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Notations
The following symbols are used in this thesis:
Symbol

Unit

Description

a

[px]

Visible vertical extent of a particle on a silicone surface

a1 , a2 , a, b

[m]

Distances in the balance of forces

A

[m2 ]

Surface area

Ac

[mm2 ]

Area of contact

Aef f

[N/m2 ]

Effective adhesion or adhesion coefficient (Righetti & Lucarelli,
2007)

Af p

[mm2 ]

Averaged surface area of one ferromagnetic particle

As,30

[N/m2 ]

Surface adhesion as measured in this study

B, ∇B

[mT],
[mT/mm]

Magnetic flux density, gradient of the magnetic flux density

Bext , Bint

[mT]

External and internal magnetic field

c

[N/m]

Cohesion coefficient

c1 , C1 , c2

[−]

Coefficients

CXG

[g/l]

Concentration of Xanthan gum powder dissolved in water

d

[mm]

Particle diameter

d∗

[−]

Particle dimensionless characteristic diameter

D

[mm]

Equivalent Diameter of an eroded macroaggregate

D∗

[−]

Aggregate dimensionless characteristic diameter

D50

[mm]

Median diameter of the particle size distribution

df

[mm]

Spherical-equivalent diameter

DG2

[mm2 ]

Second order structure function

dspot,min

[mm]

Minimum horizontal extent of the elliptical laser spot
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Symbol

Unit

Description

f

[N/m2 ]

Adhesion strength (Ohashi & Harada, 1994)

F

[N]

Horizontal force to pull away a biofilm (Chen et al., 2005)

Fc

[N]

Centripetal force (Ohashi & Harada, 1994)

F1

[N/m2 ]

Lift force at bed due to buoyancy

FA

[µN/particle] Particle-specific adhesive force

Fad

[µN/particle] Net mean pull off force due to adhesion of a single ferromagnetic
particle (Fad = Fm − Fm,0 )

Fadh

[N]

Adhesion force as defined by Lau et al. (2009)

FD

[N]

Drag force

Fem

[µN/particle] Tensile force on a ferromagnetic particle exerted by the electromagnet

FG

[N]

FG0

[N/particle] Particle-specific submerged weight force (Dade et al., 1992)

FL

[N]

Fm

[µN/particle] Mean pull off force needed to attract an adhered magnetic particle

Fm,0

[µN/particle] Mean pull off force needed to attract a not-adhered magnetic particle

Fscale

[N]

Weight force measured by a scale

g1

[m/s2 ]

Centrifugal acceleration (Ohashi & Harada, 1994)

g

[m/s2 ]

Acceleration due to gravity

h1 , h2

[mm]

Vertical distances between Hall probe and electromagnet

h, hmean

[mm]

Depth of penetration, mean depth of penetration

I

[mA]

Electric Current

Ku

[−]

Kurtosis

lx

[mm]

Lag in flow direction

ly

[mm]

Lag in transverse direction

M

[A/m]

Magnetization

m1 , m2 , m3

[g]

Different weights in pycnometer analysis

M, N

[−]

Number of measuring points of bed elevations in flow/transverse
direction

m, n

[−]

Variables in second order structure function

m

[kg]

Mass

Particle submerged weight force

Lift force
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Symbol

Unit

Description

Osensor

[−]

Digital output of the laser triangulation sensor

Pmin , P0 , Pmax [m]

Minimal, stand off and maximum distance to laser

0
0
Pmin
, P00 , Pmax
[m]

Minimal, stand off and maximum distance to laser’s detector

Q

[l/s]

Discharge

r

[N/m2 d]

Adhesion rate

rmean

[mm]

Mean radius of the ferromagnetic particles

Re∗

[−]

Particle Reynolds number

Sk

[−]

Skewness

SCP

[px], [%]

Surface area covered by particles

t

[d]

Time of Growth

tP , tQ

[s]

Respective time to remove a biofilm (Chen et al., 2005)

u

[m/s]

Fluid velocity in flow direction

u∗

[m/s]

Shear velocity

v

[m/s]

Fluid velocity in vertical direction

v

[m/s2 ]

Probe pulling speed (Chen et al., 2005)

W

[J/m2 ]

Work required to remove a biofilm from a surface (Chen et al., 2005)

zreal

[mm]

Actual or real height of the calibration stairway
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The following Greek symbols are used in this thesis:
Symbol

Unit

Description

α

[◦ ]

Angle between a horizontal line and direction of movement of a particle

α3

[−]

Particle shape factor

αA

[−]

Fraction of a surface area covered by a biofilm (Chen et al., 2005)

δ

[mm]

Layer thickness where van der Waals forces act (Righetti & Lucarelli,
2007)

δx, δy

[mm]

Sampling interval in flow direction, sampling interval in transverse direction

∆

[−]

Relative density of the eroded particle/aggregate

ΘC

[−]

Critical Shields parameter

ΘC0

[−]

Traditional abiotic non-cohesive expression of the Shields parameter

ΘCA

[−]

Parameter representing the additional contributions to the critical
Shields parameter due to adhesive forces

ΘCC

[−]

Parameter representing the additional contributions to the critical
Shields parameter due to cohesive forces

µ0

[H/m]

Magnetic permeability

ν

[m2/s]

Kinematic viscosity of water

ρ

[kg/m3 ]

Density of water

ρb

[kg/m3 ]

Bulk density of an eroded aggregate

ρs

[kg/m3 ]

Density of a particle

ρw,t

[t/m3 ]

Density of the water at the fluid temperature (pycnometer analysis)

σz

[mm]

Standard deviation of bed elevations

ς

[1/mm2 ]

Reciprocal lateral area of a sphere

τb

[N/m2 ]

Bed shear stress

τc

[N/m2 ]

Critical bed shear stress

τc,0

[N/m2 ]

Critical bed shear stress for abiotic sediments

τc,bio

[N/m2 ]

Critical bed shear stress for biostabilized sediments

χ

[m3/kg]

Magnetic susceptibility

Abbreviations
The following abbreviations are used in this thesis:
Abbreviation

Description

2A

Formation of a second layer beneath the surface (erosion process)

A

Crust eroded in aggregates (erosion process)

ADV

Acoustic Doppler Velocimetry

AFM

Atomic Force Microscopy

AoI

Area of Interest

B

Bubble entrainment (erosion process)

BI

Biostabilization Index

BIO16,
BIO48

Natural biofilm at the age of 16/48 days

BLANK

Blank surface

C

Surficial carpet-like erosion (erosion process)

CFD

Computational Fluid Dynamics

chl a

Chlorophyll a

CSM

Cohesive Strength Meter

CV

Coefficient of Variation

DEM

Digital Elevation Model

DWDS

Drinking Water Distribution Systems

EPS

Extracellular Polymeric Substances

ETDC

Erosion, Transport, Deposition and Consolidation cycle

FP

Ferromagnetic Particle

fps

Frames Per Second

ID

Identifier

JKR

Johnson, Kendall and Roberts - theory
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ABBREVIATIONS

Abbreviation

Description

LDA

Laser Doppler Anemometry

LED

Light-Emitting Diode

LI

Light Intensity

LTSEM

Low-Temperature Scanning Electron Microscopy

MagPI

Magnetic Particle Induction

MagPI-IP

Magnetic Particle Induction - Image Processing

MFD

Magnetic Flux Density

n

Number of measurements

OM

Organic Matter

PAR

Photosynthetic Active Radiation

PCA

Principle Component Analysis

Ph.

Phase (categorized by surface adhesion)

PWM

Pulse-Width Modulation

rpm

Revolutions Per Minute

S

Individual particle movement (erosion process)

SCP

Surface area Covered by Particles

SD

Standard Deviation

SE

Standard Error

SETEG

Strömungskanal zur Ermittlung der tiefenabhängigen Erosionsstabilität
von Gewässersedimenten

SfM

Structure From Motion

USDA

United States Department of Agriculture

XG

Xanthan Gum
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The following abbreviations are used for the experiments:
Abbreviation

Description

Mar13

Experiment in March 2013

May13

Experiment in May 2013

Jul13

Experiment in July 2013

Aug13

Experiment in August 2013

Nov13

Experiment in November 2013

Mar14

Experiment in March 2014

Jul14

Experiment in July 2014

Mar15

Experiment in March 2015

Abstract
The stability of sediments exposed to the fluid forces is a key research topic in hydraulic
engineering and also has considerable implications for the ecological functioning of aquatic
systems. While several abiotic properties of the mineral grains influence the stability (geometry, density) it is nowadays increasingly recognized that biology can influence the sediment
stability likewise. In this context, biofilms which are the study objective of this thesis play
an important role. Biofilms, comprising e.g. bacteria, microalgae and their secreted substances, grow in-between and on top of surficial sediments and act like a natural glue. Even
though these glueing effects can lead to considerable sediment stabilization, a prediction of
this “biostabilization” potential is impeded so far due to a lack of a proper understanding of
the underlying mechanics.
Studying biostabilization therefore requires fundamental laboratory studies in which the complex interactions between environmental conditions and growth, the impact of spatial/temporal
variability and the mechanical forces that lead to a strengthening of the sediment, are investigated systematically. The objectives of this thesis are to a) study the impact of environmental conditions on biostabilization, b) develop advanced methods to measure important
parameters and provide suitable experimental programs and c) provide data from robust
measurements on mechanical properties.
Biofilms are cultivated on glass beads in a sophisticated flume setup using natural river water
as an inoculum. In a first set of experiments the biostabilization potential of biofilms exposed
to different defined environmental conditions (hydrodynamics, light intensity and seasonality)
is investigated by determination of the critical bed shear stress in a straight erosion flume
(SETEG). The most striking differences in biostabilization occurred between seasons with
the highest values in spring and the lowest in late autumn. The temporal development of
biostabilization and observed biofilm growth is further influenced by the hydrodynamic conditions during cultivation even though the effects are less than expected. Interestingly, no
substantial biostabilization effect is detected where biofilms are cultivated in darkness, possibly a result of slower development. Generally it is found that the biostabilization effect is
highly heterogeneous, both temporal and spatial which underlines the need for a better understanding of the underlying mechanisms and mechanical forces in biostabilization.
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ABSTRACT

One of the mechanical forces which are frequently made responsible for the biostabilization
effect but which is only very poorly studied is the adhesion force. The adhesion force is
the binding force between the sticky EPS and the sediments. To investigate these adhesion
forces a promising method (the MagPI - Magnetic Particle Induction) is further developed
and applied in several experiments. The primary objective of this advanced method (called
MagPI-IP for Magnetic Particle Induction - Image Processing) is to measure the surface
adhesion in a mechanical unit [N/m2 ] to allow the results to be used in mechanical models
to predict biostabilization. The device consists of an electromagnet which attracts magnetic particles from an adhesive surface and an elaborate procedure to follow the attraction
of these particles. A calibration procedure is presented which relates the electromagnetic
force to the desired mechanical force which, in combination with a partly automation and an
image processing software, allows to measure adhesion forces on the surface of biofilms in
a quick, reproducible and highly detailed way.

This novel approach is applied in three experiments aiming at characterizing the temporal
development of surface adhesion forces during the growth of biofilms. Interestingly, the development of surface adhesion forces follows a similar trend as is already observed for the
critical bed shear stress (as measured with the SETEG flume) indicating a possible relationship between both parameters.
From the adhesion and erosion measurements it is indicated that the here investigated
biofilms are strongly adhesive with adhesion forces exceeding the weight force of sediments
by up to 590 % and enhancing the stability by up to a factor of 10 as compared to the abiotic
sediment.

Consequently, and to the authors’ knowledge for the first time, the adhesion data is used
in a theoretical mechanical model to predict the biostabilization potential and unravel the
applicability of this novel approach. It is demonstrated that the model produces reasonable
results for relatively young biofilms while for older biofilms, which are often structurally different, other approaches should be considered. Furthermore it is shown that besides adhesion
forces other parameters play an equally or even more important role. The most important is
the size of the eroded flocs but also the bulk density of these flocs. In principle it is indicated
that predicting the stability by physical measurements should be possible even though more
data is needed to finally confirm the applicability of the model.

Finally, a method is developed to measure the topographical changes of developing biofilms
under water on a sub-millimeter scale. A laser triangulation sensor is mounted on a movable rack and a housing is constructed which allows the biofilm to be submerged during the
measurements to prevent it from desiccation. It is found that the first topographical changes
occur after two weeks with a steep increase in roughness before it reaches a level of saturation. The results are used to improve the accuracy of the erosion measurements.

xxvii
Keywords: Biostabilization, environmental conditions, biofilm, critical bed shear stress,
bioadhesion, biofilm topography.

Zusammenfassung
Die Frage nach dem Bewegungsbeginn von Sedimenten, also ab welchen Strömungskräften
sich Sedimente, die sich auf einer Gewässersohle befinden, in Bewegung setzen, ist ein zentraler Aspekt des Wasserbaus. Während man diesen Bewegungsbeginn unter bestimmten
Randbedingungen ausreichend genau mithilfe von Formeln ermitteln kann, ist dies bislang
kaum für Sedimente möglich, die entweder sehr fein oder biologisch stabilisiert sind. Obwohl mittlerweile bekannt ist, dass Biofilme, bestehend aus Bakterien, Mikroalgen und deren
Ausscheidungsprodukten, einen enormen Einfluss auf die Sedimentstabilität haben können,
fehlt ein grundlegendes Verständnis für die mit der sogenannten “Biostabilisierung” zusammenhängenden mechanischen Prozesse.
In der vorliegenden Arbeit werden Ergebnisse von Laboruntersuchungen an Biofilmen, die
unter kontrollierten Bedingungen aufgewachsen sind, analysiert und Methoden entwickelt, mit dem Ziel, ein besseres Verständnis für die, der Biostabilisierung zugrundeliegenden mechanischen Prozesse zu erlangen. Im Speziellen werden a) die Einflüsse unterschiedlicher Umweltbedingungen (Hydrodynamik, Lichtintensität) auf die stabilisierende Wirkung von Biofilmen untersucht, b) Messmethoden und -abläufe (weiter-) entwickelt, um
wichtige (mechanische) Parameter zu bestimmen, und c) Daten erhoben und im Kontext
der Biostabilisierung diskutiert.
In den Laboruntersuchungen werden Biofilme in eigens hierfür entwickelten Fließrinnen kultiviert. Hierzu wird natürliches Flusswasser in sechs baugleichen Rinnen über einen längeren Zeitraum (4 - 8 Wochen) zirkuliert. In den Fließrinnen befinden sich Schälchen,
die mit künstlichem Sediment (Glaskugeln mit Durchmessern zwischen 0.1 und 0.2 mm)
befüllt sind und auf denen die Biofilme nach einer gewissen Zeit wachsen. Sowohl die
Fließgeschwindigkeit als auch die Lichtintensität über den Biofilmen kann verändert werden, um unterschiedliche Umweltbedingungen zu simulieren. Die Wassertemperatur wird
mithilfe von Wärmetauschern konstant auf 15 ◦ C gehalten. Die Schälchen werden während
der Kultivierungsphase entnommen um zum Beispiel mit einem Erosionsgerinne (SETEG)
Messungen der Stabilität der Biofilm-Sedimentmatrix durchzuführen.
Die Ergebnisse dieser Untersuchungen zeigen, dass die Jahreszeit, in der das Wasser
dem Fluss entnommen wird, den größten Einfluss auf das Biostabilisierungspotential hat.
xxix
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ZUSAMMENFASSUNG

Im Frühling wird die höchste Stabilität gemessen, während im Spätherbst die Stabilitätszunahme gegenüber den unbewachsenen Sedimenten nahezu vernachlässigbar ist. Die
Abhängigkeit von der Jahreszeit kann durch die natürliche Sukzession der Mikroben im
Fließgewässer erklärt werden. Dieser saisonale Trend der Biostabilisierung ist grundsätzlich
im Einklang mit Ergebnissen aus der Literatur. Trotz deutlicher Erhöhung der Fließgeschwindigkeiten in den Rinnen können keine nennenswerten Stabilitätsunterschiede zwischen Biofilmen, die unterschiedlichen Fließgeschwindigkeiten ausgesetzt sind, festgestellt werden.
Zwar kann gezeigt werden, dass Biofilme unter hohen Fließgeschwindigkeiten eine verzögerte
Entwicklung haben, jedoch kann die allgemeine Hypothese, dass diese Biofilme stabiler sind
als Biofilme, die unter niedrigen Fließgeschwindigkeiten kultiviert werden, nicht bestätigt
werden. Entgegen der Erwartungen, haben Biofilme die unter Ausschluß von Licht aufgewachsen sind und somit größtenteils von Bakterien gebildet werden, kaum zu einer Erhöhung der
Stabilität beigetragen. Ein Grund hierfür ist möglicherweise, dass diese Biofilme mehr Zeit
benötigen, um ihr volles Potential auszuschöpfen. Für zukünftige physikalische Versuchsaufbauten und Durchführungen ist zwingend zu berücksichtigen, dass die Biostabilisierung
sowohl räumlich als auch zeitlich starken Schwankungen ausgesetzt ist. Diese Schwankungen erschweren deutlich die Aussagekraft von Einzelexperimenten, sodass empfohlen wird,
eine große Anzahl von Replikaten zu untersuchen, um diese dann mit statistischen Mitteln
auszuwerten.

Obwohl es mittlerweile grundsätzlich akzeptiert ist, dass die stabilisierende Wirkung von
Biofilmen vor allem auf eine “Verklebung” der Sedimentkörner zurückzuführen ist, gibt es
kaum Studien, die sich damit befassen, die damit zusammenhängenden mechanischen
Kräfte zu messen und mit der Biostabilisierung in Verbindung zu bringen. Grundsätzlich
werden die Klebekräfte unterteilt in kohäsive (zwischen gleichen Materialien) und adhäsive
Kräfte (zwischen unterschiedlichen Materialien), wobei bislang unklar ist, wie diese Kräfte
zur Biostabilisierung beitragen.

Im Fokus dieser Arbeit steht die Messung der adhäsiven Kräfte. Hierzu wird ein bereits
existierendes Verfahren (der sogenannte MagPI: Magnetic Particle Induction, nach Larson
et al., 2009) angewendet, in dem mithilfe eines Elektromagneten magnetische Partikel, die
zuvor auf die Biofilmoberfläche aufgestreut wurden, angezogen werden. Sobald sich diese
Partikel von der Oberfläche lösen, ist die Adhäsionskraft des Biofilms überschritten. Mithilfe
einer neu entwickelten Kalbrierung und unter Berücksichtigung von weiteren mechanischen
Kräften, wurde dieses Verfahren mit dem Ziel weiterentwickelt, die Ergebnisse der Adhäsionsmessungen mechanischen Modellen zur Vorhersage des Stabilisierungspotenzials
von Biofilmen zur Verfügung zu stellen. Weiterhin wird das MagPI System noch mit einer
Kamera und einer eigens entwickelten Software ausgestattet, um detailliertere Messungen
durchführen zu können. Diese Modifikationen tragen auch dazu bei, dass sich die Ergebnisse leichter nachvollziehen lassen und Messungen aus unterschiedlichen Laboren besser
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verglichen werden können. Das Potenzial des modifizierten Systems (MagPI-IP: Magnetic
Particle Induction-Image Processing) wird mit Hilfe von künstlichem EPS untersucht. Es
kann gezeigt werden, dass es sich für die Adhäsionsmessungen auf Biofilmoberflächen gut
eignet, eine hohe Sensitivität besitzt und sich Messergebnisse gut reproduzieren lassen.
Um die Oberflächen-Adhäsionskräfte von sich entwicklenden Biofilmen über die Zeit zu
messen, wird das MagPI-IP System in drei Experimenten angewendet. Es zeigt sich, dass
die Entwicklung der Adhäsionskräfte durch drei Phasen charakterisiert werden kann. In der
ersten Phase, die ungefähr zwei Wochen dauert, sind die Adhäsionskräfte gering oder nicht
existent (. 1.0 N/m2 ). Hiernach steigen diese Kräfte linear bis maximal ≈ 7.0 N/m2 an, um
dann in Phase drei um einen konstanten Wert zu schwanken. Besonders interessant hierbei ist, dass sich ein ähnlicher Trend auch aus den Erosionsmessungen ableiten lässt, was
wiederum die Hypothese unterstützt, dass die Adhäsionskräfte eine zentrale Rolle in der
Biostabilisierung spielen.
Zudem stimmt die Größenordnung der Messwerte mit den Ergebnissen aus einem theoretischen Modell (Righetti & Lucarelli, 2007) überein, sodass dieses näher untersucht wird.
Das Modell basiert auf dem bekannten Shields Ansatz, berücksichtigt aber zusätzlich auch
noch Adhäsionskräfte und ist dimensionshomogen. Da nahezu keine Informationen über
real gemessene Adhäsionskräfte in der Literatur existieren, konnte das Modell bislang nur
dazu verwendet werden, um die Adhäsionskräfte zu berechnen, womit auch ein Beweis,
dass es mechanisch korrekt ist, bislang nicht erbracht werden konnte.
Basierend auf den Daten eines Experiments und zusätzlichen Informationen über die Stabilität (kritische Sohlschubspannung, Größe der erodierten Aggregate und deren Dichte)
wird herausgefunden, dass der modifizierte Shields Ansatz prinzipiell geeignet ist, um die
Stabilität ausgehend von Adhäsionsmessungen vorherzusagen, dies jedoch einigen Restriktionen unterliegt. Es hat sich auch gezeigt, dass die beiden anderen Parameter (Aggregatgröße und -dichte) einen ebenso bedeutenden oder sogar größeren Einfluss haben als die
Adhäsionskräfte und somit in zukünftigen Experimenten noch genauer untersucht werden
müssen.
Ein weiterer Teil dieser Dissertation beschäftigt sich mit der Entwicklung einer Messmethode, um die topographischen Veränderungen von Biofilmoberflächen während des Wachstums bestimmen zu können. Da Biofilme, wenn sie an die Luft kommen, schnell austrocknen
und dies zu einer Veränderung ihrer Eigenschaften führen kann, müssen alle Messungen
an eingetauchten Biofilmen durchgeführt werden. Hierzu wird ein Laserdistanzsensor verwendet und der zu vermessende Biofilm in einer wassergefüllten Vorrichtung untergebracht.
Mithilfe einer Glasscheibe, die auf die Wasseroberfläche aufgesetzt ist, wird zudem verhindert, dass beim Übergang des Lasers zwischen Luft und Wasser Abweichungen durch
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eventuelle Wasserbewegungen entstehen. Das System musste hierzu neu kalibriert werden, da es ursprünglich nur für den Einsatz “unter Luft” konzipiert ist. Die topographischen
Daten der Biofilmoberflächen zeigen unter anderem eine starke Zunahme der Oberflächenrauheit, die allerdings erst nach circa zwei Wochen eintritt. Diese Informationen werden
dazu verwendet, die Aussagekraft zukünftiger Erosionsmessungen zu erhöhen, indem eine
biofilmähnliche Rauheit in das Erosionsgerinne eingebracht und somit ein nahtloser übergang zwischen Rinnenboden und zu erodierendem Biofilm hergestellt wird.
Zusammengefasst lässt sich sagen, dass mit der vorliegenden Arbeit ein wichtiger Schritt
in Richtung des Verständnisses der mechanischen Prozesse, die der Biostabilisierung zugrunde liegen, gegangen wird. Es ist die Hoffnung des Autors, dass die hier beschriebenen
Methoden, Vorgehensweisen und Daten in zukünftigen Forschungsprojekten Berücksichtigung finden, um dem Phänomen der Biostabilisierung weiter auf den Grund gehen zu
können.

