% 0.0 95% NC_012489.1 

Jul13_Lno_mid_end Seq 1 Hyphomicrobium zavarzinii ATCC 27496 strain ZV-622  726 726 100% 0.0 94% NZ_KB911255.1 
Jul13_Lno_mid_end Seq 2 Reyranella massiliensis 521 genomic scaffold, Scaffold01 865 865 99% 0.0 99% NZ_HE997181.1 
Jul13_Lno_mid_end Seq 3 Hyphomicrobium zavarzinii ATCC 27496 strain ZV-622  721 721 100% 0.0 94% NZ_KB911255.1 

Jul13_Lme_mid Seq 1 Cyanothece sp. CCY0110 1101676644568 579 579 100% 4,00E-162 89% NZ_AAXW01000006.1 
Jul13_Lme_mid Seq 2 Cyanothece sp. CCY0110 1101676644568 579 579 100% 4,00E-162 89% NZ_AAXW01000006.1 
Jul13_Lme_mid Seq 3 Cyanothece sp. CCY0110 1101676644568 579 579 100% 4E-162 89% NZ_AAXW01000006.1 

Jul13_Lhi_end1 Seq 1 Synechococcus sp. PCC 6312 564 564 99% 1,00E-157 88% NC_019680.1 
Jul13_Lhi_end1 Seq 2 Synechococcus sp. PCC 6312, complete genome 569 569 99% 3,00E-159 88% NC_019680.1 
Jul13_Lhi_end1 Seq 3 Synechococcus sp. PCC 6312, complete genome 569 569 99% 3,00E-159 88% NC_019680.1 

Jul13_ub2 Seq 1 Afipia felis genospecies A WGS project CCAZ000000000 data, strain 76713 671 671 100% 0.0 92% NZ_CCAZ020000001.1 
Jul13_ub2 Seq 2 Cyanothece sp. CCY0110 1101676644568 571 571 100% 7,00E-160 88% NZ_AAXW01000006.1 
Jul13_ub2 Seq 3 Cyanothece sp. CCY0110 1101676644568 556 556 100% 2,00E-155 88% NZ_AAXW01000006.1 

Jul13_Lme_Lhi_mid Seq 1 Anabaena sp. 90 chromosome chANA01 553 2722 100% 3,00E-154 88% NC_019427.1 
Jul13_Lme_Lhi_mid Seq 2 Cyanothece sp. CCY0110 1101676644568 553 553 100% 3,00E-154 88% NZ_AAXW01000006.1 
Jul13_Lme_Lhi_mid Seq 3 Cyanothece sp. CCY0110 1101676644568 579 579 100% 4,00E-162 89% NZ_AAXW01000006.1 

Jul13_ub3 Seq 1 Flavobacterium succinicans LMG 10402 contig_01 833 833 100% 0.0 96% NZ_JATV01000001.1 
Jul13_ub3 Seq 2 Pseudomonas fuscovaginae UPB0736  808 808 100% 0.0 95% NZ_JH605139.1 
Jul13_ub3 Seq 3 Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1  850 850 100% 0.0 96% NC_009379.1 

Jul13_Lme_Lhi_end Seq 1 'Nostoc azollae' 0708, complete genome 536 2146 100% 3,00E-149 87% NC_014248.1 
Jul13_Lme_Lhi_end Seq 2 'Nostoc azollae' 0708, complete genome 542 2168 100% 5,00E-151 87% NC_014248.1 
Jul13_Lme_Lhi_end Seq 3 'Nostoc azollae' 0708, complete genome 525 2102 100% 6,00E-146 87% NC_014248.1 

Jul13_Lhi_end2 Seq 1 Gemmatimonas aurantiaca T-27 DANN 839 839 100% 0.0 97% NC_012489.1 
Jul13_Lhi_end2 Seq 2 Synechococcus sp. PCC 6312 545 545 99% 4,00E-152 88% NC_019680.1 
Jul13_Lhi_end2 Seq 3 Anabaena sp. 90 chromosome chANA01 531 2638 100% 1,00E-147 87% NC_019427.1 

Jul13_Lhi_end3 Seq 1 Hydrogenophaga sp. Root209 contig_13 944 944 99% 0.0 99% NZ_LMIE01000005.1 
Jul13_Lhi_end3 Seq 2 Hydrogenophaga sp. Root209 contig_13 747 747 100% 0.0 93% NZ_LMIE01000005.1 
Jul13_Lhi_end3 Seq 3 Hydrogenophaga sp. Root209 contig_13 939 939 99% 0.0 99% NZ_LMIE01000005.1 

Aug13_Lhi Seq 1 Gemmatimonas phototrophica strain AP64 Contig_6 878 878 100% 0.0 98% NZ_AUXF01000006.1 
Aug13_Lhi Seq 2 Gemmatimonas phototrophica strain AP64 Contig_6 922 922 100% 0.0 99% NZ_AUXF01000006.1 
Aug13_Lhi Seq 3 Gemmatimonas phototrophica strain AP64 Contig_6 867 867 100% 0.0 98% NZ_AUXF01000006.1 
Aug13_Lhi Seq 4 Gemmatimonas phototrophica strain AP64 Contig_6 867 867 100% 0.0 98% NZ_AUXF01000006.1 