Part A
BACKGROUND AND BASICS
A.1

Introduction

A.1.1

Background

Since long times, scientists are engaged with investigating the dynamics of sediments in
aquatic systems. A holistic understanding of these dynamics (reflected by the erosion,
transportation, deposition, consolidation cycle (ETDC)) is of fundamental value for many
disciplines dealing with water. For example, engineers need to estimate the stability of
sediments around piles (e.g. bridge piers) to protect them from scouring (Roulund et al.,
2005). Likewise, the navigability of harbors and channels is threatened by sedimentation
and consequently need frequent dredging (Owens et al., 2005). Ecologists are concerned
with the health of aquatic systems and with the distribution of vegetation/animals, which in
turn is strongly related to the morphology of the system (Gerbersdorf et al., 2009; Rice et
al., 2010). Furthermore, pollutants and their transportation pose a risk to aquatic habitats
when they become bioavailable (Schüttrumpf et al., 2011; Heise & Förstner, 2007).
The first indications that microbes attached to sediments potentially alter the mechanical
properties of sediments were made approximately half a century ago by Meadows and Anderson (1969). From that day on, the general conception is that biofilms excrete glue-like
substances (extracellular polymeric substances - EPS) which stick together sediment grains
to induce an increased benthic stability (Gerbersdorf & Wieprecht, 2015). Since then engineers are trying to understand the complex interactions between biofilms and sediments
focusing predominantly on the combined stability of both (Dade et al., 1990), often with the
goal to predict their stabilization potential (hereafter named “biostabilization”) and their contribution to the erosion, transportation, deposition and consolidation cycle.
Biofilms, which colonize intertidal (cohesive-) sediments (Stal, 2010) but also fine grained
riverine sediments (Gerbersdorf et al., 2007), typically form a protective thin layer by adhering to the surficial sediment grains and thereby increase their stability (Le Hir et al., 2007).
1
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Biostabilization has a direct impact on the onset of bed-load transport while once eroded the
underlying (abiotic) sediment will follow typical abiotic erosion patterns (Le Hir et al., 2007;
Piqué et al., 2016). In a morphological sense, biostabilization is more important to attenuate
the erosion processes in normal flows rather than in catastrophic events (surges, floods)
(Le Hir et al., 2007). As a consequence, biostabilization might promote germination and
growth of aquatic plants, which depend on an immobile bed in the inter-flood period (e.g.
seagrass see Lee & Park, 2008) and in turn increase the erosion threshold significantly to
resist catastrophic events (Paola, 2001).
But biofilms are even more than sediment stabilizers. Growing or established biofilms at the
sediment-water interface have major consequences for the functioning of the whole aquatic
ecosystem by providing important ecosystem services (Gerbersdorf & Wieprecht, 2015;
Battin et al., 2003b). They are the base of the food chain enabling organisms of higher
trophic levels to survive and reproduce, they purify water (a process which is commonly
known from waste water treatment) and biodegrade anthropogenic pollutants (Gerbersdorf
et al., 2011).
The consequences of these processes extend far beyond the aquatic environments and influence human health and welfare. The monetary value of these ecosystem services is not
easily traceable but is estimated by Costanza et al. (1997) to exceed billions of dollars (waste
treatment alone in lakes and rivers is estimated for 1994 to be 665 US$/ha·yr).
It is because of these reasons that a number of research projects, especially in Europe,
investigate the complex tripartite biofilms-sediments-hydraulics (e.g. ECOFLAT, INTRMUD
and the recently launched Hydralab+). This thesis originates from the DFG funded project
“Ecosystem Engineering: Sediment entrainment and flocculation mediated by microbial produced extracellular polymeric substances (EPS)”.

A.1.2

Research gaps

Despite an overwhelming number of publications on the topic of biostabilization, its underlying mechanical processes are not well understood (Grabowski et al., 2011). And this is
partly because most studies have been conducted in-situ where causal relationships between different factors are not easily isolated from uncontrolled environmental conditions.
Accordingly, Le Hir et al. (2007) emphasize the need for laboratory studies to investigate
biostabilization under controlled conditions to unravel the basic mechanisms of biogenic stabilization. In their paper, Le Hir et al. (2007) evaluate the chances of accounting for biota
effects in sediment transport modeling inter alia by reviewing the recent advances in biostabilization research. They summarize that most results on erosion threshold and erosion
rates originate from field studies where the numerous uncontrolled environmental impacts
on biofilm growth can hardly be correlated to the biostabilization effect.
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The lack of systematic laboratory studies can be attributed to the difficulty of correctly representing the complexity of biological systems (e.g. reciprocal interactions between environmental conditions and biology) and conversely simplifying/idealizing the system to study
fundamental feedback mechanisms (often preferred by engineers, Rice et al. (2010)). As a
consequence, a common strategy to answer fundamental questions in biofilm research is
looking at monospecies biofilms even though it is consensus nowadays that these biofilms
do not resemble natural biofilms too well (Gerbersdorf et al., 2009) 1 . This simplification
strongly underestimates the feedback mechanisms in natural systems impacting also their
mechanical behavior (Gerbersdorf et al., 2009).
Systematic fundamental research on the interface of ecology and hydraulics is a tightrope
walk and necessarily to be conducted in interdisciplinary research teams. On the one hand
it must simplify/idealize as much as possible to allow an easier parameterization while on
the other hand great care must be taken in abstracting too much to not disturb the basic
biological functioning (Rice et al., 2010).
While this line of thought is not particularly new, it is still discussed in prominent position
in this thesis, as a number of laboratory studies from the disciplines investigating biostabilization fail in an appropriate experimental design. However, in recent times, more and more
research has been conducted combining all relevant disciplines (e.g. Singer et al., 2006; Vignaga, 2012; Graba et al., 2010) to investigate the interactions of biofilm-sediment-hydraulics
in sophisticated experimental setups. Still, systematic investigations on the biostabilization
potential using e.g. laboratory flumes are in their infancy and the reasons are manifold and
mostly related to the complex structure of the biofilm:
Biofilms and EPS production is sensitive to environmental conditions
Amongst the conditions that influence biofilm growth are hydrodynamics, light intensity, nutrient availability, pH, temperature and cations to name but the most important conditions
(Gerbersdorf & Wieprecht, 2015). Addressing all of these conditions in controlled experiments (e.g. flume experiments) is at least very difficult and appropriate flumes are not necessarily a standard repertoire of hydraulic laboratories (Rice et al., 2010; Thomas et al.,
2014; Jonsson et al., 2006).
Biofilms are spatially heterogeneous and affected by local hydrodynamics
Local hydrodynamics influence biofilm growth from the micro- to the macroscale. For example, Graba et al. (2013) reported that flow velocity is a selective factor in algal composition
and Battin et al. (2003a) found an impact of velocity on the structure of the biofilm. These
findings are further supported by Stoodley et al. (1998) who reported significant differences
1

Probably the most studied bacteria is Pseudomonas aeruginosa
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between biofilms grown under laminar and turbulent conditions. Biofilm surfaces have been
titled “microbial landscapes” (Battin et al., 2007) indicating that these landscapes also physically affect their environment themselves which introduces even more levels of complexity
(Stewart, 2012).

Biofilms have a high temporal heterogeneity
Biofilm growth can be divided into several phases, from initial attachment to matured biofilms.
It is intuitive to assume, that the stabilization potential differs in these phases. Investigations
on the temporal development of biostabilization are however scarce (e.g. Fang et al., 2014;
Droppo et al., 2007; Ubertini et al., 2015), even though knowledge on this aspect could be
very beneficial for an understanding of the phenomenon. Furthermore, biostabilization is
strongly impacted by seasonality. A number of studies demonstrated a significant difference
between the stabilization potential at different seasons (e.g. Dickhudt et al., 2009; Amos et
al., 2003; Righetti & Lucarelli, 2010). The reasons can, amongst others, be related to the
differences in microbial community composition (Schmidt et al., 2016).

Le Hir et al. (2007) and Grabowski et al. (2011) demonstrated that the recent attempts to
predict biostabilization from measured parameters fail at providing a universal relationship,
which on the one hand can be assigned to the complexity as indicated above, but may also
be related to the unavailability of appropriate measurement techniques or a lack of knowledge on the key parameters. Different approaches and models have been developed during
the last decades, often based on the correlation of chlorophyll a (chl a) and/or colloidal carbohydrates (as a proxy for EPS) to sediment stability. A comparison of the results of these
regression models using chl a as an input parameter clearly demonstrates that a universal
relationship to stability cannot be derived from this parameter (Le Hir et al., 2007) as the data
from different literature based models scatters significantly. This is not very surprising as chl
a is not a direct measure of any mechanical property that is responsible for biostabilization.
Instead chl a is a measure for photosynthetic activity and used as a proxy for algal biomass.
This however is assumed to be indirectly correlated with stability as has been indicated by
rather good correlations from the individual experiments.

Another and perhaps more promising approach are physics-based models, i.e. models
which are based on mechanics and are dimensionally correct. While the stability of noncohesive non-biostabilized sediments are well understood and can be modeled with often
satisfactory accuracy (e.g. by application of the Shields approach), the effect of biostabilization is yet to be evaluated (Grabowski et al., 2011). And this is despite the fact that the additional forces which are made responsible for biostabilization have been assigned names for
since long time: cohesion and adhesion. In fact, adhesiveness has already been mentioned
in the late sixties of the last century (Webb, 1969) and since then both terms adhesion and
cohesion are made responsible for the biostabilization process in many publications (e.g.
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Black et al., 2002; Dade et al., 1990; Ubertini et al., 2015). In recent times, some progress
has been made in the development of models incorporating these forces (Grabowski et al.,
2011), mostly based on the seminal work of Lick et al. (2004). They developed a theoretical model based on data from literature where bentonite is added to quartz grains to mimic
cohesion effects. Another promising approach, based on the model presented in Lick et
al. (2004) and accounting for the modifications proposed by You (2004) was developed by
Righetti and Lucarelli (2007). It combines an adhesion and cohesion coefficient with floc
bulk density and -size to predict the erosion threshold. Righetti and Lucarelli (2007) applied
their model using data from field studies to predict the adhesion coefficient. Even though the
calculated values for the adhesion coefficient seem reasonable (in context with literature),
they could not be related to “real” measured adhesion values presumably due to a lack of
appropriate measuring devices and data. In fact, Grabowski et al. (2011) note that these
approaches “represent important advances in our theoretical understanding of inter-particle
attractions” but, at the same time their applicability is limited by a) the empirical character
of adhesion/cohesion and bulk density effects and b) a limited data set that the models are
validated on.
Considering its importance, surprisingly few attempts have been made to correlate adhesion
or cohesion forces to biostabilization. The first exception is the work of Vignaga et al. (2012)
who investigated the tensile strength (or cohesive strength) of microbial mats. Their work
is still restricted to cyanobacterial biofilms comprising intertwined filaments which form biomats. Hence, biofilms which do not form mats or are still in an early developing phase may
not be addressed by this method (because they are not strong enough or break in small
pieces). The second exception is the studies of Lubarsky et al. (2010) who used a new
method (first described in Larson et al., 2009) to determine a proxy for surface adhesion
(Magnetic Particle Induction - MagPI) and compared the results to the critical erosion stress
determined with the help of the Cohesive Strength Meter (CSM). Even though the invention
of this method that allows relatively quick and non-destructive measurements by using an
electromagnet which attracts ferromagnetic particles, can be regarded as a major step towards an improved understanding of the mechanical properties of biofilms, its full potential
is still not reached and requires exploration. For example, it lacks an appropriate calibration
2
into a mechanical force (also noted by Vignaga et al., 2012) to compare the results to literature values and to use the data as a basis for predicting biostabilization in physics-based
models.

2

Larson et al. (2009) use the strength of the magnetic field (Magnetic flux density MFD in mTesla) as a proxy
for surface adhesion. The MFD cannot directly be translated into a mechanical force as it does not consider
the ferromagnetic particle characteristics (see Section C)
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In short, the research gaps that will be addressed in this thesis are:
1. Knowledge on how to conduct experiments concerned with investigating biostabilization and its complexity is limited to only a few studies; appropriate protocols and methods need further development
2. No unifying model exists to predict the stabilization mediated by biofilms, at the same
time a mechanical understanding of the process is unavailable
3. An understanding of the mechanical biostabilization processes would greatly benefit
from developing appropriate methods to measure cohesion and adhesion
In the course of this thesis the knowledge gaps will be addressed in more detail.

A.1.3

Research aims

This thesis is based on laboratory experiments in which biofilms are cultivated in a novel
flume setup to investigate the impact of different environmental conditions (fluid forces and
light intensity during growth) on the temporal development of biostabilization. Furthermore,
this work aims at contributing to a generic mechanical understanding of biofilm formation and
stabilization by providing methods, data and analysis for a systematic research on biostabilization - a prerequisite for the development of a universal physics-based model to predict
the effects of biostabilization.
The general objectives of this thesis are to a) study the impact of environmental conditions
on biostabilization, b) develop advanced methods to measure important parameters and
provide suitable experimental programs and c) provide data from robust measurements on
mechanical properties.
Quasi-natural multispecies biofilms are cultivated on artificial non-cohesive sediments. Their
development is monitored from the initial state (suspended microbes in the inoculum) to fully
grown biofilms (duration of the experiments between 4 and 8 weeks). The intention of the
cultivation procedure is to control the most influential environmental boundary conditions to
draw inferences about their impact on biostabilization. It is noteworthy that no specific fluvial
environment is simulated, the results therefore are not necessarily transferable to natural
systems, but serve to provide an improved understanding of the processes. However, when
possible, the environmental conditions are chosen to be comparable to natural conditions.
The specific objectives can be summarized as follows:
1. Induce biofilm formation in a flume setup ensuring that both hydrodynamics as well as
biological requirements are met. This includes: defined hydraulics and environmental
boundary conditions, the viability of biological as well as mechanical measurements.
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2. Investigate the impact of different controlled environmental conditions on biostabilization over time using natural freshwater as an inoculum.
3. Improve methods capable of measuring important parameters for the prediction of
biostabilization in physical experiments
4. Measure surface adhesion forces in a reproducible way and relate it to the stabilization
potential of growing biofilms.
5. Assess the potential of surface adhesion forces in predicting the biostabilization potential by application of a physics-based, thus intentionally universally applicable model
(the modified Shields approach; after Righetti & Lucarelli, 2007).
6. In addition: assess the surface topography of developing biofilms over time to a) investigate the surface roughness and potential impact on near-bed hydraulics and b)
upgrade commonly used straight erosion flumes for more precise investigations on
biostabilization.
7. Add data on erosion thresholds, surface adhesion and biofilm roughness as well as on
methods and procedures to the relatively young field of physical laboratory experiments
on biostabilization.

Important remark
The here presented experiments are conducted under idealized conditions to test causal relationships between selected parameters and stability. Although natural river water is used
as an inoculum, a number of artificial boundary conditions restrict the transferability of the
results to the field. Firstly artificial sediments are used as substratum with a narrow range
of size distributions and almost spherical shapes. This is in strong contrast to natural environments where differences in particle sizes are likely. Secondly, the water is withdrawn
from the river at one distinct point in time and then circulated over several weeks (at a constant water temperature). In contrast, in a natural system the water is supplied continuously:
seasonal effects are hypothetically superimposed and probably less obvious as compared
to the experiments. Thirdly, benthic sediments and biofilms in natural systems are colonized
by other microorganisms, plants and animals which are also known to influence sediment
stability. In contrast, in the experiments the water is sieved prior to circulation to focus purely
on the development of the biofilms. On the other hand, especially in Part B it will be demonstrated that the trends reported from field studies are reasonably well reflected in the physical
experiments. More research is needed in which both, in-situ and physical experiments are
combined to investigate the transferability between both conditions.
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Outline of the work

This section outlines the content of the thesis briefly, to provide the reader with the workflow. The thesis is divided into 7 main parts, named A, B, C, D, E, F and G. Starting with
background information (this Part A), the second part (Part B) is an introduction to the basic
experimental setup and the first findings which form the basis of the thesis. Part C deals
with the further development of a device to measure surface adhesion forces, whose application is subsequently presented in Part D. Part E further analyzes the results of the surface
adhesion measurements by application of a physics-based model to predict biostabilization.
Part F is an additional chapter on surface roughness measurements, providing information
on how to modify frequently used straight erosion flumes for biostabilization measurements.
Finally the thesis is summarized and concluded in Part G, together with future research recommendations.
In detail:
After the introduction, Part A is divided into 4 sections. Sections A.2 and A.3 give an explanation on what biofilms are, where biofilms (both favorable and detrimental) form and
further reviews the state of the art knowledge on biostabilization in aquatic environments.
The next Section (Section A.4) reviews the impact of environmental conditions (both biotic
and abiotic) on biofilm growth and expected influences on biostabilization. Section A.5 is
an overview on biofilm material properties and explains the difference between cohesion
and adhesion forces. Hereafter the currently available methods to measure adhesion forces
are presented as those forces play a central role in this thesis. The last Section (A.6) explains the modeling approaches to predict biostabilization, with an overview on empirical
and physics-based models, while also the most common approach to predict non-cohesive
abiotic erosion threshold is explained briefly serving as background information.
Following these background information, Part B provides the reader with information on the
experimental setup constructed specifically for the project (Section B.1). Hereafter the experimental program for the first set of experiments is described (Section B.2) and the results
are presented and discussed (Sections B.3 and B.4). In this first set of five experiments (conducted in March, May, July, August and November 2013), the erosion threshold of biostabilized sediments is related to the environmental boundary conditions (hydrodynamics, light
intensity and seasonality). Moreover the observed erosion mechanisms are discussed before Section B.5 presents a conclusion.
The further development of a device to measure surface adhesion forces of biofilms with the
goal to increase objectivity and gather information that can be used in mechanical models is
a focal point and described in Part C. This Part firstly introduces the original concept (Section
C.1) and frames the need for modifications. Secondly, in Section C.2 the upgraded device
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is presented briefly followed by a description of the procedure for calibration, to obtain a
mechanical force (Section C.3). The latter section additionally contains background information on electromagnetism. In Section C.4 the method replacing the manual observations on
adhesion-thresholds with an image processing based approach is explained. The calibration as well as the image processing is a prerequisite for obtaining reliable measurements
on surface adhesion forces, which are defined in Section C.5. Finally the performance of the
device is tested by measurements on surrogate materials. These tests might be useful as
benchmark tests and are described in Section C.6. Uncertainties and limitations of the new
method are then given in Section C.7.

As the upgraded device to measure surface adhesion forces was finalized in the beginning
of 2014, the method was first available in the second set of experiments (conducted in March
2014, July 2014 and March 2015). Part D consequently focuses on the analysis of the surface adhesion data obtained during these experiments using the upgraded device. At first
important preliminary considerations on the general interrelationship between the measured
surface adhesion forces and the erosion threshold are given in Section D.1. This is followed
by a description of the experimental setup and program for the measurements (both erosion
threshold and surface adhesion in Sections D.2 and D.3). Thereafter, Section D.4 describes
the correlation between the erosion threshold, surface adhesion and the time of growth by
means of a regression analysis followed by a discussion (Section D.5) and a hypothesis on
the relationship between the measured parameters.

In Part E the modified Shields approach after Righetti and Lucarelli (2007) is tested on a detailed dataset of one experiment; including data on bulk density, floc size, erosion threshold
and surface adhesion. To the authors’ knowledge it is the first time that the mechanical adhesion forces are directly applied in a model considering all of the above mentioned parameters. Section E.1 contains information on the methods used to obtain these data (including
size analysis for irregular shaped flocs, developed especially for this purpose). Section E.2
illustrates the results followed by a discussion on applicability of the adhesion data within the
model and outlining the most important parameters to be considered in future experiments
(Section E.3) . The experimental limitations are discussed in Section E.4 before Part E is
concluded in Section E.5.

Part F is an additional chapter describing the development of a device to measure the surface topography (or roughness) of biofilms. The method is applied in one experiment. This
additional data from the topographic survey is used to modify the existing erosion flume to
the requirements for erosion of biostabilized surfaces. Further data contains information
about the temporal development of quasi-undisturbed biofilm roughness, unique in current
literature. Firstly, Section F.1 provides an overview on the method that was specifically developed for that purpose. Secondly, the results of one experiment conducted in July 2014
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are presented (Section F.2) and discussed. And thirdly (Section F.3), the modifications made
to the erosion flume are described (including information on the modified flow field obtained
by the modifications). Finally Part F provides an outlook and recommendations for an alternative method and analysis (Section F.4).
The thesis is concluded and summarized in Part G including future research needs related
to physical experimentation on biostabilization processes.

A.2

Background information on biofilms in aquatic systems

Biofilms are complex assemblages of bacteria, microalgae and fungi (e.g. diatoms, cyanobacteria, heterotrophic bacteria, e.g. Le Hir et al., 2007; Battin et al., 2003b) and their secreted
EPS. These microbes accumulate on all kinds of surfaces (e.g. the solid-liquid interface)
where they can form films or mats (Noffke et al., 2001; Flemming & Wingender, 2010) of
thicknesses between some micrometer and a few millimeters (Okkerse et al., 2000). Biofilm
growth is largely depending on nutrient availability (Gerbersdorf & Wieprecht, 2015).
The microbes, which only make up a small percentage of the whole biofilm, secrete the
so called extracellular polymeric substances (EPS) in which they are encased (Flemming
& Wingender, 2010). The EPS fulfils a number of important functions for the biofilm: It
serves as a nutrient storage and -transportation system (through its pores), it retains water
against desiccation, and enables the exchange of genetic information (Flemming & Wingender, 2010). It consists of polysaccharides, proteins, lipids, nucleic acids and humic substances and is highly hydrated with a wet density close to that of water (Gerbersdorf et al.,
2011; Wäsche et al., 2000; Horn & Hempel, 1997). The EPS fraction may account for 90
% of the total biofilm matrix (by dry weight), while only 10% is occupied by microorganisms
(Flemming & Wingender, 2010).
Another function of this biopolymer, which is of uttermost importance for this study, is its
glue-like property especially important for the adhesion of microbial cells to a surface and
gluing of sediment grains to resist environmental forcing (Gerbersdorf & Wieprecht, 2015;
Dade et al., 1990). This biogenic binding can be further divided into adhesion and cohesion,
while a clear distinction must be made between these terms (discussed in Section A.5.2).
Significance of biofilms in aquatic systems - and related research
Biofilms are ubiquitous in nature and their existence and functionalities can have positive
(advantageous) or negative (detrimental) consequences for their surroundings. The detrimental bioadhesion is mostly referred to as “biofouling” (Palacio & Bhushan, 2012). In the
medical area, for example, the term biofilm is largely negatively associated with e.g. dental
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plaque and biofilms on medical implants. On the other hand, the most famous advantageous
biofilm can be found in waste water treatment where it is responsible for clarifying the water
by nitrification and denitrification. From an engineering point, especially flocculation processes of activated sludge (e.g. aggregation and disaggregation of flocs, settling velocities)
are being subject of many research studies (e.g. Andalib et al., 2010). In the following a
brief overview on engineering-related research areas associated with biofilms is given (as
the reader will notice, these research fields are, to some extent, related to the stability of
biofilms, however “biostabilization” will be covered further below):
Biofouling of ship hulls
Schultz and Swain (1999) and Schultz et al. (2015) investigated the skin-friction reduction
of biofouled ship hulls. In their experiments, Schultz et al. (2015) found that biofilm growth
(even on fouling release hull coatings) resulted in skin friction increases of up to 70% thereby
inducing an enhanced power demand between 1.5 and 10.1%. In an earlier study Schultz
and Swain (1999) even reported an increase of skin friction of 33 to 187 % on antifouling
paints.
Biofouling in drinking water distribution systems
Biofouling in hydraulic conduits generally may result in a significant reduction of efficiency,
which has been demonstrated by Barton et al. (2010) using a photogrammetrical method.
Additionally, biofilms in drinking water distribution systems (DWDS) can be a threat to human health as they promote capture, growth and release of pathogens. Shen et al. (2015)
investigated the complex interactions between hydrodynamics, adhesion and roughness of
DWDS biofilms (inter alia by computational fluid dynamics - CFD), and found that the physical structure and local hydrodynamics control adhesion and detachment. Furthermore, they
reported that biofilms can have a significant impact on the discharge capacity due to the
increased roughness of the walls. However, it must be mentioned that roughness changes
depend on the initial (abiotic) roughness, biofilms may even result in smoother walls. For example, Barton et al. (2010) observed that diatoms grew between roughness elements (grit
size: 0.5 . . . 4 mm) and developed a mat that was smoother than the initial surface.
Biofouling in open hydro power canals
Andrewartha et al. (2010) investigated the increases in drag coefficient for an Australian
open hydro power canal due to the growth of a diatom biofilm. They reported increases of
total drag coefficient of up to 99 % (versus the clean surface) and observed that vibrations
of the biofilm lead to additional energy dissipation.
Biofilms and ecotoxicology
Benthic biofilms are linked to pollutant dynamics in aquatic systems through a number of
mechanisms, whereby the EPS plays an important role: Firstly, bacteria inhabiting the
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biofilm may be harmed by the pollutants but likewise Gerbersdorf et al. (2011) hypothesize that some species might tolerate or even be able to degrade the pollutants. Secondly,
the glue-like EPS helps in binding pollutants to biofilms (a process named “biosorption”)
and biofilm-coated sediments. Consequently pollutants are immobilized with an impact on
bio-availability and degradation (e.g. heavy metals, nanoparticles, anthropogenic trace compounds, see Pal & Paul, 2008; Tourney & Ngwenya, 2014; Gerbersdorf et al., 2015). Thirdly,
the immobilized pollutants can get re-mobilized through erosion processes (Schüttrumpf et
al., 2011; Heise & Förstner, 2007; Noack et al., 2015), while the biostabilization effects pose
an additional resistance to the fluid force. Fourthly, the biosorpted pollutants are transferred
to other sites, while the transportation mechanisms are likewise affected by the structure
and composition of the biofilm-flocs.
Biofilms and ecosystem services
The term “ecosystem services” describes the benefits that functioning ecosystems provide
for human beings. Biofilms in aquatic systems (both benthic or free floating) are a key component of ecosystems as they regulate the availability of nutrients to higher trophic levels3 ,
purify water and generally contribute to the biogeochemical fluxes of carbon, nitrogen and
phosphorous (Battin et al., 2003b; Gerbersdorf et al., 2011; Gerbersdorf & Wieprecht, 2015).
Moreover, as has been suggested by Packman (2013) biostabilization (i.e. the immobilization of sediments for example after flood events) might lead to improved conditions for other
organisms to grow. As most vegetation needs stable bed conditions for the seeds to germinate and develop shoots which can resist the typical fluctuations of hydrodynamic forcing,
benthic biofilms might play an important ecological role in this regard4 .
Benthic biofilms and clogging/colmation
When biofilms grow on river beds they can occupy the pore spaces between single sediments which might induce changes in the permeability of the bed, a process called bioclogging. Thereby it may reduce the hydraulic conductivity to an aquifer (Newcomer et al.,
2016; Battin & Sengschmitt, 1999) with far-reaching implications for biogeochemical processes (Brunke & Gonser, 1997). In a general context, clogging might lead to unfavorable
conditions for the reproduction of gravel-spawning fish as the fish eggs and larvae depend
on the transport of well-oxygenated surface water (Noack et al., 2016b).
Flocculation and settling of biofilm aggregates
Aggregates of biofilm-bound sediments which are eroded are called flocs. Besides being a
research topic in waste water treatment (for an extensive review see Liu & Fang, 2003) floc
transport is also associated with the ETDC cycle (erosion, transport, deposition and consolidation cycle, to be discussed in Section A.6). The difficulties in predicting the transportation
of the flocs originate from the complexity of these systems. Biofilms mediate the size, shape,
3
4