Aug13_Lno_Lme Seq 1 Gemmatimonas phototrophica strain AP64 Contig_6 867 867 100% 0.0 98% NZ_AUXF01000006.1 
Aug13_Lno_Lme Seq 2 Gemmatimonas phototrophica strain AP64 Contig_6 933 933 100% 0.0 100% NZ_AUXF01000006.1 
Aug13_Lno_Lme Seq 3 Brevundimonas subvibrioides ATCC 15264 809 1619 100% 0.0 98% NC_014375.1 
Aug13_Lno_Lme Seq 4 Brevundimonas subvibrioides ATCC 15264 582 1165 100% 3,00E-163 89% NC_014375.1 

Aug13_Lmed Seq 1 Geitlerinema sp. PCC 7407 623 1859 100% 2,00E-175 91% NC_019703.1 
Aug13_Lmed Seq 2 Brevundimonas subvibrioides ATCC 15264 582 1165 100% 3,00E-163 89% NC_014375.1 
Aug13_Lmed Seq 3 Crocosphaera watsonii WH 8501 ctg258 573 573 100% 2,00E-160 89% NZ_AADV02000093.1 
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Aug13_Lmed Seq 4 Crocosphaera watsonii WH 8501 ctg258 579 579 100% 4,00E-162 89% NZ_AADV02000093.1 

Aug13_Lno_Lme Seq 1 Gemmatimonas phototrophica strain AP64 Contig_6 928 928 100% 0.0 99% NZ_AUXF01000006.1 
Aug13_Lno_Lme Seq 2 Gemmatimonas phototrophica strain AP64 Contig_6 861 861 100% 0.0 99% NZ_AUXF01000006.1 
Aug13_Lno_Lme Seq 3 Gemmatimonas phototrophica strain AP64 Contig_6 640 640 100% 2,00E-180 90% NZ_AUXF01000006.1 
Aug13_Lno_Lme Seq 4 Planctomyces limnophilus DSM 3776 483 966 100% 4,00E-133 84% NC_014148.1 

Aug13_ub1 Seq 1 Flectobacillus major DSM 103 genomic scaffold FlemaDRAFT_FME.6 588 1759 100% 7,00E-165 88% NZ_KE386491.1 
Aug13_ub1 Seq 2 Acidovorax sp. JHL-3 K226DRAFT_scf7180000000013_quiver.1_C 946 3786 100% 0.0 99% NZ_JAFU01000001.1 
Aug13_ub1 Seq 3 Aquabacterium sp. NJ1 contig01 885 1771 100% 0.0 97% NZ_JRKM01000001.1 

Aug13_ub2 Seq 1 Pelomonas sp. Root662 contig_2 863 863 100% 0.0 97% NZ_LMHE01000011.1 
Aug13_ub2 Seq 2 Sphingopyxis fribergensis strain Kp5.2 787 787 100% 0.0 97% NZ_CP009122.1 
Aug13_ub2 Seq 3 Acetobacteraceae bacterium AT-5844  665 665 100% 0.0 92% NZ_JH599943.1 

Aug13_Lme_end1 Seq 1 Cyanothece sp. CCY0110 1101676644568 556 556 100% 2,00E-155 88% NZ_AAXW01000006.1 
Aug13_Lme_end1 Seq 2 Cyanothece sp. CCY0110 1101676644568 582 582 100% 3,00E-163 89% NZ_AAXW01000006.1 
Aug13_Lme_end1 Seq 3 Cyanothece sp. CCY0110 1101676644568 571 571 100% 7,00E-160 88% NZ_AAXW01000006.1 
Aug13_Lme_end1 Seq 4 Cyanothece sp. CCY0110 1101676644568 582 582 100% 3,00E-163 89% NZ_AAXW01000006.1 

Aug13_ub3 Seq 1 Cellvibrio mixtus subsp. mixtus J3-8 Scaffold25_1 787 787 100% 0.0 94% NZ_ALBT01000125.1 
Aug13_ub3 Seq 2 Cellvibrio mixtus subsp. mixtus J3-8 Scaffold25_1 815 815 100% 0.0 95% NZ_ALBT01000125.1 
Aug13_ub3 Seq 3 Cellvibrio mixtus subsp. mixtus J3-8 Scaffold25_1 804 804 100% 0.0 95% NZ_ALBT01000125.1 
Aug13_ub3 Seq 4 Aquabacterium sp. NJ1 contig01 885 1771 100% 0.0 97% NZ_JRKM01000001.1 

Aug13_Lme_end2 Seq 1 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 710 710 100% 0.0 91% NZ_JQKD01000107.1 
Aug13_Lme_end2 Seq 2 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 710 710 100% 0.0 91% NZ_JQKD01000107.1 
Aug13_Lme_end2 Seq 3 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 710 710 100% 0.0 91% NZ_JQKD01000107.1 
Aug13_Lme_end2 Seq 4 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 710 710 100% 0.0 91% NZ_JQKD01000107.1 

Aug13_Lno Seq 1 Flavobacterium succinicans LMG 10402 contig_01 909 909 100% 0.0 98% NZ_JATV01000001.1 
Aug13_Lno Seq 2 Flavobacterium succinicans LMG 10402 contig_01 909 909 100% 0.0 98% NZ_JATV01000001.1 

 Mar13_ub_sta1 Seq 1 Sphingobium sp. Leaf26 contig_19 848 848 100% 0.0 99% NZ_LMKV01000011.1 
 Mar13_ub_sta1 Seq 2 Pseudorhodobacter psychrotolerans strain PAMC 27389 ctg7180000022378 815 815 100% 0.0 98% NZ_LGIC01000003.1 
 Mar13_ub_sta1 Seq 3 [Polyangium] brachysporum strain DSM 7029 699 2097 100% 0.0 91% NZ_CP011371.1 
 Mar13_ub_sta1 Seq 4 Brevundimonas nasdae strain TPW30 Contig_38 787 787 100% 0.0 97% NZ_JWSY01000038.1 
 Mar13_ub_sta1 Seq 5 Xylophilus sp. Leaf220 contig_3 808 808 100% 0.0 95% NZ_LMKO01000022.1 