Biofilms are in fact the base of the food chain
To the authors’ knowledge this aspect has not yet been covered by science
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density and surface texture of the primary particles and thereby affect the mode, rate and
distance of transportation (Dietrich, 1982). Characterizing floc geometries and relating them
to settling velocities is a major challenge. A number of studies are related to parameterize
the different (geometrical) effects by introducing different shape factors and investigate their
impact on settling behavior (Tran-Cong et al., 2004; Shang et al., 2014; Cuthbertson et al.,
2016). As the properties of biofilm flocs allows conclusions on the process of erosion, the
two fields are closely related, which will be demonstrated in Section E.
As can be seen, research on biofilms is widespread, consequently the tools and procedures
developed in the present thesis may help in a number of different research areas besides
the here investigated biostabilization.

A.3

Background information on biostabilization

While observations made half a century ago already suggested an impact of microbes on
sediment stability (see Meadows & Anderson, 1969) the potential of biofilms to impact sediment stabilization was only recognized in the 90’s of the last century by Paterson and Daborn
(1991) who introduced the term “biostabilization” to describe theses processes. Paterson
and Daborn (1991) defined biostabilization as “a decrease in sediment erodibility caused
directly or indirectly by biological action”. Since then the original definition was redefined
and modified several times (a short overview is given in Table A.1).
Table A.1 Different definitions for the term “biostabilization” from literature. Note: Gargaud et al.
(2011) subdivided the definition into three types: types 2 and 3 are not directly related to erosion
processes and therefore only type 1 is presented here.
Source

Definition of biostabilization

Paterson
and
Daborn (1991)

“[. . . ] a decrease in sediment erodibility caused directly or indirectly by biological action”

Droppo
(2001)

al.

“[. . . ] the process whereby microbial growth and production of extracellular polymeric
substances (EPS) in conjunction with sediment colonization by other organisms such as
fungi and algae result in the increased stabilization of a bed sediment due to the sticking
together of individual particles and flocs. In essence, biostabilization represents a biofilm
incorporated into the surface sediment.”

Gargaud et al.
(2011)

“Type 1 biostabilization is the response by benthic microbiota to erosion. Bacterial filaments are oriented horizontally, and EPS (extracellular polymeric substances, if present)
change their chemical structure to a more erosion-resistant phase [. . . ].”

CoastalWiki
(2016)

“Biological processes increasing sediment stability or reducing potential for erosion by
tidal currents and wave action (e.g. enhanced cohesion, binding by filaments / roots,
surface protection / armoring, flow and wave attenuation by biota).”

et

In essence, most definitions mention either “increased stability”, “increasing erosion resistance” or “decreasing erodibility” or a combination hereof as an effect of either “biological
action/processes” or “benthic microbial growth”. In this thesis, “biostabilization” is clearly
mediated by benthic microbial growth (no grazing, no higher plants) to increase the stability
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of the biofilm-sediment matrix or increase the erosion threshold of this matrix towards a horizontally directed step-wise increasing flow.
In the 1990’s research on biostabilization became increasingly popular. Especially noteworthy is the work of research teams around Prof. Paterson (University of St. Andrews, UK) and
Prof. Amos (now at the University of Southampton, UK) who conducted inter alia a number
of field studies (mainly on intertidal flats) by the use of in-situ erosion devices to determine
the impact of biofilms on sediment stability. While theoretically even destabilization effects
(e.g. due to the lifting forces of produced gas bubbles: Sutherland et al., 1998) are possible,
all studies reported an increasing stability relative to the control (abiotic) sediment. In this
context the biostabilization index (BI) (after Manzenrieder, 1985) is an often used indicator
for the efficiency of biostabilization. The BI is defined as:

BI =

τc,bio
τc

(A.1)

where τc,bio/τc is the ratio between critical bed shear stress of the biostabilized sediment
and the abiotic reference. Table A.2 gives a non-exhaustive overview on results of different
experiments investigating biostabilization in different environments. Both, approaches as
well as evaluation of the data differed a lot between the studies, therefore the table gives a
more qualitative overview.
Table A.2 An overview on the results of biostabilization from literature (modified and updated from
Vignaga, 2012) including information on the substratum type, the environment where the measurements were conducted and the erosion devices used. Note: The column “Substratum” is the type of
sediment which was biostabilized. Here, “c” stands for cohesive sediments and “nc” for non-cohesive
sediments. “CSM” is the abbreviation for Cohesive Strength Meter
Study

BI[−]

Substratum

Environment

Research method

Neumann et al. (1970)

6

nc

subtidal

in-situ flume

Grant and Gust (1987)

4.9, 4.5

nc

marine

sediment cores

Dade et al. (1990)

3

nc

media with sea salt

laboratory study

Madsen et al. (1993)

4

nc

subtidal

laboratory flume

> 10.6

nc

marine

CSM

Parchure and Mehta (1985)

3

c

estuary

laboratory study

Yallop et al. (1994)

4

c

intertidal sandy beach

CSM

Righetti and Lucarelli (2007)

1.5

c

freshwater (lakes)

sediment cores

Amos et al. (2004)

3.4

c/nc

tidal flats

in-situ flumes

Fang et al. (2014)

1.7

c/nc

stabilization pond

laboratory study

Vignaga (2012)

2.5

nc

freshwater

laboratory study

Yallop et al. (1994)

It is apparent that the biostabilization indices scatter over a wide range. This can be attributed to a) the differences in methods applied, b) an impact of the sediment size and c)
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differences between biofilms in the studies. Regarding the latter, it is widely accepted that
biostabilization is heterogeneous, both temporally (e.g. differences between seasons) as
well as spatially (between field sites) (see e.g. Dickhudt et al., 2009; Widdows et al., 2000;
Kornman & de Deckere, 1998). This important feature of biostabilization may be the result
of the different environmental boundary conditions in the field. An overview of the most important impacts will be given in Section A.4, before Section B explores the biostabilization
potential of biofilms cultivated under different conditions.

Investigated substratum
A number of field studies were conducted in estuaries or tidal flats on cohesive sediments
(e.g. Amos et al., 2004). In fact cohesive sediments (i.e. sediments with a high amount of
clay and silt, bound by cohesive forces) provide ideal conditions for biofilm growth, which
can be related to their high organic content (serving as a nutrient supply) and surface area
(see also Section A.4). As cohesive sediment stability is depending on a large number of
sediment properties, a generally accepted model to predict their erosion threshold is still
subject of research (Grabowski et al., 2011). Consequently, the additional uncertainties and
parameters introduced by the biofilm formation make the prediction even more challenging,
so it is decided that non-cohesive sediments are used as substratum in this study.

A common perception of biostabilization in cohesive, but also in non-cohesive sediments,
is that the biofilm and associated EPS fills up the pore spaces between sediments, as can
be seen in Figure A.1 (Left: a diagrammetric representation, Right: a photograph from the
project) and binds the grains together. This mechanism is effective (i.e. comes along with a
significant impact on biostabilization) when fine material is glued. In fact it can be assumed
that a certain critical diameter exists at which the glueing force is outcompeted by the weight
of the sediment. For example, a cobblestone will be stabilized by its weight whose force is
likely to exceed the glueing force of a biofilm by several orders of magnitude. It must be
further noted, that in many cases (also including this study) the biofilm-sediment matrix is
only a thin layer (thicknesses between some micrometer and a few millimeters) which protects the underlying sediment (Okkerse et al., 2000; Boulêtreau et al., 2011; Black et al.,
2002). However, depending on nutrient availability and other factors, EPS can also be found
in much deeper layers (> 500m depth, Black et al. (2002)).

Investigated environments
Research on biostabilization in freshwater systems is still in its infancy. Even though it is
commonly accepted that biofilms theoretically grow on all kinds of surfaces and are virtually
ubiquitous (Proia et al., 2012), Table A.2 demonstrates that research has primarily focused
on marine habitats (see also Gerbersdorf & Wieprecht, 2015). One reason is that it was long
believed, that due to high ion concentrations in marine water, the binding is generally more
effective. However, recent studies (e.g. Gerbersdorf et al., 2007) indicate that freshwater
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biofilms may mediate a similar stabilization potential.

Figure A.1 Diagrammetric side view representation and photograph of the biofilm-sediment matrix.
Left: Microbes (diatoms) and EPS between clay particles. Only the upper few millimeter are affected
by the biofilm (from Grabowski et al., 2011); Right: Side view image of a biofilm cultivated in the
experiments. The biofilm is clearly visible on top of the sediment (green slimy layer) while also existing
in the uppermost few millimeter (indicated by a greenish color of the white sediment). Further below,
the pure white sediment is visible. Two more aspects are well visible: 1) The impact of the biofilm on
the surface topography and 2) gas bubbles below the surface retained by the biofilm (Photograph by
Bojan Skodic).

Lift force and surface roughness
As can be seen on Figure A.1 Right, biofilms produce gas (e.g. oxygen from primary production) which accumulates below the surface to form bubbles. In this case the biofilm
experiences an additional lift force, as the bubbles are trying to escape but are retained by
the biofilm surface layer (Sutherland et al., 1998). Only very few studies address this phenomenon. In one of these studies experiments were conducted by cultivating biofilm mats
and monitoring their buoyant behavior. Mendoza-Lera et al. (2015) found that the impact of
gas bubbles was highest for sandy sediments (compared to gravel).
Another aspect concerns the impact of biofilms on surface roughness (also visible in Figure
A.1 Right) which consequently also impacts the turbulence conditions in the near bed region,
thereby affecting the erosion threshold. As already mentioned a number of studies have
focused on determining the surface roughness changes (Nikora et al., 1997; Larned et al.,
2011; Walker et al., 2013) by different methods. However, only few studies correlate the
friction changes to the erodibility. One exception is the study of Graba et al. (2010) who
studied chronic detachment of biomass due to local hydrodynamic effects and underlined
the importance of roughness changes for an understanding of biofilm dynamics. Biofilm
topography will also be addressed in Part F discussing an improved method for continuous
monitoring.
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Environmental impacts on biofilm growth

Parts of this section originate from a contribution to a Hydralab+ deliverable (unpublished).
The environmental conditions in which biofilms grow influence their characteristics and properties with possible influences on their biostabilization potential. In the following an overview
on the most important abiotic and biotic environmental conditions is given. Furthermore the
current knowledge on expected effects is provided.

A.4.1

Abiotic impacts

Hydrodynamics
The role of hydrodynamics is particularly important for the formation of a biofilm, as 1) it
triggers the efficiency of initial attachment of suspended microbes to the sediment, 2) it is
closely linked to the availability of nutrients to the biofilm during colonization and growth, and
3) exerts a force to potentially detach the biofilm-sediment matrix.
Especially in the early formation of a biofilm the first contact between advected microbes and
the substratum surface depends on the turbulent conditions of the flow. In the pioneering
work of Stoodley et al. (1998) it was reported that under laminar conditions cell attachment
to a surface happened earlier as compared to turbulent conditions. While generally, under
turbulent conditions, more cells are transported to the surface than under laminar conditions,
their attachment efficiency is reduced due to their ongoing detachment by turbulent forces.
During growth, however, higher flow velocities predominantly enhance the availability of nutrients due to higher mixing rates (see also Larned et al., 2004).
In fact, biofilms may even suffer from nutrient availability in stagnant waters or at low flow
velocities, even in eutrophic systems. However, higher flow velocities also induce higher
drag forces on the biofilm and may result in detachment.
This trade-off between enhanced mass transfer and detachment is widely accepted (e.g.
Stewart, 2012) and applies also for higher plants (e.g. Nikora, 2010). It has been demonstrated that biofilms adapt to their specific environment. For example at low flow velocities
the biofilm produces filaments protruding into the water column to increase nutrient availability. At higher flow velocities biofilms are observed to be more compact and also potentially
more stable (Pereira et al., 2002; Graba et al., 2013).
Light regime
The effective light quantity (= intensity) as well as quality (= intensity at different wavelength)
on the biofilm surface is highly variable in natural systems (e.g. turbidity and depth of the water, shadowing). Light is the main source of energy for algae and even some bacteria (e.g.
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cyanobacteria) to fix carbon and build up organic substances (Gerbersdorf & Wieprecht,
2015). The photosynthetic active radiation (PAR, typically: 400 . . . 700 nm) is the range of
radiation that can be used by photosynthetically active organisms whereas the light intensity [µmol/m2 s] is a measure for its strength. Increased light intensities can result in enhanced
growth, but potentially also in an enhanced production of oxygen bubbles that are produced
below or on top of the surface of the biofilm and create a destabilizing lift force (as described
above). Too much light intensity might also have a negative effect on biostabilization, as
it produces photo-oxidative stress (Gerbersdorf & Wieprecht, 2015). It is important to note
that even under no-light conditions (e.g. in a deep river, or in deep sediments: “deep biota”
Black et al., 2002) a biofilm will develop, consisting predominantly of heterotrophic bacteria.
Measurements made by Lubarsky et al. (2010) showed that bacteria produced a sticky EPS
which indicates the high potential for bacterial biofilms to stabilize sediments.

Water temperature
Temperature affects growth rates of biofilms. It is well-documented that metabolic rates increase exponentially with temperature (Brown et al., 2004). For example, Villanueva et al.
(2011) investigated biofilm formation by variation of nutrient availability and temperature and
reported that the biofilm formation at higher temperatures was faster. They also hypothesized that “Increasing the temperature of river water might lead to faster biofilm recolonization after disturbances”, probably indicating impacts on e.g. lowland river morphodynamics.
Regulating water temperature in physical experiments is challenging as most flumes are not
equipped with e.g. heat exchangers. However, due to the often long durations of the experiments, water temperature is likely to increase due to the heat produced by pumping the
water. In the experiments presented in this thesis, the water temperature is kept constant at
15 ◦ C.

Sediments
The selection of substrate for biofilm cultivation is essential when the erosion threshold of the
biofilm-sediment matrix is studied. Natural substrate (e.g. from a river or estuary) typically
has a high content in organic matter, nutrients and associated microbes, which is favorable
for biofilm growth but with the downside, that these constituents need to be analyzed to
determine their impact on biofilm growth. To relate these additional parameters to biostabilization effects is especially difficult if experimental conditions need to be reproduced in a
later experiment (e.g. to study the influence of seasonality). A useful approach to this is to
use artificial inert sediment as has been done in the experiments reported by Lubarsky et
al. (2010). Figure A.2 Left shows Low-Temperature Scanning Electron Microscopy (LTSEM)
images from biofilms on glass beads. It can be clearly seen that the EPS fills the voids
between the beads and covers their surfaces resulting in a conglutination of the sediment.
For comparison Figure A.2 Right shows a similar situation with natural sand grains.
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Figure A.2 Low-temperature scanning electron microscopy (LTSEM) images of sand grains and
glass beads covered by EPS (from Lubarsky et al., 2010; Black et al., 2001). Left artificial sediment
(glass beads) (Lubarsky et al., 2010). Right: natural sand grains (Black et al., 2001). The EPS fill up
the intermediate pore spaces and covers the sediments.

The size of the sediment is crucial for erosional studies as with either too large or too small
sizes (where electro-chemical forces exceed the glue-like forces of the EPS) the biostabilization effect might not be relevant. In their seminal paper, Lick et al. (2004) analyzed the
initiation of movement of differently sized quartz particles with added bentonite (to mimic
cohesion/adhesion effects) and reported that the major increase of critical bed shear stress
is for particle sizes between 100 . . . 400 µm. In further investigations Fang et al. (2014) found
that for particle diameters between 10 . . . 200 µm adhesive and cohesive forces are dominating over weight and electrostatic forces. Additionally, it needs to be considered, that with finer
sediments the surface area offered for microbial settlement and colonization is increased as
well (as reviewed in Gerbersdorf & Wieprecht, 2015) and pore spaces between sediments
are smaller which is in turn beneficial for the EPS to completely smother the grains and
thereby potentially enhance stability (Black et al., 2002).

A.4.2

Biotic impacts

Biofilm growth
On freshly deposited sediments (e.g. after a storm event), the formation of a biofilm in
a natural system can be subdivided in phases, namely “attachment” (adhesion of cells to
surface), “colonization” (formation of monolayer and microcolony) and “growth” (see Figure
A.3)5 .
It is intuitive to assume that also the biostabilization potential differs at these stages (from initial sediment-without biofilm stability, to matured biofilm stability). However, the time needed
for the biofilm to develop a stabilization potential depends on the environmental boundary
conditions. For example Droppo et al. (2007) reported significant stabilization effects (factor
3) after 5 days of growth. In another study, Tolhurst et al. (2008) concluded that: “Changes
in biogeochemical properties can be expected after just one day”.
5

For more information on these phases please see Vasudevan (2014) and references therein
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Figure A.3 A developing biofilm from the planktonic to the matured stage (from left to right, modified
after Vasudevan, 2014)

A general trend of biofilm growth is that it increases the erosion threshold over time (again
depending on the environmental conditions and seasonality) to potentially maintain a relatively stable state as reported by Fang et al. (2014). However, experimental studies investigating the temporal development of sediment stability are still extremely scarce.
Succession
During the course of the year, physical, biological and chemical conditions change in systems where biofilms are present and this also impacts their community composition. Some
organisms are outcompeted by others as due to, for example warmer water temperature,
nutrient availability or increased light intensity. This so called successional processes (an
example of a seasonal succession of phytoplankton is illustrated in Figure A.4) also influences the biostabilization potential as was demonstrated by a number of researchers in
different environments (e.g. Dickhudt et al., 2009; Amos et al., 2003). In most studies, the
stabilities are higher during the warm seasons as compared to the colder seasons.

A.5

Biofilm mechanics and material properties

A prerequisite for understanding the failure of biofilm-sediment matrices is knowledge on
the material properties of biofilms and especially on the secreted extracellular polymeric
substances (EPS). Here, a brief overview of the state of current knowledge is given.

A.5.1

Rheology

Rheology is defined as the study of flow of materials. A number of studies deal with the
rheological nature of biofilms and biofilm constituents to unravel their response to applied
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Figure A.4 Seasonal succession of phytoplankton (from Horne & Goldman, 1994).

stresses. However, rheological characteristics are especially interesting for studying failure
of the bulk material (without sediments involved). Even though the rheology will not be further addressed in this study the following information are useful for studying biostabilization
at the microscale (e.g. binding, deformation and failure of EPS on a single grain) and mentioned here for the sake of completeness.

Three different types of rheological behavior have been identified: elasticity, visco-elasticity
and plasticity (Guelon et al., 2011; Böl et al., 2013). Elastic behavior is characterized by
stretching of the material when a stress is applied. Unloading the stress results in the material to return to its original dimensions (see Figure A.5a).

Plasticity on the other hand, stands for an irreversible deformation of the material with applied stress (see Figure A.5d). This behavior is rather rarely reported in literature (Guelon
et al., 2011).

The most common characterization is a viscoelastic behavior which is also time dependant
(Billings et al., 2015; Guelon et al., 2011). Viscoelasticity includes both irreversible viscous
deformation and a reversible elastic response (Guelon et al., 2011). For example, Stoodley
et al. (2002) found that Pseudomonas aeruginosa biofilms behaved like viscoelastic fluids
with elastic behavior with an applied stress over a few seconds and viscous behavior when
the stress was applied over a longer period of time. Figure A.5b illustrates the idealized
response of a biofilm to a constant stress over time, with a creeping behavior (deformation
increases with time) and Figure A.5c illustrates “relaxation” of the applied stress when a
constant strain is applied.
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Figure A.5 Different bulk biofilm/EPS responses to applied stress and strain (modified from Guelon
et al., 2011). a) elastic behavior: after unloading the material returns to its original state; b) viscoelastic behavior under constant stress: an elastic behavior followed by a stretching over time; c)
viscoelastic behavior under applied constant strain: the stress dissipates over time; d) plastic behaviour: after a certain threshold the material undergoes irreversible changes

A.5.2

Adhesion and cohesion

In the context of this study, which mainly deals with investigating adhesional effects, it is important to first highlight the difference between adhesion and cohesion. The most commonly
used definitions of the two terms are:
Adhesion
Adhesion describes the sticking of dissimilar materials to one another (Grabowski et al.,
2011; Flemming, 2011), for example EPS sticking to Sediment. Different mechanisms can
be responsible for adhesion and may be appearing simultaneously, amongst them mechanical, chemical, dispersive mechanisms. Mechanical adhesion for example is the filling of
voids of a surface by the adhesive material intertwining the two materials, as a result the
strength of this bond is depending on the surface morphology (Palacio & Bhushan, 2012).
Chemical adhesion is associated with the swapping of electrons between two materials (also
called ionic bonding), and dispersive adhesion includes van der Waals forces. When biological systems are involved the term “bioadhesion” is commonly in use.

A.5. BIOFILM MECHANICS AND MATERIAL PROPERTIES

23

Cohesion
Cohesion on the other hand describes the sticking of similar materials to one another (for
example EPS to EPS). In hydraulic engineering, cohesion and cohesive effects are often associated with the attraction between fine particles (e.g. clay) by electro-chemical forces (van
der Waals forces, electrostatic attraction, Jumars and Nowell (1984)). Hypothetically, cohesive forces (EPS-EPS) might also play a decisive role in biostabilization, especially when
bio-mats6 are considered (Vignaga et al., 2012).
It is generally of no doubt that biofilms cause both, adhesive (EPS-substratum) as well as cohesive (EPS-EPS) effects. But it is not clear which effect dominates in stabilizing sediments7 .
Even a combined biostabilization-effect (cohesion and adhesion) cannot be excluded. Moreover, it is possible that other effects have a likewise (or higher) impact on biostabilization
(destabilization by gas bubbles, the variation of bulk density by growing biofilms or the effect
of changed floc sizes).
Data to confirm or discard single hypotheses on the impact of adhesion/cohesion is extremely scarce. In fact, to the authors’ knowledge, only one study compared cohesion measurements to the biostabilization potential of a cyanobacterial biofilm (Vignaga et al., 2012)
at a relevant scale. Considering adhesion some studies were performed (e.g. Lubarsky et
al., 2010, 2012; Gerbersdorf et al., 2009), but the results are of little use to quantify the
effect of mechanical adhesion on biostabilization (in terms of critical bed shear stress) in
natural flows: In these studies a proxy for adhesion was compared to data obtained with the
cohesive strength meter (CSM). As has been also noted by Black et al. (2001) the CSM is
not mimicking natural geophysical flows, where fluid forces are a combination of horizontal
and vertical components, as the CSM solely blasts a vertical jet on a surface to determine
an erosion threshold.
An indication of the specific role of adhesion/cohesion is provided by Vignaga et al. (2012).
In their study tensile tests were conducted on cyanobacterial biofilm-mats for both, biofilmonly samples and composite materials (i.e. biofilm + glass beads/sand). They report that
the composite materials were 3 . . . 6 times weaker than biofilm-only samples, concluding that
adhesion (between glass beads/sand and the biofilm) is weaker in bio-mats than cohesion
(EPS-EPS). The hint that adhesion is weaker than cohesion is further underlined by comparison of literature values on both effects. From the excellent review of Böl et al. (2013) on
advances in the mechanical characterization of biofilms it can be concluded that cohesion
values are in the range 100 . . . 105 N/m2 while adhesion values range between 10−1 . . . 102 N/m2 .
By assuming that biofilm-sediment matrices will fail at their weakest points, it can be hypothesized that this failure will occur at the sediment-EPS interface as the adhesion forces
6
7

Strong mats of bacteria/diatoms which are entrained as coherent patches on the cm2 scale.
To the authors’ knowledge only the publication of Grabowski et al. (2011) tries to shed a light on this aspect.
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are seemingly lower than the EPS-EPS bonds. This would mean that adhesion forces play
the more important role in biostabilization processes than cohesion forces. Still, more research is needed as the reported values generally vary over a wide range and are strongly
depending on the investigated scale and measuring method applied (as will be discussed
below).

A.5.3

Methods to determine adhesive properties

In recent years research on the adhesive/cohesive properties of biofilms has gained considerable momentum, reflected by the number of reviews that were published (e.g. Billings
et al., 2015; Böl et al., 2013; Guelon et al., 2011; Palacio & Bhushan, 2012; Garrett et al.,
2008; Otto, 2008).
These reviews agree on two aspects: That only little data on cohesion/adhesion is currently available (when considering the high heterogeneities of biofilms) and furthermore
these data differ considerably. Böl et al. (2013) explains these deviations by a) the structural heterogeneity of biofilms and b) the differences in the evaluation between the different
methods applied and c) the different length scales that were tested. Even though the authors
mention that investigations carried out at different scales can be beneficial for the development of complex mechanical models, it is intuitive to assume that material properties at the
nanoscale (as for example measured by atomic force microscopy (AFM) e.g. Ahimou et al.,
2007) are of little use in the context of biostabilization as the scale differs significantly from
the scale at which erosion processes are investigated. Consequently, Vignaga et al. (2012)
underlines the importance of considering the scales for biostabilization research.
Measuring material properties of biofilms is especially difficult as it requires customized testing equipment and procedures. Guelon et al. (2011) point out that biofilms are easily desiccated when exposed to air (which is often necessary for conducting the measurements)
and it is still unclear how this influences the material properties. Moreover, unlike liquids or
gels, biofilms cannot be poured into classical rheometers as they need substratum to grow
on. A number of “creative methods” (Guelon et al., 2011) have therefore been developed to
investigate material properties of (attached-) biofilms.
The focus of this thesis is on measuring adhesion forces, consequently the devices which
are currently available to obtain adhesion data are reviewed below, emphasizing their advantages/disadvantages related to the research objectives of this thesis and providing background information on how adhesion is traditionally measured. Guelon et al. (2011) and Böl
et al. (2013) provide extensive overviews on the different methods and obtained results and
according to them only 4 methods are actually capable of measuring (proxies for) adhesion
forces. These physical methods are briefly summarized in the following.
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Centrifugation device (Ohashi & Harada, 1994, 1996)
The study of Ohashi and Harada (1994) is considered pioneering as belonging to the earliest
work on biofilm mechanical testing. Using a centrifugation device Ohashi and Harada (1994)
investigated the adhesion strength of denitrifiers attached to a plate and cultivated in an open
channel reactor. Moreover, a number of different other parameters were measured (e.g.
biofilm thickness, -viscosity and EPS). Investigations were carried out on young developing
biofilms and the results are related to the time of growth. Figure A.6 is a schematic diagram
of the centrifugation device.

Figure A.6 Schematic drawing of the centrifugation device and the acting forces to measure the
adhesion strength of biofilm attached to plates. (modified from Ohashi & Harada, 1994). Left: the
plates with biofilms attached are rotated around a vertical axis. Right: the forces acting on the biofilm
due to centrifugation. At detachment (b) the horizontally directed centrifugation force m · g1 exceeds
the reaction force F1 (further details on calculating the adhesion force are given in the text).

The sample is fixed perpendicular to a rotary table. Detachment is caused by the centrifugal
acceleration mg1 (see Figure A.6 Right). The adhesion strength (f ) is then calculated from
the reaction or centripetal force Fc at the event of detachment as8 :

f=

Fc
Ac

(A.2)

where Ac is the contact area of the detached biofilm (b-b, see Figure A.6 Right a)). In their
first study Ohashi and Harada (1994) reported the resulting strength of adhesion to range
between 0 . . . 49 N/m2 and between 0 · · · > 8 N/m2 (the upper limit of the measuring device was
reached) in (Ohashi & Harada, 1996) for the same type of biofilm, but with differences in
cultivation time and hydrodynamic conditions. Ohashi and Harada (1994) reported that adhesion strength increases with time of cultivation and with biofilm depth (low at the surface,
high at the sediment/biofilm interface). Concerning the experimental procedure, a number
of critical points are raised by Böl et al. (2013) resulting in a relatively low reliability of the
obtained data.
8

This definition is further used in this study to calculate the surface adhesion As,30 , as will be explained in
Chapter C
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Micromanipulation (Chen et al., 1998, 2005)
Micromanipulators are devices consisting of one or more axes and a motor which controls
the movement of the axes in a very precise manner. These devices have been used in a
number of studies on testing of biofilm-mechanics (e.g. micro-indentation technique, see
Guelon et al., 2011).
In the studies of Chen et al. (1998) and Chen et al. (2005) a micromanipulator is connected
to a specially designed T-shaped probe to investigate the strength of adhesion of a biofouling
deposit produced by P. fluorescens biofilms either on the inner surface of a pipe (Chen et al.,
1998) or on a glass test stud (Chen et al., 2005). The basic principle is illustrated in Figure
A.7.

Figure A.7 Diagrammetric representation of the setup to investigate adhesion with a T-shaped
probe (modified after Chen et al., 1998)

The biofilm on the test object is pulled away horizontally by the T-shaped probe and the force
imposed on the biofilm is measured. The strength of adhesion (σ [J/m2 ]) is herein defined as
the work (W [J]) per unit area (α · A [m2 ]) required to pull away the biofilms from the surface
(Chen et al., 2005):

W
σ=
αA · A

Z
and

tQ

F dt

W =v

(A.3)

tP

with αA being a factor for the fraction of the area covered by biofilm, F is the force measured
at time t needed to move the probe from point P to Q and A is the area of the glass stud. W
is the work required to remove the biofilm from the glass stud (over the distance P Q with the
time ∆tP Q = tP − tQ needed at constant probe pulling speed v[m/s]).
Their results suggest an impact of growing conditions on the adhesive strength. Chen et al.
(2005) found a higher adhesive strength for biofilms e.g. cultivated at higher flow velocities,
having higher suspended cell concentrations and surface roughness, with flow velocities
being the most significant impact. Biofilm age (between days 10-20 of cultivation) did not
considerably influence the adhesive strength , while a slight increase was measurable after
day 20. The adhesive strength ranged between 0.06 . . . 1.0 Nm/m2 . A critical point related to
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the measuring setup is raised by Böl et al. (2013) who argue that it is not clear whether the
results will change if differently thick biofilms are tested.
Microjet impingement (Kreth et al., 2004)
Microjet impingement describes a method where adhesives are removed by a fluid jet directed normally to the surface (see Figure A.8 Left). The forces (i.e. shear stress and
pressure) acting on the biofilm due to the vertical jet have been evaluated numerically (inter
alia by Deshpande & Vaishnav, 1983) for different Reynolds numbers, jet heights, fluid flow
rates (see Figure A.8 Right).

Figure A.8 Schematic drawing of the microject impingement device and forces (from Böl et al.,
2013). Left: A vertical jet of fluid is directed on a biofilm surface to detach the biofilm. Right: The
distribution of pressure and wall shear stress (not to scale) exerted by the jet after Deshpande and
Vaishnav (1983)

Kreth et al. (2004) use the shear stress experienced at the perimeter of the removed biofilm
surface as a proxy for biofilm adhesion strength. In their study, the fluid (phosphate buffered
saline) is delivered via a ∅ = 0.2 mm nozzle at a vertical distance to the surface of 0.4 mm.
The imposed flow rate of 0.077 ml/s is applied for 5 s and the area of lesion is determined by
image analysis. Kreth et al. (2004) studied the impact of sucrose (a sugar) concentration on
the shear stress needed to detach the biofilm. They reported that the critical shear stress
increased with sucrose concentration (ranging between 20 . . . 640 N/m2 ) in a non-linear fashion. According to Böl et al. (2013) one drawback of the method is that the results depend
on e.g. the duration of exposure of the jet. A material characteristic (e.g. adhesion) on the
other hand, is per definition independent from applied loads.
Atomic force microscopy (AFM) (Lau et al., 2009)
Atomic force microscopy (AFM) was originally developed for topographical measurements
up to the sub nanometer scale (Israelachvili, 2011). In principle, a small tip attached to the
end of a cantilever is moved along a surface following its contour. The movement of the tip
is recorded by the displaced reflection of a laser beam projected on the tip. Furthermore
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the normal and/or lateral forces acting on the tip are measured with a high sensitivity of
around 1 . . . 10 pN=(1
ˆ . . . 10) × 10−12 N (Israelachvili, 2011). AFM can be used for a number
of different investigations (topographical, mechanical and manipulative) and is also applied
for characterizing mechanical properties of biofilms at scales of nanometers. One example
is the study of Lau et al. (2009) who presented a new approach named the “microbead force
spectroscopy”. A biofilm-coated glass bead (∅ = 50 µm, thickness of biofilm = 0.5 . . . 3 µm)
is attached to the cantilever and pressed on a glass surface with a specific load (see figure
A.9) and for a specified period of time.

Figure A.9 Diagrammetric representation of the method to measure adhesion based on atomic
force microscopy and applied by Lau et al. (2009) (modified from Lau et al., 2009). A biofilm-coated
microbead is first pressed on a surface. Subsequently the microbead is retracted and the force
needed is plotted against the separation distance to obtain the adhesion force.

The tip is then retracted at different specified velocities. Force-separation plots (force plots)
were generated for a great number of experimental conditions and evaluated to determine
the adhesive force (Fadh in nN). The adhesive pressure is then calculated by dividing Fadh
by the time dependent area of contact. In this case the contact area was calculated based
on Hertzian theory (for a comprehensive overview on Hertzian and JKR theory, see Israelachvili, 2011). Lau et al. (2009) reported that average adhesive pressures decreased
during maturation (0 to 3 days) for two types of P. aeruginosa biofilms. Adhesive pressures
ranged from 19 . . . 330 N/m2 .
Summary
Most of the methods described above are based on the same principle; to remove the biofilm
from a surface with a known force and relating that force to the area of contact between the
biofilm and the surface. In this way, the material property adhesion can be calculated. The
methods differ in that they measure adhesion at different scales and with completely different mechanisms (adapted to the specific research objectives) resulting in adhesion values
that span orders of magnitude (see Table A.3 for a summary).
What these methods have in common is that they require a mechanical failure of the biofilm
and in some cases, they are not appropriate for measurements on mixed materials (e.g.
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Table A.3 Overview on different methods to measure biofilm-adhesion forces and results from literature (updated from Böl et al., 2013).
Parameter

Range

Magnitude

Unit

Reference

0.0 . . . 4.9

101

N/m2

Ohashi and Harada (1994)

0.0 . . . (> 8.0)

100

N/m2

Ohashi and Harada (1996)

0.6 . . . 2.0

10−1

Nm/m2

Chen et al. (1998)

0.0 . . . 1.0

0

10

Nm/m

Chen et al. (2005)

0.2 . . . 6.4

102

N/m2

Kreth et al. (2004)

1.9 . . . 33

101

N/m2

Lau et al. (2009)

0.2 . . . 1.5

101

mTesla

Larson et al. (2009)

Adhesion coefficient

0.0 . . . 2.5

100

N/m2

Righetti and Lucarelli (2007)

Adhesion coefficient

2.0 . . . 11.0

100

N/m2

Righetti and Lucarelli (2010)

0

Dade et al. (1990)
Fang et al. (2014)

Centrifugation device
Adhesion strength
Tensile strength
Micromanipulation
Adhesive strength
Adhesive strength

2

Microjet impingement
Adhesive strength

Atomic force microscopy
Adhesion pressure
MagPI
Surface adhesion
Model application

Adhesive strength

0.4 . . . 4.5

10

N/m2

Adhesion coefficient

1.5 . . . 3.0

100

N/m2

biofilm-sediment) as the samples must grow on surfaces that can be fixed to the devices
(e.g. micro manipulation, centrifugation). In other cases, sediments would greatly influence
the measuring results (e.g. micro jet impingement). In fact, the described methods could be
used to complement data on biofilm adhesion, but they are not appropriate for the continuous monitoring of biofilm-sediment matrix adhesion on an appropriate scale (either sediment
or erosion-process scale) investigated in this study. For this specific purpose the MagPI has
excellent basic prerequisites (as described below).
For the sake of completeness, table A.3 also includes results of mathematical models (see
“Model application”) initially developed to investigate the stability (τc ) of biostabilized sediments from sedimentological and adhesion parameters (Righetti & Lucarelli, 2007, 2010;
Dade et al., 1990; Fang et al., 2014). The proposed equations have been solved to determine the involved adhesion forces. A comparison of calculated (from the model) and
physically measured adhesion forces is still not available in current literature. The model
developed by Righetti and Lucarelli (2007) will be explained in detail in Section A.6 and its
application is described in Section E.
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Magnetic particle induction (MagPI) (Larson et al., 2009)
The MagPI is based on the principle that a number of magnetic particles which have been
recently placed on an adhesive surface are retrieved by an electromagnet at a known magnetic force (magnetic flux density MFD or B [mTesla]). Figure A.10 illustrates the measuring
principle of the MagPI.

Figure A.10 The measuring principle of the original MagPI after Larson et al. (2009). Left: ferromagnetic particles are carefully placed on an adhesive surface. Middle: An electromagnet is positioned at a defined vertical distance from the particles. Right: The electric current of the magnet is
increased and the particles are retrieved. A human operator observes the gradual detachment of the
particles and relates it to predefined thresholds (e.g. “the first particle is retrieved”, “the last particle is
retrieved”). These thresholds are then related to the magnetic forces which are considered as proxies
for adhesion.

All measurements are conducted under water. When a particle jumps up at a given magnetic
force, the retaining (i.e. adhesive) force of the surface is exceeded and the corresponding
magnetic flux density is a proxy for surface adhesiveness. Due to reasons, which have not
been discussed by Larson et al. (2009), not all particles are attracted simultaneously at a
given MFD. Instead particle retrieving is a gradual process over a wide range of magnetic
flux densities. Consequently, Larson et al. (2009) introduced four thresholds, each indicative
of a different property of the surface. These thresholds (A: “initial orientation” of particles, B:
“first particle is attracted”, C: “a small number of particles (around 5) are attracted” and D:
“total removal of particles”) are evaluated by a human operator.
The idea of the MagPI is unique in that it is nearly non-destructive, it can be applied in-situ
(a permanent magnet was also tested for that purpose but even the electromagnet setup
is highly transportable) and under water (important as biofilms easily get desiccated). Its
application is relatively easy and quick: an important feature in biostabilization research to
account for the biofilms heterogeneity. Breaking down the principle of attracting a number of
particles (n = number of particles) at a time, each single measurement provides n data on
surface adhesion on a scale similar to the sediment size. Additionally, the MagPI is highly
flexible, as the magnetic particle size can be adjusted to the size of the investigated sediments for different research purposes. These advantages have inspired a number of studies
on biofilm adhesiveness to use the MagPI (e.g. Lubarsky et al., 2010, 2012; Anderson et
al., 2011; Gerbersdorf et al., 2009).
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However, the MagPI is still in its infancy as a number of issues remain unclear: The most
critical issue concerns the calibration. In most of the aforementioned studies the magnetic
flux density (MFD) of the electromagnet is employed as a proxy for adhesion. The MFD
describes the strength of the magnetic field of the electromagnet but not the interaction between the electromagnet and the magnetic particles. The magnetic particles, however, may
have magnetic properties (i.e. their capability of being attracted) varying over a wide range.
Using the same electromagnet but employing different particles will not change the MFD,
but may influence the results significantly. For example, particles which are more easily to
be attracted will require a much lower MFD compared to other particles on the very same
adhesive surface. This prohibits the comparability of values for adhesion between different
laboratories when different particles (with undefined magnetic properties) and/or different
particle size ranges are used. A first step into considering the mechanical forces has been
done in Gerbersdorf et al. (2009) by measuring the combined lift force of several particles
with a laboratory scale.
The second issue is also related to the calibration and concerns the unit of results (B in [mT]),
which is not useful in the context of mechanical modeling (Vignaga et al., 2012) and currently
prohibits a comparison to literature reported values of adhesion. Adhesion, as described
above and illustrated in table A.3 is usually a force per area of contact. Even, when considering the MFD to be a proxy for the force needed to retrieve the particles (for example, by
employing the very same electromagnet and the same particles as Larson et al., 2009) one
important piece of information is missing, as the area over which the adhesion forces act on
the magnetic particles is not considered. This information, however, is absolutely necessary
to meet the requirements of a “material property”: As outlined by Böl et al. (2013) “the results
of the characterization should be immanent to the material and independent of the applied
testing method”. A comparison between the forces needed to retrieve particles of different
sizes with different methods (MagPI and AFM) underlines the importance of relating these
forces to the contact area. As will be demonstrated for example in Part C, the force needed
by the electromagnet to retrieve a particle ∅ ≈ 150 µm is in the micro Newton range (10−6 N)
while the AFM force (for a biofilm-covered glass bead of ∅ ≈ 50 µm is in the nano Newton
range (10−9 N). A difference in the order of 103 N.
In the present study the MagPI is modified accordingly (see part C) and the modified version
is employed in experiments to relate the surface adhesion to the stabilization potential of
biofilms (see Parts D and E).

A.6

The critical shear stress for motion of sediments

As outlined in the beginning, sediment entrainment or erosion of sediments is one aspect of
the ETDC cycle (see Figure A.11) and since long times engineers are engaged with the task
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to set up models for predicting the erosion threshold of different types of sediments. This
is for practical reasons as a number of engineering structures and problems are related to
sediment transport (e.g. reservoir management, scour around piles, dredging for navigation
in channels and harbors, Noack et al., 2015). Moreover, understanding sediment stability
is crucial for understanding ecosystem processes/function (e.g. Gerbersdorf & Wieprecht,
2015; Owens et al., 2005) and contaminant transport (e.g. Heise & Förstner, 2007; Droppo,
2009, 2001).

Figure A.11 Schematic representation of the erosion, transportation, deposition and consolidation cycle and the contribution of biofilms (modified from Gerbersdorf & Wieprecht, 2015). Biofilms
on cohesive sediments impact sediment stability (erosion), the characteristics of suspended flocs
(transportation and deposition) and chemical changes during consolidation.

According to Gerbersdorf and Wieprecht (2015) biofilms that form on or between sediments
impact all components of the ETDC cycle. Sediment transportation and deposition, for example is another popular field of research as biofilms can significantly impact the characteristics of flocs (see e.g. Droppo et al., 1997; Black et al., 2001). Droppo (2001) mentions that
biological constituents may influence particle size, shape, density, porosity and composition of eroded sediments with effects on their mode of transportation (bed-load, suspended
load). However, as this thesis focuses on the erosion of biostabilized sediments (and not
their transport), these aspects will not be further discussed, even though, as will be demonstrated in the course of this thesis (especially in Part E), the geometries of eroded flocs will
play an important role.
While current models are well developed to predict erosion of clastic or granular (uniformly
sized) sediments, a generally accepted theory to predict the stability of either very fine sediments (d < 63 µm, additionally stabilized by electrochemical forces, see e.g. Dade et al.,
1992; Aberle et al., 2004) or biologically affected sediments (Grabowski et al., 2011; Le Hir
et al., 2007) is currently not available. This is further complicated by the fact that both effects are often to be found side by side in cohesive sediments as these sediments often
have high organic matter content (Dade et al., 1992; Aberle et al., 2004; Grabowski et al.,
2011). For the systematic investigation on biostabilization presented in this study, biofilms
are consequently cultivated on non-cohesive sediments to avoid complexity.
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This section firstly provides background information about one commonly applied model to
predict the stability of non-cohesive abiotic sediments (the Shields approach) followed by an
overview on the current state of the art in predicting biostabilization effects (subdivided into
empirical models and physics-based models to predict the erosion threshold).

A.6.1

The stability of uniform non-cohesive abiotic sediments

Sediment motion is initiated when the erosive forces exceed the resisting forces of the sediment. The erosive forces, in downstream and upward direction, are caused by the moving
fluid and typically denoted as the bed shear stress (τb ), which is inter alia depending on the
roughness of the sediment surface. A distinction can be made between two general cases:
Case 1, hydraulically smooth: The sediment size is small in comparison to the thickness of
the viscous sublayer (Particle Reynolds number Re∗ < 5 after Schlichting & Gersten, 2006)
such that the roughness elements are completely enclosed. Roughness of the surface has
no or little impact on the resistance to the flow and viscous shear stress plays a dominating
role. Case 2, hydraulically rough: The height of Roughness elements (e.g. sediments) is
larger than the thickness of the viscous sublayer, turbulent effects dominate over viscous
shear (Re∗ > 70 after Schlichting & Gersten, 2006). The flow separates behind the sediment
with a turbulent wake. The roughness of the surface has a significant effect on the resistance
to the flow. Moreover a transitional zone exists (5 < Re∗ < 70 after Schlichting & Gersten,
2006), where both effects play a role. The particle Reynolds Re∗ number is calculated as:

Re∗ =

u∗ d
ν

with the shear velocity u∗ =
ν is the kinematic viscosity.