Mar13_ub_sta2 Seq 1 Nostoc azollae' 0708 569 2279 100% 3,00E-159 88% NC_014248.1 
Mar13_ub_sta2 Seq 2 Anabaena sp. 90 chromosome chANA01 564 2805 100% 1,00E-157 88% NC_019427.1 
Mar13_ub_sta2 Seq 3 Cyanothece sp. CCY0110 1101676644568 573 573 100% 2,00E-160 88% NZ_AAXW01000006.1 
Mar13_ub_sta2 Seq 4 Synechococcus sp. PCC 6312 536 536 99% 3,00E-149 87% NC_019680.1 
Mar13_ub_sta2 Seq 5 Anabaena sp. 90 chromosome chANA01 534 2629 100% 9,00E-149 87% NC_019427.1 

Mar13_Qlo_Qme_end Seq 2 Bacteria/Cyanobacteria/Cyanobacteria/SubsectionIII_FamilyI/Leptolyngbya_2 945 944 99% 0.0 99% AM_398976.1 
Mar13_Qlo_Qme_end Seq 3 Bacteria/Cyanobacteria/Cyanobacteria/SubsectionIII_FamilyI/Leptolyngbya_2 927 927 99% 0.0 99% AM_398976.1 

Mar13_ub_sta4 Seq 3 Bacteria/Cyanobacteria/Cyanobacteria/SubsectionIII_FamilyI/Leptolyngbya_2 915 915 99% 0.0 99% AM_398976.1 
Mar13_ub_sta6 Seq 5 Bacteria/Cyanobacteria/Cyanobacteria/SubsectionIII_FamilyI/Leptolyngbya_2 934 934 99% 0.0 99% AM_398976.1 
Mar14_Lhi_end Seq 1 Bacteria/Cyanobacteria/Cyanobacteria/SubsectionIII_FamilyI/Leptolyngbya_2 933 933 99% 0.0 99% AY_768526.1 
Mar14_Lhi_end Seq 2 Bacteria/Cyanobacteria/Cyanobacteria/SubsectionIII_FamilyI/Leptolyngbya_2 924 924 99% 0.0 99% AY_768526.1 

 Mar13_Qlo_mid Seq 1 Anabaena sp. 90 chromosome chANA01 538 2681 100% 7,00E-150 87% NC_019427.1 
 Mar13_Qlo_mid Seq 2 Nostoc azollae' 0708 575 2301 100% 5,00E-161 89% NC_014248.1 
 Mar13_Qlo_mid Seq 3 Cyanothece sp. CCY0110 1101676644568 579 579 100% 4,00E-162 89% NZ_AAXW01000006.1 
 Mar13_Qlo_mid Seq 4 Synechococcus sp. PCC 6312 536 536 99% 3,00E-149 87% NC_019680.1 
 Mar13_Qlo_mid Seq 5 Cyanothece sp. CCY0110 1101676644568 584 584 100% 9,00E-164 89% NZ_AAXW01000006.1 

Mar13_Qlo_end Seq 1 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 697 697 100% 0.0 91% NZ_JQKD01000107.1 
Mar13_Qlo_end Seq 2 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 704 704 100% 0.0 91% NZ_JQKD01000107.1 
Mar13_Qlo_end Seq 3 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 704 704 100% 0.0 91% NZ_JQKD01000107.1 
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Mar13_Qlo_end Seq 4 Hydrogenophaga sp. Root209 contig_13 713 713 99% 0.0 92% NZ_LMIE01000005.1 
Mar13_Qlo_end Seq 5 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 699 699 100% 0.0 91% NZ_JQKD01000107.1 

Mar13_Qlo_Qme_end Seq 1 Beta proteobacterium AAP65 AAP65_Contigs_64 889 889 100% 0.0 98% NZ_LJHW01000064.1 
Mar13_Qlo_Qme_end Seq 2 Neosynechococcus sphagnicola sy1 strain CAUP A 1101 synech5_c92 708 708 100% 0.0 94% NZ_JJML01000087.1 
Mar13_Qlo_Qme_end Seq 3 Neosynechococcus sphagnicola sy1 strain CAUP A 1101 synech5_c92 725 725 100% 0.0 94% NZ_JJML01000087.1 
Mar13_Qlo_Qme_end Seq 4 Beta proteobacterium AAP65 AAP65_Contigs_64 933 933 100% 0.0 99% NZ_LJHW01000064.1 

Mar13_Qme_Qhi_mid Seq 1 Flavobacterium sp. 83 T410DRAFT_scf7180000000004_quiver_dupTrim_4441.1_C 876 5263 100% 0.0 97% NZ_JQMS01000001.1 
Mar13_Qme_Qhi_mid Seq 2 Flavobacterium sp. 83 T410DRAFT_scf7180000000004_quiver_dupTrim_4441.1_C 876 5263 100% 0.0 97% NZ_JQMS01000001.1 
Mar13_Qme_Qhi_mid Seq 3 Flavobacterium sp. 83 T410DRAFT_scf7180000000004_quiver_dupTrim_4441.1_C 887 5329 100% 0.0 98% NZ_JQMS01000001.1 
Mar13_Qme_Qhi_mid Seq 4 Flavobacterium sp. 83 T410DRAFT_scf7180000000004_quiver_dupTrim_4441.1_C 887 5329 100% 0.0 98% NZ_JQMS01000001.1 
Mar13_Qme_Qhi_mid Seq 5 Flavobacterium sp. 83 T410DRAFT_scf7180000000004_quiver_dupTrim_4441.1_C 887 5329 100% 0.0 98% NZ_JQMS01000001.1 

Mar13_ub_sta3 Seq 1 Pelomonas sp. Root662 contig_2 841 841 100% 0.0 96% NZ_LMHE01000011.1 
Mar13_ub_sta3 Seq 2 Pseudomonas fuscovaginae UPB0736  920 920 100% 0.0 98% NZ_JH605139.1 
Mar13_ub_sta3 Seq 3 Synechococcus sp. PCC 6312 531 531 99% 1,00E-147 87% NC_019680.1 
Mar13_ub_sta3 Seq 4 Methylotenera versatilis 79 MetveDRAFT_chromosome1.1_C 837 1422 100% 0.0 96% NZ_ARVX01000001.1 
Mar13_ub_sta3 Seq 5 Synechococcus sp. PCC 6312 556 556 99% 2,00E-155 88% NC_019680.1 

Mar13_ub_sta4 Seq 1 Flectobacillus major DSM 103  632 1892 100% 3,00E-178 89% NZ_KE386491.1 
Mar13_ub_sta4 Seq 2 Janthinobacterium lividum strain RIT308 contigs33  859 859 100% 0.0 96% NZ_JFYR01000027.1 
Mar13_ub_sta4 Seq 3 Flectobacillus major DSM 103 627 1875 100% 2,00E-176 89% NZ_KE386491.1 
Mar13_ub_sta4 Seq 4 Sphingopyxis macrogoltabida strain 203  832 832 100% 0.0 99% NZ_CP009429.1 
Mar13_ub_sta4 Seq 5 Neosynechococcus sphagnicola sy1 strain CAUP A 1101 synech5_c92  708 708 100% 0.0 94% NZ_JJML01000087.1 

Mar13_ub_sta5 Seq 1 Flavobacterium succinicans LMG 10402 contig_01 865 865 100% 0.0 97% NZ_JATV01000001.1 
Mar13_ub_sta5 Seq 2 Methylotenera versatilis 79 MetveDRAFT_chromosome1.1_C 865 1477 100% 0.0 97% NZ_ARVX01000001.1 
Mar13_ub_sta5 Seq 3 Synechococcus sp. PCC 6312 575 575 99% 5,00E-161 89% NC_019680.1 
Mar13_ub_sta5 Seq 4 Methylotenera versatilis 79 MetveDRAFT_chromosome1.1_C 865 1477 100% 0.0 97% NZ_ARVX01000001.1 
Mar13_ub_sta5 Seq 5 Methylotenera versatilis 79 MetveDRAFT_chromosome1.1_C 859 1466 100% 0.0 96% NZ_ARVX01000001.1 

Mar13_ub_sta_mid1 Seq 1 Cyanothece sp. CCY0110 1101676644568 568 568 100% 9,00E-159 88% NZ_AAXW01000006.1 
Mar13_ub_sta_mid1 Seq 2 Cyanothece sp. CCY0110 1101676644568 568 568 100% 9,00E-159 88% NZ_AAXW01000006.1 
Mar13_ub_sta_mid1 Seq 3 Cyanothece sp. CCY0110 1101676644568 568 568 100% 9,00E-159 88% NZ_AAXW01000006.1 
Mar13_ub_sta_mid1 Seq 4 Cyanothece sp. CCY0110 1101676644568 573 573 100% 2,00E-160 88% NZ_AAXW01000006.1 

Mar13_Qme_mid Seq 1 Rhodoferax ferrireducens T118 819 1638 100% 0.0 95% NC_007908.1 
Mar13_Qme_mid Seq 2 Flectobacillus major DSM 103  627 1875 100% 2,00E-176 89% NZ_KE386491.1 
Mar13_Qme_mid Seq 3 Synechococcus sp. PCC 6312 547 547 99% 1,00E-152 88% NC_019680.1 
Mar13_Qme_mid Seq 4 Flectobacillus major DSM 103  627 1870 100% 2,00E-176 89% NZ_KE386491.1 
Mar13_Qme_mid Seq 5 Sphingomonas sanxanigenens NX02 754 2263 100% 0.0 96% NZ_CP006644.1 

Mar13_ub_sta_mid2 Seq 1 Sphingobium yanoikuyae ATCC 51230  832 3328 100% 0.0 99% NZ_JH992904.1 
Mar13_ub_sta_mid2 Seq 2 [Polyangium] brachysporum strain DSM 7029 822 2468 100% 0.0 95% NZ_CP011371.1 
Mar13_ub_sta_mid2 Seq 3 Sphingopyxis fribergensis strain Kp5.2 854 854 100% 0.0 99% NZ_CP009122.1 
Mar13_ub_sta_mid2 Seq 4 Croceicoccus naphthovorans strain PQ-2 760 760 100% 0.0 96% NZ_CP011770.1 
Mar13_ub_sta_mid2 Seq 5 Cyanothece sp. PCC 7822 425 1260 100% 6,00E-116 83% NC_014501.1 