(A.4)
p

τb/ρ,

where ρ is the fluid density, d is the particle diameter and

Generally, the fluid forces can be divided into a horizontal drag component (FD ) and a vertical lift component (FL ). The resisting forces of the sediment are the particle submerged
weight (FG ) and contact forces between the particle and adjacent/underlying particles (see
Figure A.12).
Balance of forces for a single particle exposed to the flow
In order to derive the incipient motion of a single particle an analysis of the balance of
forces is useful, and serving as a basis for studies on sediment entrainment under different
conditions (e.g. for heterogeneous sediments: Wiberg & Smith, 1987 or for biostabilized
sediments: Righetti & Lucarelli, 2007, as will be demonstrated in Section A.6.3).
Figure A.12 illustrates schematically the forces that act on a single particle exposed to a fluid
in motion. Frictional forces between the particles are not considered here. In other words,
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the particle pivots around point P in the direction of easiest movement (Southard, 2006) instead of sliding on the adjacent particles.

Figure A.12 Forces balance on a spherical sediment at the surface of a bed (modified after Righetti
& Lucarelli, 2007)

Furthermore the lift force due to fluid flow is neglected (as was done by Shields, 1936) and
a horizontal bed is assumed. Calculating the balance of forces at the initiation of movement,
the overturning moment (due to drag) as well as the restoring moment (due to gravity) around
point P, yields:

a1 · (FG sin α) = a2 · (FD cos α)

(A.5)

with α the angle between the horizontal bed and the direction of easiest movement of a
particle, a1 and a2 are here the normal distances to the point P and are depending on the
particle geometries and in case of a2 also on the characteristics of the flow (due to the
complex distribution of pressure and viscous shear on the surface of the particle the exact
position of FD is unknown (Southard, 2006)). FG can be written as:

FG = c1 · d3 (ρs − ρ)g

(A.6)

where c1 is a particle-shape parameter and (ρs − ρ) is the difference in densities of the
particle and the fluid. Equation A.7 on the other hand further defines the drag force of the
fluid as depending on the square of the particle diameter d, the bed shear stress at initiation
of motion τc and c2 - a coefficient taking the variation of drag on the surface into account, as
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well as the geometry and packing of the particles (Southard, 2006):

F D = c2 · d 2 τ c

(A.7)

Substitution of equations A.6 and A.7 into equation A.5 and solving for the critical bed shear
stress (τc ) yields:

τc =

a1 c1
(ρs − ρ)gd tan α
a2 c 2

(A.8)

According to Southard (2006) division of both sides by (ρs − ρ)gd the Equation A.8 is made
dimensionless, which yields the Shields parameter ΘC :

ΘC =

τc
a1 c 1
=
tan α = f (Re∗)
(ρs − ρ)gd
a2 c 2

(A.9)

which will be further discussed in the following paragraphs. It is important to note that the described model is an oversimplification of erosion under strictly idealized conditions. Still, this
model is the basis for the commonly applied Shields equation and a number of modifications
hereof. The right hand side of equation A.9 further demonstrates that the Shields parameter
is depending on the particle geometries but also the distribution of pressure and viscous
shear which in itself can be expressed as a function of the particle Reynolds number Re∗ or
as a function of the dimensionless particle characteristic diameter d∗ . Before discussing the
Shields approach, two other famous plots explaining the relationship between the particle
diameter and erosion/deposition are briefly explained.
The Hjulstrøm and Postma diagrams (Hjulstrom, 1939; Postma, 1967)
An intuitive approach to investigate sediment dynamics is to relate the mean flow velocity to
the particle size as both parameters are relatively easy to determine (in the laboratory as
well as in-situ). Figure A.13 Left illustrates such a relationship as was published in the early
work of Hjulstrom (1939).
An advantage of this plot is that it readily illustrates the common perception that higher mean
flow velocities are needed for erosion as the particle size increases. The same holds true for
decreasing particle sizes. Hjulstrom (1939) explained the latter phenomenon by the cohesive
effects of very fine material. In fact, electrochemical forces such as van der Waals forces,
are responsible for the cohesion between e.g. the clay particles (Grabowski et al., 2011).
Additionally, fine sediments are composed of organic materials such as living organisms,
detritus, fecal pellets, extracellular polymeric substances (EPS), and organic colloids, which
impact sediment stability to a more or less degree (Grabowski et al., 2011). It is noteworthy
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Figure A.13 Popular diagrams relating the mean velocity to sediment transport (after Grabowski
et al., 2011). Left: The Hjulstrøm diagram (Hjulstrom, 1939). Right: The Postma diagram (Postma,
1967)

that, these constituents not only increase the biostabilization potential, as biodestabilization
due to bioturbation of e.g. burrowing worms is also possible (Meysman et al., 2006).
Besides these biological impacts, it has been demonstrated in a number of studies (e.g.
Jepsen et al., 1997) that the bulk density or water content can have a decisive effect on the
stabilization potential. Accounting for these “density-effects” the Postma plot (Figure A.13
Right) has been developed (Postma, 1967). It illustrates that for fine sediments, the mean
velocity necessary to erode sediments increases with decreasing water content which is well
in line with the general trend reported in literature (Grabowski et al., 2011).
The information that is provided by these two diagrams is somewhat misleading concerning
the quantitative predictability of erosion thresholds from these measured variables especially
for the fine sediment fraction: 1. The data for particles < 100 µm is based on observations
rather than on empirical data (Dade et al., 1992) 2. the processes in the fine sediment region are too complex to be expressed in this simple form (comprehensive lists of parameters
which might influence stability are available in e.g. Berlamont et al., 1993; Grabowski et al.,
2011) and 3. while it seems appealing to use a depth averaged velocity, this parameter is
insufficient to describe the complex interactions between hydrodynamics and roughness in
the near bed region. As a consequence, these plots predominantly serve illustrative purposes and “no great numerical value should be attached to [the left side of these figures]...”
as fairly mentioned also by Postma (1967) (Dade et al., 1992).
The Shields approach (Shields, 1936)
In the 1930’s the American engineer A. Shields published his seminal work “Anwendung der
Ähnlichkeitsmechanik und der Turbulenzforschung auf die Geschiebebewegung” (Shields,
1936) based on dimensional analysis and fluid mechanics considerations. The famous
Shields diagram (see Figure A.14) has since then been applied and modified frequently
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(Miedema, 2010).
As outlined before (see equation A.9) the Shields parameter Θ depends on the critical shear
stress τc , the difference between the sediment density and the fluid density ρs − ρ, as well
as the gravity g and the particle diameter d. The diagram (Figure A.14) illustrates that Θ can
be expressed as a function of the particle Reynolds number (see equation A.4). Taking into
account the scattering of his experimental results Shields (1936) presented his curve as a
range (the dotted area in Figure A.14) rather than a direct functional relationship.

Figure A.14 The Shields diagram (after Raudkivi, 1982)

At high particle Reynolds numbers (where the near bed hydrodynamics are characterized
by turbulence) the Shields parameter approaches asymptotically a value of ≈ 0.05 . . . 0.06.
On the other side of the diagram (the left side), Θ increases with decreasing Re∗ , indicative
for the additional binding forces for fine sediments due to electrochemical forces between
the grains but probably also due to biological binding. As outlined before, for Re∗ < 5 the
surface can be considered to be hydraulically smooth, as a result the particles are additionally “protected” from the impact of pressure forces caused by turbulence (outweighed by the
cohesive/adhesive forces). At Re∗ ≈ 10 (corresponding to the transitional zone) the Shields
parameter reaches a minimum (Θ ≈ 0.03).
To construct the curve Shields (1936) conducted a number of flume experiments with differently sized sediments (0.85 . . . 3.4 mm) which also differed in their density (1.06 . . . 4.2 g/cm3 ).
The erosion threshold was calculated by means of measuring the rates of transport and extrapolation to the zero rate value (Southard, 2006). The data set on which the curve was
constructed is limited to 2 < Re∗ < 600 and rather uniformly sized sediments, furthermore
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the lift force was neglected. This inspired a number of further research and modifications of
the Shields curve (Wiberg & Smith, 1987; Raudkivi, 1982; Miller et al., 1977). Buffington and
Montgomery (1997) further demonstrated significant differences between an observational
determination of incipient motion and the reference bed load transport rate method.
Furthermore, different approaches have been made to parameterize the Shields curve (Miedema,
2010). One approach is a parameterization with a dimensionless characteristic diameter d∗ .
The following fit equation was introduced by Brownlie (1981), based on the Bonneville parameter:

∗−0.9

ΘC (d∗ ) = 0.22d∗−0.9 + 0.06e−17.77∗d

(A.10)

with d∗ = d(g∆/ν 2 )1/3 and the relative density of the particle ∆ = (ρs −ρ)/ρ. There are numerous
other fit equations published (e.g. Wu & Wang, 1999). In this study the “Brownlie fit” will be
used following the approach of Righetti and Lucarelli (2007) to modify the Shields approach
taking into account cohesive/adhesive forces (see Section A.6.3 and Part E).

A.6.2

The stability of biostabilized sediments

As outlined above, the traditional (and mostly accepted) theories to predict the stability of
sediments are limited to non-cohesive abiotic sediments therefore new approaches have to
be developed for biostabilized sediments. According to Grabowski et al. (2011) “the development of a unifying equation to predict erodibility [of cohesive biotic sediments] based on
sediment properties is difficult, if not impossible, because of a lack of a complete mechanistic understanding of how the key sediment properties interact to influence erodibility”. In this
regard, the list of key properties is long (Grabowski et al., 2011; Berlamont et al., 1993), and
further extending depending on the disciplines involved.
Moreover, Grabowski et al. (2011) explicitly recommends laboratory experiments where the
environmental conditions can be controlled as a ranking of the key sediment properties is
impeded so far by the great variability of site specific properties measured in-situ (a combination of physical, geochemical, and biological properties). This conclusion is perfectly in
line with Le Hir et al. (2007) who published an insightful review on the state of the art in
predicting the erodibility of biostabilized sediments (at that time) to account for biota effects
in sediment transport modeling.
Nevertheless, an overview on the different approaches to predict biostabilization based on
biological and/or physical properties is presented below with the aim to inform the reader
about the progress that has recently been made but also the drawbacks of individual approaches. This section is divided into two paragraphs: empirical models and physics-based
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models, following the structure of Grabowski et al. (2011).
Empirical approaches
In the context of this thesis, empirical approaches are defined as investigating the correlation
between different measurements or observations and sediment stability, without necessarily being physically correct. In most such approaches one or more sediment properties
(e.g. EPS) that are believed to be a proxy for a physical phenomenon (e.g. the binding
between grains, De Brouwer et al., 2002), are correlated to the critical bed shear stress.
This approach has considerable advantages over physics-based models as the number of
parameters that must be investigated could be hypothetically lower, the measuring methods
well established and their results can be evaluated quickly.
One example for an empirical model is relating the chl a (chlorophyll a) content to sediment
stability as was frequently done in the beginning of the 21st century. This approach is especially interesting as chl a can be mapped via remote sensing (Le Hir et al., 2007), which
would allow to predict sediment stability quickly and over large areas. Lucas et al. (2003)
showed that chl a content is a reasonable measure for colloidal carbohydrate content and
furthermore, both chl a and collodial carbohydrates were high when the threshold for erosion was high. Widdows et al. (2000) deployed a small annular flume on a research vessel
to conduct erosion tests and found that both chl a/colloidal carbohydrate had a significant
correlation to sediment stability.
Still, the correlation between chl a/carbohydrates and erosion threshold seems to be ambigious. Riethmüller et al. (2000), studied areas of tidal flats of the Danish and German
Wadden Sea by means of chl a content, analysis of the microphytobenthos composition
and erosion measurements with a round shaped mesocosm. Their results indicate that the
relationship between chl a and erosion threshold is highly site specific to be explained by
differences in the microbial community and intensity of surface reworking (by e.g. grazing).
This is well in line with the meta analysis of Le Hir et al. (2007), who conclude that no universal relationship can be established between chl a content and erodibility. Please see also
Figure A.16 illustrating the spatial differences between the correlation chl a - erosion threshold at different stations of the German Wadden Sea and additional information from other
sources.
According to Le Hir et al. (2007) this deficit can be explained by the sampling procedure
for chl a determination, inconsistencies in the method to determine the stability and (spatial/temporal) differences in physical properties of the sediments (rheology, water content,
etc.). Considering the latter, a more reasonable approach would be a multivariate regression, considering more than one parameter to estimate the biostabilization potential. Friend
et al. (2003) conducted a principle component analysis (PCA) and reported that not chl a but
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Figure A.15 The relationship between chlorophyll a and the critical bed shear stress studied at
different stations (abbreviated by “Sta.”) located in an intertidal flat (data from Lanuru, 2004, diagram
after Le Hir et al., 2007). The solid line is the corresponding linear regression. Additional regression
curves from literature. Dashed line: Defew et al. (2003). Dotted line: Riethmüller et al. (1998).

both elevation (above mean low water spring) as well as colloidal carbohydrates are the best
predictors for biostabilization. Additionally, Yallop et al. (2000) presented a preliminary multivariate regression model to predict the erosion threshold from chl a, colloidal-S EPS and
water content. These approaches may be especially useful in investigating the importance
of potential impacts on stabilization and to identify key sediment properties (Grabowski et
al., 2011). Nevertheless, a prerequisite for such an analysis is comparability between the different methods and techniques (Grabowski et al., 2011) applied in biostabilization research.
Physics-based approaches
According to Grabowski et al. (2011) considerable progress has been made recently towards
the development of physics-based models to predict biostabilization. These models try to
explain the mechanical failure of biofilm-sediment matrices from a physical point of view,
analogous to models on predicting abiotic non-cohesive sediment entrainment (e.g. the
Shields approach, as presented above). It is noteworthy though that even the physics-based
models rely on empirical parameters. For example, the Shields parameter is empirical as it
summarizes effects which cannot be measured accurately (at least to solve the problem for
a natural heterogeneous bed and turbulent flow).
Still, the basic principles of sediment erosion are known and only little militates against
adapting the theories to biostabilization (the exceptions will be discussed later) by introducing adhesion/cohesion effects and testing them (Grabowski et al., 2011).
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Dade et al. (1992)
Probably the first physics-based model for biostabilization was introduced by Dade et al.
(1992). The model is based on the balance of forces between hydrodynamics and the resisting forces of a single particle on a geometrically flat bed. The forces under considerations
are: the immersed weight of the grain, net particle adhesive/cohesive forces, the drag and
lift forces and the particle packing angle. Dade et al. (1992) developed their model on the
assumption of a hydraulically smooth bed (Re∗ < 3) as particles are small relative to the
thickness of the viscous boundary layer. Their mathematical expression contains a term,
namely FA/FG that relates the particle-specific adhesive force, FA [N/grain] to the immersed
weight of a grain (FG [N/grain]). In a previous study (Dade et al., 1990) evaluated the results
of erosion measurements on quartz grains mixed with either extracted exopolymers or in-situ
secreted polymers from the culture of Pseudomonas Atlantica to estimate the FA/FG ranging
between 0.9 . . . 11.4 (in Table A.3 the FA was divided by the surface area of one quartz grain
to present comparable values). According to Dade et al. (1992) a ratio FA/FG > 1 indicates
that erosion resistance is primarily due to particle interaction, while for FA/FG < 1 both gravitational forces and adhesion/cohesion is responsible. Further Dade et al. (1992) promote
the use of yield stress measurements to determine FA , an interesting approach that is yet to
be tested, but probably not applicable to natural biostabilized sediments which are naturally
highly heterogeneous.
Fang et al. (2014)
In 2014 Fang et al. (2014) reported on two approaches to predict the erosion threshold of
biostabilized sediment. While the model, considering the rolling of biostabilized aggregates,
is basically identical with the model that will be discussed below (Righetti & Lucarelli, 2007)
the second approach considers sliding. Consequently Fang et al. (2014) introduced an additional frictional force which they accounted for by the use of film water theory. By conducting
experiments in a straight flume Fang et al. (2014) calculated the adhesion coefficient that
ranged between 0.4 . . . 4.5 N/m2 for biofilms cultivated on two differently sized sediments.
Vignaga et al. (2013)
The approach described by Vignaga et al. (2013) differs significantly from all other discussed
approaches. Vignaga et al. (2013) assume that the traditional models (at incipient motion the
bed failure is characterized by rolling, sliding or lifting of single grains) fail in describing the
process of “biofilm-mat” erosion. A “biofilm-mat” is one specific type of biofilm (gelatinous, as
a “carpet” on top of the bed, see Figure A.16) which is to be found in marine environments9 .
Vignaga et al. (2013) reported that the biofilm-bound mat oscillates in the flow at increasing flow velocities until it suddenly fails. In their model they accounted for that behavior
9

This type of biofilm has also been observed during the experiments of this thesis; its erosion mechanism
is described in Part B
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Figure A.16 Schematic diagram of oscillations of a biofilm-mat caused by fluid flow (modified after
Vignaga et al., 2013)

by means of an oscillating membrane and found that the “the horizontal length scale over
which oscillations occur is a controlling factor for incipient sediment entrainment”. While the
development of the model may greatly assist in understanding bio-mat failure, it is questionable if the proposed model is (at the current time) of practical engineering relevance, as the
proposed variables the model relies on, can currently only be measured under laboratory
conditions.

A.6.3

The modified Shields approach after Righetti and Lucarelli (2007)

In 2007 Righetti and Lucarelli published their paper with the title: “May the Shields theory
be extended to cohesive and adhesive benthic sediments?”. Righetti and Lucarelli (2007)
modified the Shields approach by further considering adhesive and cohesive forces together
with the near-bed hydraulic conditions. Righetti and Lucarelli (2007) emphasize that the proposed approach complies with dimensional analysis - a critical point which was raised in the
discussion by You (2004) on the seminal publication of Lick et al. (2004) and which is a basis
for the modified Shields approach for Righetti and Lucarelli (2007).
Particularly interesting is that the proposed approach considers aggregates/flocs properties
instead of primary particles (Grabowski et al., 2011). By carefully evaluating data obtained
from sediment cores (including: the critical bed shear stress τc , macroaggregate density ρb
and macroaggregate diameter D), they were able to calculate an adhesion coefficient (A,
which will be later on referred to as the effective adhesion Aef f ) which they then correlated
to the organic matter content (OM) of the samples. In a follow up study Righetti and Lucarelli (2010) took samples of three more alpine lakes at different seasons to demonstrate
seasonal differences.
The modified Shields model will be applied in Section E of this thesis by correlating real measured surface adhesion with the adhesion coefficient. The theoretical background is given
below. It is important to note, that the proposed model comprises both terms for adhesive as
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well as cohesive effects. Righetti and Lucarelli (2007), however defined “cohesion” only “as
the result of attractive van der Waals interactions between particles of the same medium,
saturated with clear water”, while “the adhesion can be defined as any additional binding
forces due to variation in composition of the second interparticle medium [e.g. the biofilm],
with respect to the clear water”. In fact, this defintion is unclear, as the binding between
flocs, can, besides the mentioned cohesive van der Waals forces between primary particles
and the adhesive forces between particles and EPS, also originate from bio-cohesive forces
between EPS-EPS.
In this thesis, however, the cohesive EPS-EPS forces are likewise neglected (as was also
done by Righetti and Lucarelli (2007, 2010)), as the focus is on measuring sediment-EPS
adhesion. Still, for future research, it is highly recommended to also identify cohesive EPSEPS interactions to unravel the phenomenon of biostabilization.
Following the definition of Righetti and Lucarelli (2007), the cohesive (particle-particle) term
is irrelevant to this study, as the biofilm is cultivated on non-cohesive glass beads (100 <
d < 200 µm). Therefore, the model will be explained focusing solely on the adhesive and excluding the cohesive term (this is possible, and has also been done by Righetti and Lucarelli
(2010), as the approach is dimensionally consistent).
Theoretical framework for adhesive individual particle entrainment
Figure A.17 shows the resisting (the submerged gravitational force: FG ) and external forces
(lift force: FL and drag force: FD ) on a single particle (as already discussed in Section A.6.1)
considering additionally a vertical adhesive force FA .
The particle is expected to pivot around point P at initiation of movement. The balance of
forces around point P is then:

FD · b = (FG + FA − FL ) · a

(A.11)

with a, b the normal distances to point P. Further FG can be defined as FG = (ρs − ρ)gα3 d3 as
the volume of the particle is proportional to α3 d3 , where α3 is a shape factor that is assumed
to be equal to π/6 for near spherical particles. The drag and the lift force can be expressed
by means of the shear velocity:

2

FD = C1 ρu∗ d2

(A.12)

FL = ηFD

(A.13)
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Figure A.17 Forces balance on a spherical grain at the surface of a bed considering additionally
adhesive forces (modified after Righetti & Lucarelli, 2007)

with C1 , η being appropriate functions of Re∗ (see Righetti & Lucarelli, 2007). The shear
p
velocity is defined as u∗ = τb/ρ. Combining equation A.11 with A.12 and A.13 and the
definition of u∗ yields:

τc
α3 a/b
=
(ρs − ρ)gd
(1 + η a/b)C1



1
FA
1+
α3 (ρs − ρ)gd3


(A.14)

Neglecting the adhesion force (i.e. FA = 0) yields the traditional Shields parameter (here
renamed to ΘC0 as ΘC is now a combination of the traditional ΘC0 and an adhesive contribution):

ΘC0 (d∗ ) =

α3 a/b
(1 + η a/b)C1

(A.15)

where d∗ can be calculated from the fit equation developed by Brownlie (equation A.10).
Substitution of A.15 into A.14 yields:

τc
ΘC0 (d∗ )
FA
= ΘC0 (d∗ ) +
(ρs − ρ)gd
α3 (ρs − ρ)gd3

(A.16)

So far, FA is the binding force of a single grain to its surrounding material and the direction
of that force is vertical. One can easily imagine, that FA depends not only on the adhesion
but also on the size of the grain. For example, a larger grain has a larger area of contact to
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the surrounding adhesive material and consequently, the adhesive force FA is also greater.
After Lick et al. (2004) the adhesion scales with the square of the particle diameter:

FA = Aef f · d2

(A.17)

where Aef f [N/m2 ] is the adhesion coefficient as defined by Righetti and Lucarelli (2007). It is
intuitive to assume that more parameters, besides the diameter and the adhesion, influence
the adhesive force FA . One example would be the surface morphology and -chemistry of
the grain (see e.g. Palacio & Bhushan, 2012; Zafar et al., 2014). Therefore Aef f shall be
treated as an “effective” adhesion, incorporating all the aforementioned impacts (and probably more), which, multiplied with the square of the particle diameter gives the additional
vertically directed force due to adhesion. In contrast, a “real” adhesion is a material property which is immanent to the material and not depending on e.g. the characteristics of the
surface it sticks to (Böl et al., 2013). To be more clear about the difference between a (measured) “real” adhesion and Aef f , the adhesion coefficient is written with the index “ef f ” for
“effective”.
Theoretical framework for adhesive floc entrainment
According to Righetti and Lucarelli (2007) equation A.16 can likewise be applied for floc
erosion simply by replacing the particle diameter d with the aggregate/floc diameter D, d∗
with D∗ and the particle density ρs with the aggregate/floc bulk density ρb . Combining now
equation A.16 with equation A.17 and considering the above mentioned yields:

ΘC =

ΘC0 (D∗ )
Aef f
τc
= ΘC0 (D∗ ) +
(ρb − ρ)gD)
α3
(ρb − ρ)gD

(A.18)

or in a general form:

ΘC = ΘC0 (D∗ ) + ΘCA (D∗ )

with

ΘCA (D∗ ) =

ΘC0 (D∗ )
Aef f
α3
(ρb − ρ)gD

(A.19)

Equation A.19 illustrates that the additional contribution to the Shields parameter due to
adhesion ΘCA (D∗ ) can be calculated by the determination of the traditional Shields parameter for flocs (i.e. based on D∗ using the Brownlie fit, equation A.10) and subtraction from
τc
the measured ΘC = (ρb −ρ)gD
. Further, Aef f can be calculated by solving Equation A.19 Right.
Besides the development of the theoretical framework, Righetti and Lucarelli (2007) proposed an original method to evaluate data, based on a set of samples (sediment cores) they
took from different lakes. For the definition of the incipient motion threshold they applied
image processing on images of eroded flocs to obtain the total area of eroded flocs with bed
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shear stress. Further they used microscope pictures to obtain the eroded floc size distribution and defined a criterion for the macroaggregate size D (will be discussed in part E).
Their results clearly demonstrate the additional stability due to adhesive forces as compared
to the traditional Shields curve (see Figure A.18) as the measured ΘC is well above ΘC0 (D∗ ).