Mar13_ub_mid_end Seq 1 Sphingopyxis sp. MC1 contigEBMC1_3 760 760 100% 0.0 96% NZ_AOUN01000003.1 
Mar13_ub_mid_end Seq 2 Krokinobacter sp. 4H-3-7-5 518 1534 100% 1,00E-143 85% NC_015496.1 
Mar13_ub_mid_end Seq 3 Synechococcus sp. PCC 6312 564 564 99% 1,00E-157 88% NC_019680.1 
Mar13_ub_mid_end Seq 4 Sediminibacterium salmoneum NBRC 103935  900 900 100% 0.0 98% NZ_KI866530.1 
Mar13_ub_mid_end Seq 5 Synechococcus sp. PCC 6312 564 564 99% 1,00E-157 88% NC_019680.1 

 Mar13_ub1 Seq 1 Schlesneria paludicola DSM 18645 Scaffold9_1 556 556 100% 2,00E-155 86% NZ_AHZR01000092.1 
 Mar13_ub1 Seq 2 Collimonas fungivorans Ter331 876 2629 100% 0.0 97% NC_015856.1 
 Mar13_ub1 Seq 3 Flavobacterium psychrophilum JIP02/86  800 4793 100% 0.0 95% NC_009613.3 
 Mar13_ub1 Seq 4 Flavobacterium sp. EM1308 contig00062 754 754 99% 0.0 93% NZ_JNCP01000062.1 
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 Mar13_ub1 Seq 5 Leadbetterella byssophila DSM 17132 628 1886 100% 4,00E-177 89% NC_014655.1 

Mar13_ub2 Seq 1 Reyranella massiliensis 521 genomic scaffold, Scaffold01 459 459 98% 5,00E-126 85% NZ_HE997181.1 
Mar13_ub2 Seq 2 Brevundimonas subvibrioides ATCC 15264 765 1531 100% 0.0 96% NC_014375.1 
Mar13_ub2 Seq 3 Pseudorhodobacter psychrotolerans strain PAMC 27389 ctg7180000022378 726 726 100% 0.0 94% NZ_LGIC01000003.1 
Mar13_ub2 Seq 4 Rhodobacter capsulatus SB 1003 752 3010 100% 0.0 96% NC_014034.1 
Mar13_ub2 Seq 5 Reyranella massiliensis 521 genomic scaffold, Scaffold01 824 824 99% 0.0 98% NZ_HE997181.1 

Mar13_Qme_mid Seq 1 Pseudanabaena biceps PCC 7429 scaffold_00102 809 809 99% 0.0 98% NZ_ALWB01000102.1 
Mar13_Qme_mid Seq 2 Cyanothece sp. CCY0110 1101676644568 579 579 100% 4,00E-162 89% NZ_AAXW01000006.1 
Mar13_Qme_mid Seq 3 Synechococcus sp. PCC 6312 569 569 99% 3,00E-159 88% NC_019680.1 
Mar13_Qme_mid Seq 4 Paracoccus aminophilus JCM 7686 plasmid pAMI1 708 708 100% 0.0 94% NC_022042.1 
Mar13_Qme_mid Seq 5 Alpha proteobacterium AAP81b AAP81b_Contigs_75 809 809 100% 0.0 98% NZ_LJHX01000075.1 

Mar13_ub_mid Seq 1 Variovorax paradoxus EPS 944 1889 100% 0.0 99% NC_014931.1 
Mar13_ub_mid Seq 2 Pseudomonas stutzeri A1501 843 3333 100% 0.0 96% NC_009434.1 

Mar13_ub3 Seq 1 Sphingopyxis sp. MC1 contigEBMC1_3 771 771 100% 0.0 96% NZ_AOUN01000003.1 
Mar13_ub3 Seq 2 Massilia sp. WF1 contig10 828 828 100% 0.0 95% NZ_LELH02000010.1 
Mar13_ub3 Seq 3 Pseudorhodobacter psychrotolerans strain PAMC 27389 ctg7180000022378 837 837 100% 0.0 99% NZ_LGIC01000003.1 
Mar13_ub3 Seq 4 Novosphingobium sp. Leaf2 contig_1 793 793 100% 0.0 97% NZ_LMJY01000001.1 
Mar13_ub3 Seq 5 Synechococcus sp. PCC 6312 558 558 99% 5,00E-156 88% NC_019680.1 

Mar13_ub_end1 Seq 1 Synechococcus sp. PCC 6312 575 575 99% 5,00E-161 89% NC_019680.1 
Mar13_ub_end1 Seq 2 Synechococcus sp. PCC 6312 575 575 99% 5,00E-161 89% NC_019680.1 
Mar13_ub_end1 Seq 3 Rhodoferax saidenbachensis ED16 contig64 472 472 100% 4,00E-130 96% NZ_AWQR01000064.1 
Mar13_ub_end1 Seq 4 Rhodoferax saidenbachensis ED16 contig64 472 472 100% 4,00E-130 96% NZ_AWQR01000064.1 
Mar13_ub_end1 Seq 5 Synechococcus sp. PCC 6312 575 575 99% 5,00E-161 89% NC_019680.1 

 Mar13_ub_end2 Seq 1 Rhizobacter sp. Root29 contig_40 887 887 100% 0.0 97% NZ_LMCN01000034.1 
 Mar13_ub_end2 Seq 2 Rhizobacter sp. Root29 contig_40 887 887 100% 0.0 97% NZ_LMCN01000034.1 
 Mar13_ub_end2 Seq 3 Deinococcus soli' Cha et al. 2014 strain N5 713 2141 100% 0.0 93% NZ_CP011389.1 
 Mar13_ub_end2 Seq 4 Geopsychrobacter electrodiphilus DSM 16401 D888DRAFT 379 379 100% 5,00E-102 81% NZ_ARWE01000001.1 

Mar13_ub_sta6 Seq 1 Acidovorax sp. JHL-3 K226DRAFT_scf7180000000013_quiver.1_C 946 3786 100% 0.0 99% NZ_JAFU01000001.1 
Mar13_ub_sta6 Seq 2 Pseudomonas stutzeri A1501 843 3333 100% 0.0 96% NC_009434.1 
Mar13_ub_sta6 Seq 3 Neosynechococcus sphagnicola sy1 strain CAUP A 1101 synech5_c92 697 697 100% 0.0 93% NZ_JJML01000087.1 

Nov13_ub_mid_end Seq 1 Phenylobacterium sp. Root1290 contig_1 854 854 100% 0.0 99% NZ_LMEE01000001.1 
Nov13_ub_mid_end Seq 2 Brevundimonas diminuta ATCC 11568 genomic scaffold BDIM_scaffold00008 837 837 100% 0.0 99% NZ_GL883089.1 
Nov13_ub_mid_end Seq 3 Brevundimonas diminuta ATCC 11568 genomic scaffold BDIM_scaffold00008 815 815 100% 0.0 98% NZ_GL883089.1 
Nov13_ub_mid_end Seq 4 Brevundimonas diminuta ATCC 11568 genomic scaffold BDIM_scaffold00008 843 843 100% 0.0 99% NZ_GL883089.1 

Nov13_ub Seq 1 Cyanothece sp. CCY0110 1101676644568 573 573 100% 2,00E-160 88% NZ_AAXW01000006.1 
Nov13_ub Seq 2 Rhodobacteraceae bacterium PD-2 genomic scaffold scaffold25 845 845 100% 0.0 98% NZ_KN714923.1 
Nov13_ub Seq 3 Pseudomonas fluorescens SBW25  893 4465 100% 0.0 98% NC_012660.1 
Nov13_ub Seq 4 Pseudomonas fluorescens SBW25  887 4437 100% 0.0 97% NC_012660.1 

 Nov13_Qhi Seq 1 Acinetobacter johnsonii CIP 64.6 genomic scaffold acLZl-supercont1.9 922 922 100% 0.0 98% NZ_KB849238.1 
 Nov13_Qhi Seq 2 Acinetobacter johnsonii CIP 64.6 genomic scaffold acLZl-supercont1.9 754 754 100% 0.0 93% NZ_KB849238.1 
 Nov13_Qhi Seq 3 Acinetobacter johnsonii CIP 64.6 genomic scaffold acLZl-supercont1.8 939 1872 100% 0.0 99% NZ_KB849237.1 

Nov13_ub_end Seq 1 Anabaena sp. 90 chromosome chANA01 558 2749 100% 5,00E-156 88% NC_019427.1 
Nov13_ub_end Seq 2 Anabaena sp. 90 chromosome chANA01 558 2749 100% 5,00E-156 88% NC_019427.1 
Nov13_ub_end Seq 3 Gemmata obscuriglobus UQM 2246 gcontig_1106221704925 508 508 98% 6,00E-141 86% NZ_ABGO01000325.1 

Nov13_Qmed Seq 1 Nostoc azollae' 0708 558 2235 100% 5,00E-156 88% NC_014248.1 
Nov13_Qmed Seq 2 Nostoc azollae' 0708 558 2235 100% 5,00E-156 88% NC_014248.1 
Nov13_Qmed Seq 3 Nostoc azollae' 0708 558 2235 100% 5,00E-156 88% NC_014248.1 

Mar14_ub1 Seq 1 Pseudomonas taeanensis MS-3 contig_13 915 915 100% 0.0 98% NZ_AWSQ01000013.1 
Mar14_ub1 Seq 2 Pseudomonas taeanensis MS-3 contig_13 898 898 100% 0.0 98% NZ_AWSQ01000013.1 



 
116 

 

Mar14_ub2 Seq 1 Pelomonas sp. Root662 contig_2 835 835 100% 0.0 96% NZ_LMHE01000011.1 
Mar14_ub2 Seq 2 Thioalkalivibrio sulfidophilus HL-EbGr7 608 608 100% 6,00E-171 88% NC_011901.1 
Mar14_ub2 Seq 3 Dechloromonas aromatica RCB 793 3173 100% 0.0 94% NC_007298.1 

Mar14_ub_mid_end Seq 1 Phenylobacterium sp. Root1290 contig_1 865 865 100% 0.0 99% NZ_LMEE01000001.1 
Mar14_ub_mid_end Seq 2 Brevundimonas diminuta ATCC 11568 genomic scaffold BDIM_scaffold00008 832 832 100% 0.0 99% NZ_GL883089.1 
Mar14_ub_mid_end Seq 3 Phenylobacterium sp. Root1290 contig_1 865 865 100% 0.0 99% NZ_LMEE01000001.1 

Mar14_Lno_end Seq 1 Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 850 850 100% 0.0 96% NC_009379.1 
Mar14_Lno_end Seq 2 Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 856 856 100% 0.0 96% NC_009379.1 
Mar14_Lno_end Seq 3 Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1 750 750 100% 0.0 93% NC_009379.1 