Figure A.18 Comparison between the “traditional” Shields curve and measured values of biostabilized sediments. The measured values are well above the traditional curve (from Righetti & Lucarelli,
2007)

By solving equation A.18 Righetti and Lucarelli (2007) calculated the adhesion coefficient
ranging between Aef f = 0 . . . 2.5 N/m2 , while in the follow up study (Righetti & Lucarelli, 2010)
adhesion coefficients between Aef f = 2 . . . 11 N/m2 were obtained. In both studies the adhesional effects were related to the production of EPS in biofilms.

Part B
BIOSTABILIZATION UNDER DIFFERENT
ENVIRONMENTAL CONDITIONS
This part is a slightly modified version of Thom et al. (2015a)
Biofilms consisting of microphytobenthos (e.g., diatoms, cyanobacteria), heterotrophic bacteria, and their secreted extracellular polymeric substances (EPS), grow on boundary surfaces, for instance on the river bed. The EPS matrix fulfills various ecological functions
for the microbes (Flemming & Wingender, 2010) and the adhesive properties of the polymers “virtually glue sediment particles together” to increase bed stability (Gerbersdorf &
Wieprecht, 2015); a process named biostabilization (Paterson, 1989). These binding forces
depend on EPS quantity and quality, both of which are influenced by numerous biotic (succession, grazing, competition, etc.) and abiotic (light regime, hydrodynamic regime, temperature, nutrients, sediment composition, etc.) parameters. Complex mutual feedback mechanisms between biofilm growth and the environmental conditions impeded so far the general
understanding of the phenomenon biostabilization. Consequently, to date, no reliable model
exists to predict biostabilization in a morphological context (Grabowski et al., 2011).
The DFG (Deutsche Forschungsgemeinschaft) project “Sediment entrainment and flocculation mediated by microbial produced extracellular polymeric substances (EPS)” combines
hydraulic engineering and (micro-) biological science to investigate biostabilization in different niches of freshwater with the long-term goal to develop a morphological model. In
contrast to limnic systems, biostabilization has been extensively investigated within the marine and brackish water environment, which revealed the high microbial binding capacity as
opposed to less stable, abiotic sediments. For example, Tolhurst et al. (1999) reported a
five-fold increase of critical bed shear stress in an intertidal area colonized by diatoms as
compared to uncolonized sediments. Interestingly, biostabilization varies significantly between the investigated field sites, which might be explained by highly variable environmental
conditions and their impact on biota development. For example, Widdows et al. (2000)
reported a higher stability in the central part of a tidal flat as compared to its edges. Addi47
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tionally, they reported that biostabilization capacity differed during the course of a year with
higher biostabilization during June compared to September. In situ measurements in the
Venice Lagoon by Amos et al. (2004) confirmed that bed strength in summer exceeded winter stability up to five times.

Field studies are important to understand biostabilization under natural conditions, but it is
nearly impossible to unravel the influence of individual environmental parameters in these
complex systems. This, however, is a prerequisite for models which aim to predict the impact
of changes in biotic and abiotic conditions on biofilm growth and functionality. While most
fundamental laboratory studies link environmental conditions to microbial settlement and
biofilm growth there is little information available regarding consequences on the stabilizing
effect of the biofilm. An exception can be found in Fang et al. (2014) who investigated the
impact of sediment particle sizes on the critical bed shear stress of a developing biofilm in a
laboratory setup and reported increasing stability up to a threshold level after which the stability declined again. Another laboratory experiment was conducted by Droppo et al. (2007)
who explained fluctuations in bed stability by alternating development and decay processes
of biofilm layers.

Few studies have emphasized the complex mechanisms between biofilm growth and bed
shear stress. In this context, the role of hydrodynamics on biofilm growth shows a certain
degree of complexity. For example, Stoodley et al. (1998) determined a higher bed colonization rate of microbial cells under laminar conditions. On the other hand, it is well known
that microbes actually profit from the higher nutrient availability due to higher mixing rates
as flow rates increase (Nikora, 2010). However, high energy impact by flow might induce
the detachment (“sloughing off”) of biofilms (Characklis & Cooksey, 1983) with possible consequences for biostabilization. In the study of Pereira et al. (2002), higher flow velocities
during cultivation led to a reduction in biofilm thickness and simultaneously increased biofilm
density which has implications for nutrient access and sediment stability. Hence, hydrodynamic forces shape the biofilm topography while the biofilm structure itself may impact its
own physical environment by modifying the near-bed hydrodynamic conditions, e.g. by shifts
in the roughness length (Nikora, Goring, & Biggs, 2002) or reducing drag at high flow velocities while enhancing nutrient transport at low flow velocities (Larned et al., 2011).

Erodibility of biostabilized sediments also depends on the structures that the biofilms form
under different environmental conditions. Consequently, the understanding of mechanical properties is an important prerequisite for the development of a unifying equation to
predict erodibility (Grabowski et al., 2011). Unfortunately, very little information is available on the relation between environmental conditions and the mechanical structure of the
biofilm/sediment matrix and its response to increasing bed shear stress. One exception is
Vignaga et al. (2013) who investigated cyanobacterial mats exposed to increasing bed shear
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stress and compared their mechanical behavior to an elastic, oscillating membrane that suddenly fails.
The intention of this paper is 1) to show the impacts of hydrodynamics and light regime
on biostabilization of river bed sediments in different seasons and 2) to give an overview
of the mechanical processes of the biofilm/sediment mixture observed during erosion. For
this purpose, biofilm is grown over 4 . . . 8 weeks within specifically designed straight flumes
by the circulation of natural river water over artificial sediments. This paper demonstrates
the results and observations from stability measurements made in five experimental runs
in different seasons; each of them focusing on the impact of either hydrodynamics or light
intensity, both varied at three different levels during cultivation. The data presented here contribute to a fundamental understanding of the phenomenon of biostabilization under varying
abiotic conditions.

B.1
B.1.1

The experimental setup
The setup for the cultivation of biofilms on artificial sediments

The experimental setup consists of six identical straight glass flumes (l×w×h = 3.00×0.15×
0.15 m3 ) with individual water and cooling circuits, regulated discharges, and adjustable light
intensities (Figure B.1 Left). Two containers encase three flumes each to avoid any possible
contamination and the influence of ambient light (Figure B.1 Right). Each flume consists of
an inlet flow section and a biofilm growth section with fully turbulent flow conditions.

Figure B.1 The experimental setup for biofilm cultivation. Left: (a) Outflow tank, (b) pump, (c) inlet
flow section with baffles, (d) biofilm growth section, (e) outlet flow section, (f) weir, (g) fluorescent
tubes, (h) sediment cartridges, (i) bypass, (j) current abatement, (k) fine tuning valve (after Thom et
al., 2012). Right: View into one of the two containers with three identical straight flumes.

To ensure various but defined light intensities, two parallel OSRAM Biolux R fluorescent tubes
can be adjusted in height according to the calibration by a high resolution spectroradiometer
(SR-9910, Macam Photometric Ltd., Scotland) done prior to the experiments. At the same
time, these calibrations revealed a homogeneous light intensity distribution in the PAR (photosynthetic active radiation, 400 . . . 700 nm) range over the whole growth section. During the
experiments, three different light intensities are set-up to mimic natural illumination in various
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niches according to Table B.1, while applying an 8/16 hours day/night cycle.
Table B.1 Boundary conditions applied in the experiments and the specific notations used in the
following text.

Notations used in the text

Light intensity (LI)

Bed shear stress τb

Temperature

[µmol/m2 s]

[N/m2 ]

[◦ C]

Low/None

0

0.02

15

Medium

50

0.04

15

High

100

0.08

15

The water temperature that is vital for biological processes is kept at 15 ◦ C by heat exchangers supplied with colder water (8 ◦ C). This initial temperature is needed to compensate for
the additional heating by the activity of the pumps. The biofilm growth section contains sixteen removable PVC cartridges (l × w × h = 88 × 58 × 18 mm3 , Figure B.2 Left) holding
the sediment for biofilm growth. To ensure minimal disturbance of the hydraulic regime, the
cartridges are fitted into PVC frames that are planar with the flume bottom, as illustrated
in Figure B.2 Right. However, as biofilm grows on the sediment, this setup leads to flow
perturbations on the up- and downstream edges of the cartridges due to changes in roughness (transition between sediment and the PVC frames), resulting in localized higher bed
shear stress. Consequently, in the beginning of the experiments when the sediment is not
yet biostabilized, the samples need to be handled with great caution to avoid scour development. After some weeks the biofilm covers both the sediment and the PVC frames so that
the roughness change impacts become negligible.

Figure B.2 Details of the cultivation setup. Left: Removable cartridge containing the sediment on
which the biofilm grows. Right: Side view of the test section (uncolonized) under illumination.

The sediment particles (inert glass beads, ρ = 2.5 g/cm3 , Muehlmeier, Germany) have a diameter between 0.1 . . . 0.2 mm which is well in the range of diameters where the binding forces
of the EPS could dominate over gravitational forces as reported by Fang et al. (2014) and
should be considered as non-cohesive. This is an important prerequisite for investigations
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on biostabilization as it is assumed that no additional effects on transport mechanisms need
to be considered. The sediment size corresponds to sediments usually found in lowland
rivers.

B.1.2

Validation of the hydrodynamic regime

As the hydrodynamic regime controls two important parameters for biofilm formation, namely
mass transfer and drag forces (Stewart, 2012; Stoodley et al., 1998), special attention is paid
to the establishment of well-defined hydraulic boundary conditions. Since near-bed mass
transfer (of, e.g., nutrients to the biofilm surface) is primarily driven by turbulence (Nikora,
2010), direct measurements of the flow velocity components and calculated fluctuations
thereof are conducted using a LDA system (Laser Doppler Anemometry, Coherent, USA) at
different positions while applying different discharges but equal water levels (due to the low
discharges in the flumes the flow can be assumed to be uniform in the following considerations). The turbulent shear stress (τ ) is calculated as the time averaged product of velocity
fluctuations (after Reynolds decomposition, in longitudinal (u0 ) and normal (v 0 ) directions)
from the mean velocity multiplied with the fluid density:

τ = −ρu0 v 0

(B.1)

To determine the bed shear stress (τb ) in the flumes the turbulent shear stress measured at
5, 6, 8 and 10 mm height above the bed are averaged. As τb is constant in the rearward-half
of the flumes fully turbulent conditions are assumed here. Consequently, the biofilm growth
section including the cartridges and illumination is placed into this area. Reproducibility of
the hydraulic boundary conditions in all flumes is confirmed by ADV (Acoustic Doppler Velocimetry, Sontek, USA) measurements. The following empirical relationship is established
between the discharge and bed shear stress over the biofilm growth section (R2 = 0.9968):

τb = 0.00119Q2 + 0.0079Q

(B.2)

Where τb [N/m2 ] is the bed shear stress and Q [l/s] is the discharge which is continuously measured by a flow meter (Buerkert 8030, Germany). The three levels of τb that are applied
during the experiments are also listed in Table B.1. It is important to note that the investigations are solely carried out under turbulent conditions since laminar flow can rarely be found
in a natural stream. Since light intensities and -quality may vary at different water depths, the
water level is kept constant (8.1 cm) in the setup, i.e. in all flumes and at different discharges.
This is achieved by deploying weirs positioned at the end of the flumes that are adapted to
the designated discharges by varying their height.
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B.1.3

Erosion measurements in the SETEG Flume

The determination of the critical bed shear stress for biostabilized sediments is conducted in
the SETEG flume (“Strömungskanal zur Ermittlung der tiefenabhängigen Erosionsstabilität
von Gewässersedimenten” Witt & Westrich, 2003, Figure B.3 Left). The SETEG flume is a
pressure duct (l × w × h = 8.3 × 0.145 × 0.1 m3 ) where samples (here: the sediment cartridges) are inserted through an open bottom so that the flume bed is level with the surface
of the sample. One downside of this setup is that the initial roughness of the flume bed may
differ from the roughness of the biofilm sample (depending on the maturity of the biofilm) inevitably leading to unwanted edge effects like a local increase in bed shear stress and scour
development. Consequently, in a current study investigations on roughness development
are being conducted aimed at minimizing the aforementioned edge effects during erosion1 .

Figure B.3 Setup for the erosion of biostabilized sediments and applied stepwise increase of forces.
Left: Schematic view of SETEG erosion flume, modified after Witt and Westrich (2003): (a) pressure
duct, (b) sediment cartridge fitted into a frame (c) pump and magnetic inductive flow meter (d) laser
triangulation system (not applied) (e) jack with stepping motor (f) outflow weir. Right: Applied increments of bed shear stress in the SETEG flume over time.

However, to determine the critical bed shear stress (τc ), the discharge is increased stepwise
in small increments and each discharge is maintained for one minute (Figure B.3 Right for
corresponding τb ). In this study, the critical bed shear stress is defined as the point of incipient particle/aggregate motion where the detachment exposes the underlying abiotic sediment. This definition is basically identical with the erosion type Ib after Amos et al. (2003).
By focusing on the morphologically relevant de-armoring of the sediment, the release of the
surficial fluffy layers is not taken into account here. At present, the experimental system is
complemented by integrating laser triangulation in order to measure erosion rates and relate
these data to visual observations. A critical bed shear stress of 0.23 N/m2 is determined for
the abiotic sediment used in the experiments which is slightly higher than the one derived
from the Shields’ equation (τc = 0.145 N/m2 after Shields, 1936). In the following, the determined τc = 0.23 N/m2 for abiotic sediment serves as a reference value to classify the effects
of biostabilization.
1

The results are presented in Part F
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The experimental program of the conducted experiments

From the River Enz (county of Baden-Württemberg, Germany) 1.2 m3 of natural freshwater
is withdrawn, transported to the laboratory, well-mixed, filtered (removing larger particles)
and transferred in equal shares into the outflow tanks of the flumes. River water is used to
seed the experiments with natural assemblages of microbes in order to investigate the effect
of natural variations (e.g., seasonal succession). Light intensities are adjusted according to
the selected boundary conditions (Table B.1). The glass beads, which mimic fine sediments,
are saturated with riverine water and inserted carefully into the cartridges, where they are
compacted and flattened to achieve a surface planar to the cartridge edges. Afterwards,
the loaded cartridges are placed into the growth section of the flumes. To avoid immediate
erosion of the artificial sediment, the discharge is increased in small increments up to the
desired threshold by regulating valves and the bypass. The water is then circulated continuously to promote biofilm growth by settlement of microbes.
In total, five experiments (each lasting between 4 and 8 weeks) are conducted to address
the two most influential abiotic boundary conditions, τb and light intensity, on biofilm growth
and sediment stability. The hydrodynamic impact is investigated by varying τb (according to
Table B.1: low, medium, high) in three experiments in March, May, and November while the
light intensity is kept constant at a medium level (Table B.2). In two further experiments in
July and August, the light intensities are varied (Table B.1: none, medium, high) and the τb is
kept low in all flumes (Table B.2). In all five experiments, every treatment condition is applied
to two flumes (replicate A and replicate B) to account for possible variations between the
flumes.
Table B.2 Overview on the experiments with objectives and applied boundary conditions.

Name

ID

Study objectives

Light intensity

Bed shear stress τb

March 2013

Mar13

Hydrodynamics

Medium

Low, Medium, High

May 2013

May13

Hydrodynamics

Medium

Low, Medium, High

July 2013

Jul13

Light intensity

None, Medium, High

Low

August 2013

Aug13

Light intensity

None, Medium, High

Low

November 2013

Nov13

Hydrodynamics

Medium

Low, Medium, High

Retrieving the samples and subsequently eroding them within the SETEG flume, takes place
once a week; however, it is worth noting that this procedure is destructive and the number
of cartridges is limited. Consequently, the beginning of the erosion tests and/or the number
of cartridges to be eroded is adapted to the special objectives of the particular experiments.
For example, in the May experiment, more biological data were needed, so that only one,
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instead of two samples per flume are eroded after one month of cultivation (see Figure B.4
d-f ).

B.3

Evaluation of the erosion measurements

B.3.1

Impact of hydrodynamics, light intensity and seasonality

A total of five experiments are conducted in which either the impact of hydrodynamics or light
intensities on biostabilization is investigated. Figures 4 and 5 illustrate the mean temporal
development of sediment stability (n = 2, ± standard deviation) for two replicate flumes
(replicate A and replicate B) in different experiments. In the following, the biostabilization
index (after Manzenrieder, 1983) is used:

BI =

τc,bio
τc,0

(B.3)

where BI is the biostabilization index, and τc,bio/τc,0 is the ratio between critical bed shear
stress of the biostabilized sediment and the abiotic reference (here: τc,0 = 0.23 N/m2 ).
The results of the experiments show that the biostabilization index ranges between 1 (no
effect) and ≈ 10 (a tenfold increase of sediment stability) depending on applied boundary
conditions and the investigated season. In the beginning of the measurements (i.e. in the
first two weeks) the stability is largely comparable to abiotic sediment stability (1 < BI < 2).
With a few exceptions, the critical shear stress increases hereafter (e.g. Figure B.4 d. In one
experiment the stability declines after initially high biostabilization values, when exposed to
high light intensity in July (Figure B.5c).
In the experiments the biofilm growth (as observed) as well as its stability is spatially heterogeneous. Even though applying the exact same boundary conditions in two flumes at a time
the differences in stability between these flumes are remarkable (e.g. a difference of approximately BI = 2 in Figure B.4d, after one month). Even in a single flume the values partially
differ between two samples, expressed by high standard deviations (e.g. standard deviation
of approximately 0.6 in Figure B.5e, in the fifth week). Figure B.6 shows an example of the
heterogeneous appearance of biofilm coverage. The main causes for this variability in the
experiments are most likely differences in the erosion behavior and small scale spatial heterogeneities in biofilm growth observed during erosion, which is discussed in Sections B.3.2
and B.4.2.
Figure B.7 is an example of the temporal development of biofilm growth under different hydrodynamic conditions indicating that a higher hydrodynamic stress seems to delay the formation of a biofilm coverage (e.g. a first biofilm coverage is visible after three weeks for
medium bed shear stress (Figure B.7 b) in contrast to two weeks for low bed shear stress
(Figure B.7 a). This trend can be also observed for biostabilization. For example, in the May
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Figure B.4 Spring and late autumn experiments on the impact of hydrodynamics on τc (left vertical
axis) and BI (right vertical axis): Each graph shows the temporal development of mean (n = 2, ±
standard deviation) τc for two replicate flumes (triangles: replicate A; squares: replicate B). LI is
constantly set at a medium level (= 50 µmol/m2 s). Thicker symbols indicate where only one sample is
eroded (see Section B.2). Please notice the different axis scaling.

experiment, a noticeably higher value of BI is reached earlier under low τb than under higher
hydrodynamic stress (e.g. a BI > 2 after 2.5 weeks in Figure B.4 d and only after 5.5 weeks
in Figure B.4 f ).
In two experiments (Figure B.5) the impact of light intensity and darkness is investigated.
While the biological analysis confirms the existence of a bacterial biofilm (measurable content of EPS carbohydrates, no chlorophyll a), the stability measurements reveal that dark-
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Figure B.5 Summer experiments on the impact of light intensity on τc (left vertical axis) and BI (right
vertical axis): Each graph shows the temporal development of mean τc (n = 2, ± standard deviation)
for two replicate flumes (triangles: replicate A; squares: replicate B). τb is constantly set at a low level
(= 0.02 N/m2 ). Thicker symbols indicate where only one sample is eroded (see Section B.2).

Figure B.6 Top view of biofilm samples cultivated under the same conditions in the August experiment (τb = low, LI = medium). a) two samples from replicate flume A, b) two samples from replicate
flume B. All photographs are taken on day 36 of cultivation. A high spatial heterogeneity is indicated
by scattered spots of diatoms (brown spots) and green algae (green spots) colonization.

ness does not support biofilm growth to induce significant biostabilization. Still a minor impact is detected (1 < BI < 1.5). Only after five weeks of growth (in the August experiment)
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Figure B.7 Photographs of biofilm development taken twice a week in the March experiment under
three different levels of bed shear stress. A) low, b) medium and c) high.

an increase of stability is measured in one flume (BI = 2.6). Apart from the decreasing
stability under high light intensities in July (Figure B.5c) no clear trend is observable in the
treatments where light is applied (Figure B.5b, e, and f).

Comparing all five experiments, the most pronounced stabilization potential can be reported
from the experiments in early and late spring (March and May) with a maximum biostabilization index of 4.8 and approximately 10, respectively. This high stabilization (May experiment,
after the sixth week, Figure B.4d) is explained by a very stable carpet-like biofilm which could
also be observed in other experiments in spring and summer. With a maximum BI of approximately 3 and 3.1 the stability in summer (July and August, see Figure B.5) is lower
than in spring. In late autumn (November) an experiment was conducted investigating the
hydrodynamic impact with a rather short duration of four weeks. After four weeks of growth,
the effect of biostabilization is still very low, as the biostabilization index ranges between 1
and 1.5. It is suggested, that the main reason for these seasonal differences is the microbial
succession in riverine systems and its impacts on the mechanical process of erosion as will
be discussed in B.3.2 and B.4.2.
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B.3.2

The mechanical process of erosion

During the SETEG measurements detailed information about the erosion mechanisms are
gathered by direct visual observations of each individual process of entrainment and a subsequent extensive description2 . Two dominant types of biofilm-influenced entrainment and
additional characteristics are identified (see Figure B.8 for an illustration). This information
is used in conjunction with the results on biostabilization to get a better understanding of the
mechanical process of erosion. Please also see Table B.3 for further details.

Figure B.8 Different biological stabilization mechanisms and erosion processes as observed during
the experiments.

For the surface layer, one type of entrainment is a biofilm crust that is eroded in smaller
aggregates (Figure B.8a) and the second type is an elastic carpet-like erosion where an
increasing τb leads to a sudden failure (Figure B.8 b). Additionally the erosion process was
influenced by destabilizing bubble entrainment (Figure B.8 aii and B.8 bii) and the subsequent erosion of the layer beneath, mainly breaking up in aggregates (similar to the crust-like
erosion, see Figure B.8 ai and B.8 bi). Filamentous structures which are protruding into the
water column, are often observed, but are found to be easily eroded and do not contribute
to biostabilization in the experiments reported here, and, thus, are not further considered
in this study. It is worth mentioning that different mechanical erosion processes occur in
samples from different seasons, treatments, and replicates but even within one sample, indicating the highly heterogeneous biofilm growth in the experiments and possibly explaining
the deviations in stability mentioned in Section B.3.1.
The different erosion processes seem to correspond to varying bed stability. In the first days
of the experiments the predominant entrainment mechanism is the movement of individual
particles as bed load (characteristic for abiotic non-cohesive sediments) before the biofilm
growth influences the mechanical behavior. The crust-like erosion of aggregates frequently
is found and can be related to a wide range of bed stabilities (e.g. in the second week of Au2

please see Appendix B.2 for an evaluation sheet
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Table B.3 The three predominant erosion processes: (S) individual particle movement, (A) a crust
that is eroded in aggregates and (C) a surficial carpet-like erosion. Additionally the erosion process
is influenced by (B) bubble entrainment and (2A) the formation of a second layer beneath the surface.
Additionally, the corresponding ranges of biostabilization indices are illustrated in grayscale.
BI range

Color legend

BI < 1.5
1.5 ≤ BI < 2.5
2.5 ≤ BI < 3.5
3.5 ≤ BI < 4.5
4.5 ≤ BI
Week
ID

Conditions
τb Low

Mar13

τb Med

τb High

τb Low

May13

τb Med

τb High

LI None

Jul13

LI Med

LI High

LI None

Aug13

LI Med

LI High

τb Low

Nov13

τb Med

τb High
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gust with a BI < 1.5 and after 6 weeks with a BI between 2.5 and 3.5). On the contrary, the
carpet-like erosion is mostly related to a higher biostabilization and is detected only in the
spring and summer experiments. One example, that was already mentioned, is the biostabilization after the sixth week of growth in May where the sediment is mostly stabilized by a
surficial carpet. Both the formation of various biofilm layers and the appearance of bubbles
cannot be related to specific conditions (except that bubbles are absent in the treatments
where biofilms are cultivated in darkness). While bubble entrainment destabilizes the sediment (further discussed in Section B.4.2), the existence of a second biofilm layer beneath
the surface results in an enhancement of stability.