Mar14_ub3 Seq 1 Flavobacterium sp. 83 T410DRAFT_scf7180000000004_quiver_dupTrim_4441.1_C 843 5060 100% 0.0 96% NZ_JQMS01000001.1 
Mar14_ub3 Seq 2 Acidovorax sp. JHL-3 K226DRAFT_scf7180000000013_quiver.1_C 835 3343 100% 0.0 96% NZ_JAFU01000001.1 

Mar14_ub4 Seq 1 Pseudomonas taeanensis MS-3 contig_13 909 909 100% 0.0 98% NZ_AWSQ01000013.1 
Mar14_ub4 Seq 2 Pseudomonas taeanensis MS-3 contig_13 893 893 100% 0.0 98% NZ_AWSQ01000013.1 
Mar14_ub4 Seq 3 Pseudomonas taeanensis MS-3 contig_13 898 898 100% 0.0 98% NZ_AWSQ01000013.1 

 Mar14_ub5 Seq 1 Synechococcus sp. NKBG15041c DNA, contig; Contig37 579 579 100% 4,00E-162 89% NZ_BAUB01000037.1 
 Mar14_ub5 Seq 2 Anabaena sp. 90 chromosome chANA01 558 2749 100% 5,00E-156 88% NC_019427.1 

Mar14_Lme_Lhi_end Seq 1 Methylibium petroleiphilum PM1 876 876 100% 0.0 97% NC_008825.1 
Mar14_Lme_Lhi_end Seq 2 Xenophilus azovorans DSM 13620 Q392DRAFT_scaffold00102.102_C 782 782 100% 0.0 94% NZ_JQKD01000107.1 
Mar14_Lme_Lhi_end Seq 3 Rhizobium mesoamericanum STM3625 genomic scaffold, ANZ_1636 547 547 100% 1,00E-152 91% NZ_HF536772.1 

Mar14_Lme_end Seq 1 Synechococcus sp. PCC 6312 569 569 99% 3,00E-159 88% NC_019680.1 
Mar14_Lme_end Seq 2 Nostoc azollae' 0708 569 2279 100% 2,00E-159 89% NC_014248.1 
Mar14_Lme_end Seq 3 Nostoc azollae' 0708 575 2301 100% 5,00E-161 89% NC_014248.1 

Mar14_Lhi_sta_mid Seq 1 Rubrivivax gelatinosus IL144 DNA,  813 2435 100% 0.0 95% NC_017075.1 
Mar14_Lhi_sta_mid Seq 2 Rhodoferax saidenbachensis ED16 contig64 894 977 100% 0.0 98% NZ_AWQR01000064.1 
Mar14_Lhi_sta_mid Seq 3 Aquabacterium sp. NJ1 contig01 948 1896 100% 0.0 99% NZ_JRKM01000001.1 

Mar14_Lhi_end Seq 1 Neosynechococcus sphagnicola sy1 strain CAUP A 1101 synech5_c92 713 713 100% 0.0 94% NZ_JJML01000087.1 
Mar14_Lhi_end Seq 2 Neosynechococcus sphagnicola sy1 strain CAUP A 1101 synech5_c92 713 713 100% 0.0 94% NZ_JJML01000087.1 
Mar14_Lhi_end Seq 3 Devosia limi DSM 17137 NODE_157 573 573 100% 2,00E-160 89% NZ_LAJF01000157.1 

Mar14_Lme_Lhi_end Seq 1 Methyloversatilis universalis Fam500 Metunv3DRAFT_Contig245.1_C 857 2573 100% 0.0 96% NZ_ARWH01000001.1 
Mar14_Lme_Lhi_end Seq 2 Methyloversatilis universalis Fam500 Metunv3DRAFT_Contig245.1_C 857 2573 100% 0.0 96% NZ_ARWH01000001.1 
Mar14_Lme_Lhi_end Seq 3 Methyloversatilis universalis Fam500 Metunv3DRAFT_Contig245.1_C 846 2540 100% 0.0 96% NZ_ARWH01000001.1 
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Tables  

Table 1: Overview over the single experiments.  

Table 2: Abiotic boundary conditions set in the experiments. 

Table 3: Intra flume comparison: mean values of EPS (carbohydrates and protein) and chlorophyll 

a contents (n=144), bacterial cell counts (n=24) and surface adhesiveness (n=162) during the 

experiment and 6 flumes (with STDev). 

Table 4: Inter flume comparison: mean values of EPS (carbohydrates and protein) and chlorophyll 

a contents (n=120), bacterial cell counts (n=40) and surface adhesiveness (n=135) during the 

experiment and 5 flumes (with STDev). 

Table 5: Results of the Kruskall Wallis tests: intra-flume and inter-flume comparisons of the 

measured data. 

Table 6: Algae species of the mature biofilms (22nd day): displayed as proportional abundances; 

species with a relative abundance of less than 2.0% were summarised as “others”.  

Table 7: Seasonal comparison of biofilm productivity, microbial community and functionality (mean 

values and corresponding StDEV). 

Table 8: Correlations of biofilm parameters during spring.  

Table 9: Detected diatom species with minimal abundance of 1% of total counted frustules.  

Table 10: Summarized comparison of the different boundary conditions.  

Table 11: Temporal biofilm development under different levels of bed shear stress. 

Table 12: Temporal biofilm development under different levels of light intensity. 

Table 13: Comparison of biofilm grown under different levels of bed shear stress. 

Table 14: Comparison of biofilm cultivated under different levels of illumination intensity. 

Table 15: Comprehensive overview over correlations of biofilm parameters.  

Table 16: Bacterial community of differently stable biofilms.  