B.4

Discussion on erosion measurements

One of the main goals of this study is to evaluate biostabilization under varying hydraulic
conditions and light intensities and to reveal its meaning for riverine sediments which is, in
contrast to marine and estuarine sediments, insufficiently studied. It has long been believed
that biostabilization which is mainly due to microbially secreted sticky polymers, depends
largely on the amount of ions to help binding (Spears et al., 2008). This would imply that
the stabilization potential in freshwater is significantly lower than in the marine environment.
Only recently more attention was drawn to riverine biostabilization by eroding natural sediment cores and correlating stability to microbial activities (Gerbersdorf et al., 2007). The
results of the two experiments conducted in spring clearly demonstrate a high biostabilization potential in and after the fifth week (BI = 3.7) which is well in the range of maximum
marine biostabilization indices found by, e.g. Amos et al. (2004) (BImax : 2.4), De Brouwer
et al. (2000) (BImax : 3) and Tolhurst et al. (1999) (BImax : 6.2), even though, it must be
admitted, that a comparison to in situ measurements is generally difficult because of the
complexity in a natural system. Still, it remains unclear how biostabilization works and how
it varies in different niches of freshwater.

B.4.1

The impact of environmental conditions on biostabilization in
freshwaters

Hydrodynamic boundary conditions affect biofilm growth and biostabilization in complex
ways by influencing the settlement of suspended microbes on the substratum and their subsequent attachment, the availability of nutrients, and the erosion (or detachment) of biofilm
aggregates. In the initial phase of biofilm formation the number of cells getting into contact with the sediment surface increases with higher turbulence intensities (Stoodley et al.,
1998). In contrast to this, their attachment efficiency is reduced by higher bed shear stress
(Bryers & Characklis, 1981), consequently, net attachment (difference between cells getting
into contact with the surface and cells detached by the hydrodynamic forces) is also reduced.
In laboratory studies Stoodley et al. (1998) found that in laminar flow the colonization rate
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was higher than under turbulent conditions (and obviously higher than the detachment), resulting in an earlier development of biofilm. Similar results for a delayed colonization were
obtained recently by Graba et al. (2013). They reported higher detachment rates in the early
stages of biofilm formation induced by higher bed shear stress during cultivation. Figure B.7
shows the development of the biofilm over time and confirms the aforementioned hypotheses for delayed growth under higher hydrodynamic impact. The results presented in this
study suggest for the first time that this delay not only affects biofilm growth but also the temporal development of biostabilization (also supported by the biological analysis, revealing a
delayed development of EPS protein content).

After settlement, the rate of biofilm growth depends on the availability of nutrients and substrate, along with light quantity and quality. Therefore, nutrients must be transported to the
biofilm surface, and transport is significantly influenced by the near-bed turbulence. Similar
to the processes of cell attachment, increasing turbulence intensities transport more nutrients to the biofilm surface by higher mixing rates and by reducing the thickness of the viscous
benthic boundary layer (Characklis & Cooksey, 1983). In other words, higher turbulence intensities promote nutrient uptake processes and lower intensities limit biofilm growth. On
the contrary, bed shear stress exceeding the stability of the biofilm-sediment matrix leads to
erosion of biomass and is consequently considered to be the upper limit for biofilm development, while (cell-) detachment processes might even occur for lower shear stresses. This
“trade-off” between enhanced mass transfer and enhanced detachment (Stewart, 2012) under higher hydrodynamic stress is expected, in the authors’ opinion, to result in a more or
less constant rate of biostabilization for matured biofilms. Indications for such a dynamic
equilibrium can be found in Fang et al. (2014) who reported a maximum increase of incipient velocity for erosion to 70 % (after 4 weeks), after which the stability drops to a nearly
constant level of 40 % for the following weeks. Furthermore, fluctuating stabilities were also
reported in Droppo et al. (2007) (BI varied between 3 . . . 7) but were explained by “new layers
of biofilm integrating into the sediment beneath older decaying biofilm layers”. Indications
for this multiple layer formation are also discovered in this study (see Sections B.3.2 and
B.4.2). However, in the present study the stability is mostly increasing (see e.g. Figure
B.4d-f) until the last day of measurements. Consequently, as there is no constant level of
BI, it is hypothesized that the biofilm was still developing in the timeframe of the experiments
(4 . . . 8 weeks). It is suggested, that the high variability in biostabilization observed in the
experiments can be attributed to this early phase of biofilm formation, in which spatial heterogeneities in coverage, community, and erosion mechanisms require the highest level of
attention.

Another aspect concerns the light climate in a riverine system, which is affected by various
environmental factors. Light intensity on the sediment surface changes with water depth
and turbidity. Further the light climate is influenced by shading effects of trees and last
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but not least by the day/night cycle during different seasons. While higher light intensities
enhance the growth of microalgae and photo-autotrophic bacteria (Roeselers et al., 2006),
too much light might also result in migration activities of microalgae from the surface into
the sediment with possible implications for biostabilization (as reviewed in: Gerbersdorf &
Wieprecht, 2015).

It is intuitive to assume that significant differences exist between illumination and darkness
treatments as the former promote photosynthetic activity and the latter result in a biofilm
consisting solely of heterotrophic bacteria. In the two summer experiments investigating the
impact of light intensities, it is shown that biofilms grown in darkness do not substantially influence the stability. However, in one experiment (Figure B.5d) a single increase is detected
on the last measuring day, indicating that bacterial biofilms possibly need more time to develop a stabilization potential compared to biofilms exposed to light. Even though Roeselers
et al. (2006) reported increasing growth rates for higher light intensities, no such trend can
be derived from the biofilm under illumination. Unfortunately, final conclusions regarding the
impact of light intensity on biostabilization can only be drawn after further experiments are
conducted in another season.

The data show considerable differences of biostabilization depending on the season, which
has also been reported from various field studies in intertidal environments. Dickhudt et al.
(2009), for example, found a higher erodibility in winter and spring than in summer and autumn. A five-fold increase of the BI in summer as compared to winter was reported by Amos
et al. (2004). The experiments largely confirm these trends from the intertidal environment,
possibly indicating a cyclic behavior of erodibility. It is found that in spring the biostabilization
is considerably higher than in summer.

The differences between seasons are further supported by the results of the biological analysis. For example, in the spring experiments, EPS protein content is significantly higher than
in summer and autumn. In late autumn biostabilization is nearly absent and also carbohydrate as well as protein concentrations are much lower as compared to all other experiments.
Furthermore, first results of the micro-biological analysis reveal differences in the microbial
community (from diatom dominated populations to increasing portions of green algae during
the course of the year), that are likely to result in different biostabilization potentials and erosion mechanisms. Figure B.9 Left shows photographs of biofilm coverage from a spring experiment consisting primarily of diatoms while the summer biofilm shown in Figure B.9 Right
has a more fluffy appearance and is mainly composed of green algae. Apart from these
obvious structural differences, biostabilization is considerably influenced by differences in
EPS production. For example, epipelic diatoms produce colloidal EPS carbohydrates during migration activities, which are known to contribute significantly to binding (Gerbersdorf
& Wieprecht, 2015). The complex relationship between EPS compounds, seasonal succes-
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sion of the microbial community, and biostabilization is another focus of research within the
current project and results of this analysis are published in Schmidt et al. (2016).

Figure B.9 Photographs showing the different appearances of biofilms in spring (Left, image from
Gerbersdorf & Wieprecht, 2015) and summer (Right).

B.4.2

The mechanical process of erosion for biostabilized sediments

In recent years many researchers successfully correlated physical and biological parameters
(and combinations thereof) to biostabilization (e.g. bulk density: Amos et al., 2003; organic
matter content: Righetti & Lucarelli, 2010; Chl a: Yallop et al., 2000; colloidal carbohydrates:
Friend et al., 2003). But the empirical relationships found are site specific and cannot be
generalized. Differences in the mechanical structure and the resulting processes of erosion
are often disregarded but may be partly responsible for the wide range of stabilization potential. As highlighted by Grabowski et al. (2011) the development of a unifying equation to
predict erodibility is limited by the absence of a complete mechanistic understanding of the
biostabilization process and its interactions between key parameters.
To get a better understanding of the fundamental processes an analysis on the observed
erosion processes is carried out revealing significant differences between mechanisms and
possible impacts on stability. Two predominant types of stabilizing structures are identified:
The most frequent mode of incipient motion in the experiments is the erosion of chunks or
aggregates (Figure B.8a, denoted as crust-like erosion). The data show that this type of erosion can be correlated to a wide range of stabilities. By gluing individual sediment particles
a crust is formed on the top few millimeters. These types of structures are additionally detected below the surface of the sediment (i.e. a second underlying biofilm layer) adding even
more resistance to the flow (Figure B.8ai). In the event of erosion this crust breaks apart at
the weakest spots (in the experiments cracks in the crust are frequently found already during
cultivation) and aggregates of different sizes (sub mm to mm scale) are eroded. This leads
subsequently to a chain reaction where even more aggregates are exposed to the hydraulic
forces and eroded. Righetti and Lucarelli (2007) ascribed the enhanced biostabilization potential to the impact of changed aggregate sizes (and density) and adhesion forces between
these aggregates and developed a promising model based on the Shields equation (Shields,
1936) to account for the biogenic impacts.
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The second type is a carpet-like structure (Figure B.8b) which is largely detected at a more
matured biofilm age by a different type of organism. In contrast to the crust-like erosion it
is less common but more correlated to a higher stability (mostly BI > 3.5). Most strikingly
is the formation of such a mat in one experiment (in May), with a BI of approximately 10
before suddenly failing. Loosely bound to the underlying sediment (or biostabilized layer) via
filaments the biofilm forms an elastic mat armoring the river bed. It is worth mentioning that
differences compared to classical erosion models are huge and until now only one model
exists describing this behavior, developed by Vignaga et al. (2013). For future experiments
in the field of biostabilization these different mechanisms of erosion are to be considered,
especially to interpret data from biological analysis and relate them to stabilizing effects.
In contrast to the previously mentioned mechanisms gas bubbles that are visible both on the
surface of the biofilm as well as in the top few millimeters below the surface destabilize the
sediment (Figure B.8aii and bii). Bubble formation in biofilms is a natural process driven by
either photosynthetic activity of algae (oxygen), bacterially mediated organic matter decomposition (methane), and/or bacterial respiration (carbon dioxide). When the concentration
of the produced dissolved gas exceeds the solubility in the medium (supersaturation) bubbles can form (Boudreau et al., 2001) which create lifting forces and thereby reduce the
bulk density of the biofilm-sediment matrix (Amos et al., 2003; Jepsen et al., 2000). For a
more elaborated description of the mechanical processes see, e.g. Boudreau (2012) and
Johnson et al. (2002). As a result, the sediment is more vulnerable to bed shear stress and
more easily eroded as also reported by Amos et al. (2004) and Sutherland et al. (1998).
The occurrence of these gas bubbles in the presented experiments is highest in May and
absent in the November experiment (see Table B.3), but cannot be related to specific environmental conditions (except that no bubbles are present in darkness conditions). From
the authors’ own observations, the lifting forces of these gas bubbles certainly influence
sediment erodibility and should get more attention in future experiments.

B.5

Conclusions

Both literature reviewing and the physical experiments presented here indicate that seasonal
effects clearly influence the biostabilization of bed sediments under different hydrodynamic
and light intensity conditions. It is found that the sediment stability is higher in spring than
in summer, while in late autumn only little stability enhancements are detected compared
to the case without a biofilm. Apart from EPS compounds that are known to influence the
adhesion forces of the biofilm, it is concluded that the different mechanical structures and
types of erosion are partially responsible for the high variability of the observed biostabilization. Understanding these processes is a prerequisite to develop a model for predicting
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erodibility of biostabilized sediments. In addition to micro-biological analyses to identify the
microbial key players along with a detailed breakdown of the bio-chemical compounds of the
EPS, it is suggested that the mechanical properties certainly need more attention in future
experiments.
Furthermore, it is shown that a higher bed shear stress during cultivation delayed the stability development of the biofilm/sediment matrix. From the data, it can be concluded that
the investigated biofilms were still developing and that in this early stage the heterogeneities
have a strong impact on the biostabilization potential. Bacterial biofilms only showed little
stabilization effects in the timeframe of the experiments, which is possibly the result of a
slower development. While certainly only covering a small part in the complexity of biostabilization in freshwaters, the present findings help to increase the fundamental knowledge that
is needed for an understanding of the phenomenon biostabilization.

Part C
AN ADVANCED METHOD TO MEASURE
SURFACE ADHESION OF BIOFILMS
Accurate measurements of mechanical properties are of uttermost importance for the development of physics-based models on biostabilization. It is nowadays generally accepted
that either cohesive (EPS-EPS)/adhesive (EPS-sediment) or both forces impact the stabilization of sediments in biostabilization (Grabowski et al., 2011; Dade et al., 1990, 1992).
Still, methods to measure these forces at scales relevant to biostabilization are scarce or
their results (e.g. proxies) are difficult to be translated into physical units needed to calibrate
a mechanical model (Vignaga et al., 2012).
In this part, modifications made to a device (MagPI, first published by Larson et al., 2009)
capable of measuring a proxy for surface adhesion forces is described. The presented modifications aim at 1. translating the proxy into a material property “adhesion” expressed in
N/m2 , and 2. enhancing the evaluation of the obtained data qualitatively (increase objectivity
and reproducibility of results in different laboratories) and quantitatively (increase the resolution of obtained data for determination of a meaningful representation of adhesion). These
improvements are considered necessary to achieve the main goal of producing reliable data
that can be used to calibrate/validate or develop a mechanical model of biostabilization.
This Part starts with a more detailed description and discussion of the MagPI system, illustrating the capabilities, uncertainties and the needs for further improvements. The following
section then gives a brief overview on the modifications made before Section C.3 describes
fundamental knowledge on electromagnetism needed for calibration of the device. The improvements on evaluability using Image Processing are described hereafter in Section C.4.
Finally in Section C.5 a method is proposed to calculate the surface adhesion As,30 [N/m2 ]
from the obtained data. The performance of the improved system (MagPI-IP, magnetic particle induction - image processing) is then evaluated using appropriate surrogate materials for
EPS (Section C.6). Lastly, in Section C.7, the potential sources of error, uncertainties and
limits of the procedure are discussed.
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C.1.1

PART C. AN ADVANCED METHOD TO MEASURE SURFACE ADHESION

The original method to approximate surface adhesion
The basic concept

A detailed description of the device and the original measuring procedure was first published
by Larson et al. (2009). The measurement principle of the MagPI is based on the concept
that an object whose surface is in contact with an adhesive substance is pulled away until
the object loses its contact. After Larson et al. (2009) the magnetic force that is needed for
this separation is interpreted as a proxy for surface adhesion.
As already outlined in Section A.5.2, ferromagnetic particles (FP) are spread on an adhesive
surface (Figure C.1 Left).

Figure C.1 Basic concept of particle attraction by the MagPI. Left: A ferromagnetic particle (FP) is
in contact with an adhesive surface. Right: The FP is attracted by an electromagnet, detaches from
the surface and the magnetic field that is produced by the electromagnet (here illustrated by the force
“F”) at detachment is a proxy for surface adhesion

The particles get into contact with the adhesive surface and depending on the degree of
stickiness of that surface they are more or less easy to be removed. Directly after spreading,
an electromagnet is placed at a defined distance above the FP and the magnetic force is
increased manually in increments. It needs to be emphasized that particle attraction happens directly after spreading the particles on the adhesive surface. Hypothetically only a
part of the particle surface gets into contact with the adhesive surface. This means that the
particles are not fully incorporated or overgrown as would be the case when the particles
are left on the surface for a while.
When the magnetic force exceeds the forces that hold the particles in place, the particles
jump up towards the electromagnet (Figure C.2). Consequently, the magnetic force needed
to retrieve the particles is related to the stickiness of the surface, as highly adhered particles
are more difficult to be detached (i.e. need a higher magnetic force) than less adhered particles.
According to Larson et al. (2009) the magnetic flux density (MFD or B in mTesla) is an ap-

C.1. THE ORIGINAL METHOD TO APPROXIMATE SURFACE ADHESION

69

propriate measure of the magnetic force. The MFD of an electromagnet can be determined
by a Hall sensor connected to a gauss meter and the MFD can thus be correlated to the
electric current which is set at the power supply (red arrow in Figure C.2). Figure C.2 illustrates the setup of the MagPI. Besides the correlation of electric current and MFD, the MFD
is additionally depending on the vertical distance of magnets to the FP.

Figure C.2 Schematic representation of the MagPI system (from Larson et al., 2009). An electromagnet is used to attract ferromagnetic particles. The magnetic force can be increased by increasing
the electric current.

Evaluation of the measurements and discussion on thresholds
The ferromagnetic particles are gradually retrieved by the electromagnet, which complicates
the determination of one single proxy for surface adhesion. For this reason Larson et al.
(2009) introduced four thresholds of particle response:
(A) particle orientation to the magnetic field
(B) first magnetic particle captured by the magnet
(C) larger groups of particles attracted
(D) total clearance of particles under the magnet
During the measurements the operator has to keep track of the particle attraction by observation and note the MFD for the different thresholds. According to Larson et al. (2009)
each threshold is representative for “a slightly different property of the surface”. The meaning of the thresholds and their downsides in definition and practicability are discussed below.
Threshold A
The first threshold is of no practical relevance for the purpose of adhesion measurements.
At a low magnetic force the particles align to the magnetic field lines produced by the electromagnet. During this process the particles remain in contact with the adhesive surface.
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Threshold B
This threshold marks the lowest magnetic force at which a particle is retrieved by the electromagnet. As a consequence, one can assume that the first particle that was attracted
exhibited the lowest adhesion forces. This threshold can be obtained by visual inspection.
During the experiments it is observed that sometimes particles which are not in full contact
with the adhesive surface, can be another reason for this first attraction (e.g. several particles overlap). In that case the operator has to decide on the first threshold by keeping track
of the following particle attractions.
Threshold C
Larson et al. (2009) refined the definition of this threshold as “a small number of particles
(around 5) are attracted to the magnet”. In the experiments (and also in accordance to Larson et al., 2009) this threshold was the most subjective: Firstly, the number of particles used
was different at different measurements. This was a practical aspect, as counting particles
in a size range of d = 200 . . . 355 µN for hundreds of measurements was not feasible. As
such “a small number of particles (around 5)” can potentially mean very different things. For
example, when dropping 50 particles on the biofilm, retrieving 5 particles may not represent
the same threshold as when dropping 20 particles on the surface.
Secondly, in the majority of measurements “a small number of particles (around 5)” was
retrieved during several increments of MFD and consequently it was up to the operator to
select the most appropriate threshold C. And thirdly, the manual increase of the magnetic
force differs from operator to operator and even from measurement to measurement, with
the strongest influence on the threshold C. The particle attraction behavior is different with
different step sizes: when the increments are large, there are hypothetically MFDs at which
20 particles are attracted as opposed to very small increments at which only less than 5
particles are attracted at each increment.
However, from a general perspective threshold C could be representative for a “mean” adhesiveness, a seemingly useful proxy for adhesion of a surface and theoretically the most
robust against outliers (see threshold B and D).
Threshold D
Threshold D is the total clearance, meaning that the last particle is retrieved by the electromagnet. Larson et al. (2009) recommend using this threshold as it is the least subjective
when a human observer is involved and as such the most reproducible. The MFD needed
to retrieve the last particle is necessarily higher than for the other thresholds. In following
this line of argumentation, threshold D is reflecting the highest adhesion of the investigated
biofilm spot. However, during the experiments this threshold could not always be related
to the stickiness of the biofilm surface as particles have also been physically trapped. This
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means that particles are captured e.g. between sediment grains or by filaments. If so, the
operator should consider the second last particle as threshold D.

C.1.2

Needs for further development

To apply the concept of the MagPI for the purpose of this thesis a number of modifications
are put forward. The need for these modifications arises from the special requirements of
the research.
An appropriate calibration
Adhesion is a mechanical force and also referred to as “pull-off”, “binding”, “separation”, or
“detachment” force per area, consequently a typical unit of measure is N/m2 . Even though,
the MagPI system does not provide the technical capabilities of measuring adhesion after
the common definitions of adhesion theory (this would for example include: measuring the
force-distance functions, i.e. the distance the two media are separated from each other as
a function of the applied load, see e.g. Israelachvili, 2011) the basic concept is similar: an
object that sticks to an adhesive is exposed to an external force and this force at separation
of the object is a measure of adhesion.
The original MagPI is calibrated with the help of a gauss meter by measuring the magnetic
flux density, which characterizes the magnetic field. Apart from the fact that the gradient
of the MFD (i.e. ∇B) is the correct measure for the magnetic force (as was investigated in
collaboration with the 1. Physics Institute, University of Stuttgart) the magnetic flux density
can obviously not be used in mechanical models. Consequently, there is an urgent need for
a mechanical calibration.
Furthermore, MFD or the gradient of the MFD only represent the strength of the electromagnet but not the characteristics of the attracted particles, which is not only a problem when
different ferromagnetic particles (FP) are used but also impacts the mechanical force (will be
demonstrated later). Therefore an appropriate calibration must ultimately consider both: the
magnetic forces and the particle characteristics.
Reliable quantification of particle detachment
Even though being an essential part of the measurements, the definition of the thresholds
and their practical applicability is difficult. Thresholds B and D which can be interpreted as
proxies for the lowest and highest adhesion, respectively, are the least subjective ones and
consequently, (Larson et al., 2009) recommends them over threshold C. On the other hand
these thresholds are prone to misinterpretation, if physically trapped or not in contact with
the adhesive surface. This is especially true as the number of particles at these thresholds
(the “first” or the “last”) is small compared to the number of particles which have been spread
on the surface and are attracted. The tendency of single particles being outliers is higher
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than when analyzing a greater number of particles.
In this context, threshold C, which can be interpreted as a mean value (especially when
looking at one measurement as a combination of a number of measurements) makes more
sense. Unfortunately, threshold C is also the most subjective and it was nearly impossible to
find an unambiguous definition that could be realized by human observation. Consequently,
the best solution is to track the whole process of particle attraction (e.g. with a camera system), which ensures that a mean value can be evaluated and beyond that, the whole dataset
can be used for further interpretation in future experiments. To achieve this objective, images of the particles below the electromagnet are taken and evaluated by means of Image
Processing.
A partly automation to control the magnetic force
Manual adjustment of the applied magnetic force may result in additional uncertainties as
the exact increments are hardly reproducible. As outlined above, the application of different
increments may influence the results (or thresholds) significantly. Especially in combination
with an improved quantification of particle detachment an automated system is of absolute
necessity. Furthermore, the applied magnetic force will influence the magnetic propensity
of the ferromagnetic particles. For defined forces the measuring program must likewise be
exactly set (as will be described in the next section).
Considering all factors of influence
As fairly mentioned by Larson et al. (2009) the method they described results in a proxy for
surface adhesion. In fact, Larson et al. (2009) simplified the mechanical adhesion considerably by not considering 1) the area of contact between the FP and the adhesive surface
and 2) the dead weight of the ferromagnetic particles. Regarding 1) one can easily imagine
that different particle sizes have a different area of contact and consequently also the force
needed to attract them differs considerably. And regarding 2) the force needed to retrieve
the particles is a combination of the force to overcome the adhesion forces but also the
deadweight of the particle. If the deadweight of the FP is in the same order of magnitude as
the adhesion forces, their neglection will result in an overestimation of the adhesion forces.
In the following section the modifications made to the MagPI are briefly presented, and
further discussed in later sections.