Table 17: Bacterial strains of analysed prominent DGGE bands.   
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Figures 

Figure 1: Stages of biofilm development modified after Monroe (2007): 1. Initial attachment; 2. 

Irreversible attachment; 3. Early maturation; 4. Late maturation; 5. Dispersal. 

Figure 2: ESEM image of a natural biofilm in an intertidal mudflat habitat (de Winder et al., 1999): 

the thick layer of EPS produced by the biofilm consisting of different diatoms has glued the sediment 

grains together so that no individual grains remain visible; the scale bar: 250 µm. 

Figure 3: Images of two exemplary, very distinct morphologies and physical properties of natural 

biofilms cultivated during the presented thesis: left: very flexible, elastic biofilm/sediment mat; right: 

robust, compacted biofilm/ sediment sheet; scale bars: 1 cm.   

Figure 4: AFM images of produced EPS network of the diatom Cylindrotheca closterium (Pletikapic 

et al., 2011); left: freshly produced polymers attached to the apex of the cell rostrum; right: self-

aggregated EPS network around one cell of Cylindrotheca closterium. 

Figure 5: Figure 5: ESEM image of the freshwater diatom Achnanthidium minutissimum and the 

secreted EPS capsule (Leinweber & Kroth, 2015); left: the EPS capsule is required for bacterial 

attachment and adhesion to the substrate (arrows indicate EPS attachment stalks); scale bar: 2 µm; 

right: detail image of produced EPS stalks required for attachment to the substratum; theses stalks 

exhibit high mechanical stability and longitudinal strength due to their composition of single parallel 

EPS fibrils (arrows); scale bar: 1 µm. 

Figure 6: Experimental setup. top: image of three equivalent straight flumes installed in one 

containers; bottom: schematic image of one straight flume (a) outflow tank, (b) pump, (c) inlet flow 

section with baffles, (d) biofilm cultivation section, (e) outlet flow section, (f) weir, (g) fluorescent 

tubes, (h) sediment cartridges, (i) bypass, (j) current abatement, (k) fine tuning valve (after Thom et 

al., 2012b). 

Figure 7: Development of the colloidal EPS of the biofilms. Left: mean carbohydrate contents; right: 

mean protein contents (for both n=15; with corresponding STDev).  

Figure 8: Development of the microbial biomass in the biofilms. Left: mean chlorophyll a contents 

(n = 15; with STDev); right: mean bacterial cell counts (n = 5; with STDev). 

Figure 9: Dynamics within the bacterial community. Left: DGGE band patterns of 16S rDNA gene 

diversity of biofilms exemplified shown for flume 1 (stained with ethidium bromide; inverted picture; 

numbers represent days of growth); right: moving window analysis of the bacterial community’s 

dynamics in the same flume (crosses) based on densitometry similarity matrices. Additionally shown 

are the maximal (round dots) and minimal (triangular) change rates over the residual flumes. 
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Figure 10: Functional organization of bacterial community expressed as Parento-Lorenz curves 

obtained via densitometry and normalization of DGGE peak patterns. 

Figure 11: Development of the adhesiveness of the biofilms displayed as mean determined current 

[mA] (n = 15; with STDev).  

Figure 12: Temporal development of selected biofilm features (mean values with corresponding 

STDev): spring (▲) as well as summer (●) n=4; autumn (■) n=2. Upper left: EPS carbohydrate 

contents - per g dry weight of the sediment (DW); upper right: EPS protein contents; lower left: 

chlorophyll a contents; lower right: biofilm adhesiveness (T3) – with logarithmic ordinate. 

Figure 13: Temporal development of the bacterial community. Inverted image of DGGE band 

patterns taken during spring from the experiment “May”. The indicated numbers represent days of 

growth. The developing specialization of the bacterial community and dominance of single bands 

became very plain.  

Figure 14:  DCA of the diatom communities. Triangles: spring; circles: summer; squares: autumn. 

Numbers represent sampling days. A: “August”, J: “July”, M: “May”, m: “March”, N: “November”. The 

additional “a” and “b” represent the two different flumes or replicates run during one single sediment. 

Figure 15:  Relative abundances of diatom genera [%] of early and late successional biofilm stages 

during all seasons. Genera with a relative abundance of less than 3.0 % were added up and 

summarized as 'others'. 

Figure 16: Adhesiveness of early and late biofilm stages. Left: under different levels of BSS; right: 

under different levels of LI.  

Figure 17: Content of EPS components of early and late biofilm stages under different levels of LI; 

left: EPS carbohydrates; right: EPS proteins.  

Figure 18: Microbial biomass of early and late biofilm stages. Upper left: Algal biomass under 

different levels of bed shear stress; upper right: Bacterial biomass under different levels of bed shear 

stress; lower left: algal biomass under different levels of light intensity; lower right: Bacterial biomass 

under different levels of light intensity. 

Figure 19: Range weighted richness (Rr) of early and late biofilm stages. Left: under different levels 

of BSS; right: under different levels of LI.  

Figure 20: Functional organization (Fo) of the bacterial community of early and late biofilm stages. 

Left: under different levels of BSS; right: under different levels of LI.  
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Figure 21: Dynamics within the bacterial community of early and late biofilm stages. Left: under 

different levels of BSS; right: under different levels of LI.  

Figure 22: Composition of early and late diatom communities under different levels of bed shear 

stress. Genera with a relative abundance less than 3% were summarized as “others”.  

Figure 23: Temporal development of the diatom community under different light intensities: no 

algal growth was detectable under minimal illumination. Genera with a relative abundance less 

than 3% were summarized as “others”. 
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