C.2

The advanced setup to determine surface adhesion
forces (MagPI-IP)

To address the requirements discussed above the MagPI system underwent significant modifications. The novel setup is termed MagPI-IP (Magnetic particle induction - image processing). In order to capture the images and automatically increase the magnetic force, an
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additional camera (RaspberryPI camera module, 5 megapixel), a microcontroller (Arduino
Leonardo) and a single-board computer (RaspberryPI 1 model B+) are added to the original setup (consisting of the electromagnet, power supply and micromanipulator for height
adjustment). The complete setup is illustrated in Figure C.3.

Figure C.3 Schematic representation of the novel MagPI-IP system. In addition to the original setup
(electromagnet, power supply and micromanipulator) a camera automatically captures the particles
below the electromagnet when the next increment of magnetic force is triggered. Both, the camera
and the power supply are triggered by a combination of a single-board computer and a microcontroller. The specific measuring programs can be adapted to the research objectives.

The single-board computer sends a command both to the microcontroller and the camera.
After receiving the command, the microcontroller increases the magnetic force of the electromagnet in pre-defined increments (here: ∆∇B = 1.5 mTesla/mm every six seconds). This is
done by sending a pulse-width modulated signal (PWM) passing through a filter (to smooth
the signal: the circuit diagram can be found in the Appendix A.1.1) to the power supply.
During each increment one image is captured by the camera (here three seconds after increasing the magnetic force). The programs are fully flexible and can be adjusted to the
specific needs. Once the programs are installed on the single-board computer and the microcontroller, the user is guided through the whole process via the computer screen. The
data (essentially the captured images) is then stored on a USB stick that can be transferred
to a desktop PC for evaluation of the data. The data evaluation is described in detail in Section C.4.
A typical dataset, consisting of captured images at each increment of magnetic force is presented in Figure C.4.
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Figure C.4 A typical data set consisting of images captured by the MagPI-IP system. The ferromagnetic particles are in the center of the images. Further denoted in the bottom right corner is the
electric current (I [mA]) applied at image capturing. The images illustrate the gradual reduction of
particles with increasing magnetic force (especially after I = 400 mA). The red laser spot was initially
used for defining the area which will be evaluated later and was replaced by a more practical solution
during the course of the development of the device.

The basic procedure of measuring the surface adhesion forces is presented as a flow chart
in the Appendix (A.2) and briefly explained here. In the first step a Python script is executed
which is installed on the single-board computer. The user needs to enter details of the experiment which will later be relate the data to the specific experiment. Then, a background
picture is taken by positioning the electromagnet at a defined distance to the measuring area
and starting the program by pressing the start button. Hereafter, the particles are spread on
the surface and the program initiates the measuring routine on command (more details in
Section C.4).

C.3

The calibration procedure

As outlined before, the force which attracts the particles is both depending on the force
of the electromagnet and the material properties of the attracted ferromagnetic particles
(FP). Before the calibration procedure is described in Section C.3.2 these dependencies
will be demonstrated with the help of examples to provide a general understanding of the
electromagnetic background. To unravel the physics behind the device, three studies were
conducted in close cooperation with Dr. Marc Scheffler from the 1. Physics Institute of the
University of Stuttgart (Kikillus, 2012; Bierbaum, 2015; Dany, 2015). Some basic findings
from these studies are presented below.
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Electromagnetic forces and magnetic particle properties

The physically correct electromagnetic force
In their original publication on the MagPI Larson et al. (2009) claimed that the magnetic
flux density (B in mT) is responsible for the particle attraction by the electromagnet, where
the magnetic flux density is the magnitude of the magnetic field. On the basis of a simple
experiment Bierbaum (2015) could demonstrate that in physical terms not the MFD but the
gradient of the MFD (∇B in mT/mm) is responsible for the attraction of the particles, which
means that the spatial changes of the MFD (close to the tip of the electromagnet the MFD is
high and decreases with vertical distance) lead to the retrieval of FP.
In the experiment a homogeneous magnetic field was produced by two permanent magnets. In this setup the MFD was artificially increased while no gradient was produced (i.e.
∇B = 0). If one considers that the magnetic flux density is the driving force of particle attraction (as proposed by Larson et al., 2009), the particles should be attracted at the very
same value of B 1 as compared to a normal measurement without the additional permanent
magnets. However, it could be demonstrated that the magnetic flux density needed to retrieve the particles from differently adhesive surfaces was always higher using the additional
permanent magnets. Consequently it was concluded that B is not an appropriate measure
of the electromagnetic force, instead strong hints indicate the role of ∇B as the driving force.
Figure C.5 is an example of a typical curve where the electromagnetic force ∇B is plotted
versus the applied electric current.
Regarding the determination of ∇B Bierbaum (2015) conducted two measurements. Using
a Hall probe connected to a gauss meter, the magnetic flux density is measured at a vertical
distance of h1 = 3.5 mm and h2 = 4.5 mm from the tip of the electromagnet. The gradient
of the MFD is calculated as ∇B = (B(h2 )−B(h1 ))/(h2 −h1 ). From Figure C.5 it is apparent that a)
the electromagnetic force increases with applied electric current and b) the curve is linear
between 0 and approximately 750 mA. At higher electric currents, the curve is significantly
flattened. This saturation is a typical behavior of electromagnets and is induced by a full
magnetization of the core material and introduces difficulties in adjusting the electromagnetic force in a linear way. In the original procedure the electric current is controlled via
turning the potentiometer of the electric current located on the power supply. In doing so,
the force of the electromagnet is significantly increased at lower electric currents (I), while at
higher electric currents the same rotation of the potentiometer nearly has no consequences.
Even though it has been demonstrated that ∇B is physically correct, it is to be mentioned
that B is proportional to ∇B under the normal measuring conditions. Consequently, the
magnetic flux density is still adequate for demonstrating e.g. the impact of the distance to
1

In the setup with the permanent magnets the magnetic flux density was measured considering the impact
of both, the permanent magnets and the electromagnet

76

PART C. AN ADVANCED METHOD TO MEASURE SURFACE ADHESION

Figure C.5 Graph illustrating the relation between the gradient of the magnetic flux density (∇B)
and the applied electric current (I) of an electromagnet with 1000 turns of wire. For more details on
the electromagnet see Appendix A.1.2. Data from Bierbaum (2015)

ferromagnetic particles on the electromagnetic forces (as will be shown in the next paragraph).
The correlation between the electromagnetic force and the distance to the ferromagnetic particles
As reported by Larson et al. (2009) the electromagnetic force strongly depends on the distance between the tip of the electromagnet and the ferromagnetic particles. This dependency is confirmed by the measurements of Kikillus (2012), see Figure C.6.
The figure readily illustrates that the highest electromagnetic force is to be found at the closest distance to the tip and decreases with increasing distance. At a distance of 3 cm the
magnetic force nearly vanishes completely. At a distance of 4 mm (the dashed line in Figure
C.6), which corresponds to the distance between FP and the electromagnet in the experiments, the magnetic flux density is equal to B ≈ 20 mT. Furthermore the figure shows
that the sensitivity of the electromagnetic forces towards increasing distance from the tip is
higher at lower distances than at distances more far away. Consequently, there is a tradeoff
between high electromagnetic forces/high sensitivity and low forces/low sensitivity.
As the biofilms surface is highly heterogeneous (with peaks and valleys) and it is thus not
always possible to position the tip of the electromagnet exactly at a predefined distance,
it is of particular interest to quantify the loss or gain of electromagnetic forces due to a
deviation from the targeted distance. Figure C.7 illustrates the percental deviation of the
electromagnetic force with deviations from the 4 mm reference distance.
The graph demonstrates the high sensitivity that is to be taken into account to achieve a

C.3. THE CALIBRATION PROCEDURE

77
e

 e   e ee e
 eee
























































e
Figure C.6 Changes of the magnetic flux density with vertical distance from the center of the tip
of the electromagnet. The grey bar is representative for the geometry of the electromagnets tip.
Measurements are conducted by applying an electric current of I = 600 mA. The dashed line is the
distance the electromagnet is currently set to (= 4 mm) in the experiments. Data from Kikillus (2012).

particle attraction with the constructed electromagnets, as increasing the distance to the
particles did not result in FP attraction on highly adhesive biofilms. For this specific electromagnet a ferromagnetic particle which is 0.3 mm closer to the tip experiences a 10 % increase
of attracting force.
Besides the vertical distance, the horizontal distance from the centre of the tip impacts the
measuring results as is illustrated in Figure C.8. While the electromagnetic force is highest
in the centre of the magnet, it decreases in a bell shaped form towards a higher horizontal
distance. The coefficient of variation (CV; i.e. the standard deviation divided by the mean
electromagnetic force below the centre of the tip) increases likewise.
When the particles are positioned outside of the projected area of the electromagnet (the
dashed lines in Figure C.8) they experience a coefficient of variation greater than 10 % and
a significantly reduced B. In other words these particles are attracted later in the experiments (when the electromagnetic forces are high enough) which might also influence the
determination of the thresholds. As a consequence these particles should not be taken into
consideration to achieve a higher accuracy of the method.
In summary, the results obtained with the current setup are still prone to significant deviations which shall be considered when evaluating the data. While the uncertainties which
are produced by horizontal deviations are minimized with a technical solution, the deviations
induced by vertical mis-positioning could not be addressed. As a future recommendation a
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Figure C.7 Sensitivity of the electromagnetic force to a vertical distance deviation from the targeted
distance between electromagnet and ferromagnetic particles (= 4mm). The grey bar is representative
for the geometry of the electromagnets tip. Measurements are conducted by applying an electric
current of I = 600mA. The deviations of electromagnetic force are presented in percentage of
B(z = 4mm). Data from Kikillus (2012).

possible solution could be the use of other core-materials, stronger magnets or FP which
can be retrieved at lower ∇B.
Electromagnetic forces and ferromagnetic particle properties
As already mentioned in Section C.1.2, the magnetic force alone is not sufficient to investigate the mechanical force of adhesion. The particles properties must be considered as well.
In this context, the particles geometries (size, shape, surface roughness, see e.g. Zafar et
al., 2014), their density/weight and particularly their magnetic properties are a decisive factor.
To illustrate the importance of considering the particle characteristics, a simple test on two
types of FP is carried out, applying the same setup of electromagnet and measuring routine:
The first set of particles is manufactured by PARTRAC R (UK) and sieved to a size range of
d = 200 . . . 355 µm. The particles are ferromagnetic and have a fluorescent coating. In preliminary experiments they were considered to be suitable and applied as standard particles
in the rest of the experiments in this thesis. The second test particles (F-red lake) have a
more or less similar size (d = 150 . . . 300 µm) and consist of iron grit colored with water insoluble food dyes. They are manufactured by Micro-Tracers Inc. and usually used in mixing of
e.g. food products to test if all ingredients are mixed correctly.
Magnetization of the particles is an important magnetic property. In simple words, mag-
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Figure C.8 Changes of the magnetic flux density by horizontal distance of the particles from the
centre of the tip. Additionally the coefficient of variation (CV) of the magnetic flux density is plotted in
red by considering the force in the centre of the tip as the reference value. All measurements conducted at a vertical distance of (4 mm) from the tip. The grey bar is representative for the geometry of
the electromagnets tip. Measurements are conducted by applying an electric current of I = 1000 mA.
Data from Bierbaum (2015).

netization describes the propensity of material to be attracted or to attract other materials.
Apparently, the F-red particles are more easily to be magnetized as they produce chains
(similar to the chains illustrated in Figure C.9) which continue to exist after removal of the
external magnetic field.

Figure C.9 Chains of particles, indicative for an increased propensity for magnetization (photograph
from Bierbaum, 2015)

For the simple demonstrational experiments, both types of particles (three replicates each)
have been spread on an adhesive surface (Xanthan gum with 1wt.% powder mixed with water) and subjected to an increasing magnetic force (following the standard measuring procedure described in Section C.2) to determine differences in the attraction of the particles.
Figure C.10 illustrates the enhanced detachment of particles as percentage detachment of
the particle surfaces with increasing ∇B. A similar form of representation will be used widely
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in the thesis and is explained in more detail Section C.4.

Figure C.10 The attraction behavior of two different types of particles by an electromagnet on the
same surface. Generally the particles are retrieved with increasing ∇B illustrated by a decrease
of the surface covered by particles (SCP) in %. The light grey curves represent 3 measurements
(replicates: r1, r2, r3) using the PARTRAC R particles and the dark grey curve stands for the F-red
particles. The particles predominantly differ in their magnetization characteristics. The vertical arrows
indicate the electromagnetic force needed to retrieve the first half of the particles

The experiment demonstrates effectively that a lower magnetic force is needed to attract the
F-red particles than the standard particles (PARTRAC R ). For example, to attract the first
half2 of the F-red particles a ∇B = 1.7 mT/mm is needed while the magnetic force more than
doubled to attract the same percentage of PARTRAC R particles (∇B = 3.8 mT/mm).
The tendency of a ferromagnetic particle to be attracted increases with the strength of the
externally applied magnetic field. When exposed to this field the particle is magnetized and
can be attracted more easily. If the magnetic field is even higher (in certain boundaries) the
particles are magnetized to an even higher degree and their attraction is further enhanced.
This effect (i.e. the magnetization M [A/m] is a function of B) is different for different materials.
To characterize the behavior of materials being magnetized physicists utilize a hysteresis
plot (as shown in Figure C.11).
The figure illustrates a typical hysteresis of a ferromagnetic material (Tipler & Mosca, 2015).
It shows the internal magnetic field (Bint ) of e.g. a particle as a function of an externally
applied magnetic field (Bext ). The curve progression between the origin “O” and “P1 ” can
2

Actually it is not the first half of the particles but a reasonable proxy, further explained in Section C.4
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Figure C.11 A typical hysteresis plot of a ferromagnetic material. The curve from point “O” to
“P1 ” represents the response of the internal magnetization (Bint ) to an external electromagnetic field
(Bext ).

be regarded as a first application of an increasing external magnetic field (Bext ) on a ferrous
material. While exposed to an external magnetic field (Bext ) the particle is magnetized (its
internal magnetic field Bint is a function of the Bext ). When the external field is reduced or
switched off, the material keeps on being magnetized to a certain degree which is termed
the remanence of the material (see Figure C.11 point Brem ).
The magnetization M is additionally influenced by the time of exposure to the external magnetic field. This fact further underlines the importance of an automated system in which the
increments of ∇B can be controlled and standardized for each experiment. In the measurements each increment is applied exactly for six seconds.
According to Gardel et al. (2005) the mechanical force (i.e. the force which the calibration
aims at) can be expressed as the product of magnetization and the gradient of MFD:

~
~ (t) · δ B(t)
f (t) = M
δx

(C.1)

~
where B(t)
/δx is the time dependant ∇B. The magnetization M is further depending on magnetic susceptibility: χ and the permeability µ0 (Tipler & Mosca, 2015) of the material. In
simple words, the forces on the particle or the forces that are needed to retrieve one particle
might differ significantly by a) the time of exposure to the electromagnet and b) the material
the particles are made of. To further complicate things, even particles made of the same material can have a very different magnetization M (or m in emu), which is illustrated in Figure
C.12 by the differences in hysteresis character of three geometrically different PARTRAC R
particles.

Figure C.12 illustrates that the magnetization of particles is correlated with their size. The
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Figure C.12 Differences in magnetization of particles with different geometries but manufactured
from the same core material. Particle C1 has the largest surface area and has the highest propensity
towards magnetization, followed by B4 and the smallest particle A3 (data from Dany, 2015).

highest degree of magnetization is experienced by the largest particle and the lowest by
the smallest particle. According to Dany (2015) this can be explained by the differences in
particle-volumina as the volumina is proportional to the magnetization. Consequently, it is
recommended to use particles of the same or comparable sizes to reduce the differences
in magnetization in future experiments. This assumes that the size and the volume of the
material that is attracted are proportional. In fact, the magnetic core material of the FP is
coated with a fluorescent color and unfortunately it is not clear how uniform this color was
applied on the particles.
In the following section a simple and effective calibration procedure is described. In this
procedure the resulting mechanical force is measured which is according to equation C.1 a
function of the magnetization of FP and the electromagnetic force. Consequently, this procedure makes the determination of both individual parameters redundant. This is acceptable
as only the mechanical force is of importance for the here presented adhesion measurements. Still, without the fundamental insights reported here, an interpretation and proof of
concept of the calibration procedure could have never been realized.

C.3.2

The calibration of the MagPI-IP device

The following text is modified from Thom et al. (2016)
The main goal of the here presented calibration procedure is to obtain the mechanical tensile force on one particle at different applied electric currents to the electromagnet. This
vertical tensile force is denoted as Fem [µN/particle] and is a key value for the determination of
surface adhesion as will be discussed in Sections C.4 and C.5. The basic idea is, that the
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vertical tensile force Fem at detachment of one particle from the surface can be related to
the retentive force of that surface.
It is important to mention that the design of the electromagnet, the properties of the ferromagnetic particles and even the measuring program (temporal length of the applied electromagnetic force and quantity) can have an impact on the resulting magnetic force. It is
therefore strongly recommended to recalibrate the device for each possible scenario.
The here described calibration setup is designed in such way, that it is reproducible in modern laboratories: A random number of ferromagnetic particles is permanently glued on a
small PVC cylinder (see Figure C.13).

Figure C.13 Ferromagnetic particles (red) permanently glued on a PVC cylinder. The diameter of
the cylinder is equal to the core diameter of the electromagnet. The upper side of the cylinder is
painted with a white color to provide a good contrast between the particles and the background, in
order to evaluate the number of particles by Image Processing.

The diameter of the cylinder should be equal to the core diameter of the electromagnet, as
only this area will be evaluated later (see Section C.4). The cylinder is then placed in a
small box on a laboratory scale (PCE-LS 500C, resolution 0.001 g, reproducibility 0.002 g).
The box is placed approximately 12 cm above the scale (using a PVC column) to prevent the
electromagnet from attracting the metallic scale plate (see Figure C.14 a). At this distance
no influence of the electromagnet is detectable by the gauss meter.
The electromagnet is positioned with a vertical distance of 4 mm above the particles (the
same distance is used for the measurements). In contrast to the real measurements where
the surface, the particles as well as the tip of the electromagnet are submerged, all calibration measurements are conducted under dry conditions. From a physical point of view
this will not impact the electromagnetic force as both in water and air, the magnetic permeability, which is responsible for supporting a magnetic field, of the respective media
_
is almost identical (permeability of water: µ = 1.256627 × 10 6 H/m, permeability of air:
_
µ = 1.25663753 × 10 6 H/m). As a consequence the magnetic force "submerged" and "in
dry conditions" is equivalent. The reason for this simplification in the calibration procedure
is that submerged measurements are subjected to temperature changes of the water, by
the influence of the heated electromagnet and the ambient temperature. This results in
a) expansion of the electromagnets coating b) expansion of the water and c) evaporation of
water which all influence the measuring results and complicate the calibration unnecessarily.
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Figure C.14 Methods used during calibration. a) sketch showing the calibration setup, b) and c) A
raw and processed top view image of the particles (pink) glued to the cylinder for the determination
of the projected surface area (black pixels are the FP).

To determine the tensile force Fem the gradient of the magnetic flux density (∇B) is increased
incrementally. At each increment the sum of the particles are attracted more strongly. As the
particles are firmly attached, they lift the PVC cylinder (without losing contact to the ground)
and thus reduce the weight on the scale by ∆Fscale [N]. To determine the tensile force on a
single particle ∆Fscale needs to be divided by the number of FP:

Fem =

∆Fscale
n

(C.2)

where n is the number of particles determined by dividing the total projected surface area
of the particles with the projected surface area of one single spherical particle. The total
projected surface area is measured by analyzing top view images of the upper side of the
cylinder (see Figure C.14 b and c).
Figure C.15 illustrates a typical calibration curve where the tensile force (Fem ) is plotted
against ∇B for one specific combination of electromagnet and particles (the • symbols).
The graph shows that the tensile force on a single particle ranges between 0 . . . 1.3 µN/particle
_
corresponding to (0 . . . 1.3) × 10 6 N/particle.
The graph further illustrates a non-linear relationship between Fem and ∇B. Especially at
∇B > 4.5 mT/mm the tensile forces are considerably greater than the indicated linear relationship (the dashed line). This behavior is explained by the magnetization of the particles
(see previous section) resulting in an increased propensity to being attracted. For FP which
have a lower propensity towards magnetization, the curve would be more linear - as can be
seen, the magnetization obviously has a non-negliable impact on the measuring results. For
practical reasons, Fem is better expressed as a function of the electric current I (see Figure
C.16), as the latter will later be controlled with the help of a microcontroller (or in the manual
version, by turning the potentiometer).
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Figure C.15 Calibration curve illustrating the relation between the tensile force exerted by the electromagnet on one particle and the applied gradient of magnetic flux density (the • symbols). The
dashed line is a theoretical curve for ferromagnetic particles which are less magnetizable. The deviations from this theoretical curve underline the importance of further considering the magnetic
properties of the attracted particles.
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Figure C.16 Calibration curve illustrating the relation between the tensile force exerted by the electromagnet on one particle and the applied electric current. The • symbols are the averaged values of
six measurements and the red line is the fitted quadratic regression.

Illustrated in Figure C.16 are the averaged values of six individual calibration runs (the •
symbols). The fitted regression curve (in red) can be used to transform the electric current
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(I) into the tensile force (R2 = 0.994, n = 6):

Fem = 8.819 × 10−3 + 5.216 × 10−4 I − 5.488 × 10−8 I 2

(C.3)

The precision of the single measurements is reasonably good in the range of expected
values for adhesive surfaces (Fem > 0.25 µN/particle), as illustrated in Figure C.17.
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Figure C.17 The coefficients of variation for tensile forces on a single particle at the applied increments of tensile forces. Six measurements are conducted and the standard deviation at each
increment is divided by the mean value to obtain the CV as a measure for precision of the calibration
procedure.

In this range the coefficient of variation is approximately 10 %. Below Fem = 0.25 µN/particle,
however, the averaged CV is higher (≈ 24 %). This may be explained by the accuracy of the
scale. At the lower ranges of ∇B the weight reduction ∆Fscale is in the order of magnitude of
the scales’ resolution of 0.001 g and unfortunately smaller than the reproducibility (0.002 g).

C.4

Data evaluation by image processing

Note: The content of this section is modified from: Thom et al. (2015b)
The quantification of ferromagnetic particle retrieval by the electromagnet is an essential
feature of the advanced system. Quantification enables to relate the tensile force on individual particles to the detachment processes and allows deeper insights into the surface
adhesion characteristics of biofilms. This is especially useful for a determination of a mean
adhesiveness (which was hardly possible with the unmodified device) but also for increasing
the reliability of data and comparability between different laboratories. Moreover, the quantification is helpful for further improvements of the method (e.g. to compare the attraction
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behavior of different particles as has been demonstrated in the previous section).
Image Processing
The images that have been captured by the MagPI-IP device (see Section C.2) are transferred to a desktop PC and loaded into the MATLAB R program which was developed for
this purpose. When the program starts, the user is guided through the whole process. The
single steps of this process are described briefly in the following.
It is important to note that, due to the limitations in the processing of images, the MagPI-IP
system currently cannot differentiate between individual particles. Instead, the Surface area
Covered by Particles (in the following denoted as SCP [px]) is used as a proxy.
Step 1
The first picture that is presented to the user of the software, shows the particles below the
electromagnet and an additional rectangle. This rectangle defines the area of interest (AoI),
which means that only the particles inside this area are evaluated (see Figure C.18 Right).
The dimensions of the AoI were determined a priori by e.g. placing a drawing with the exact
dimensions of the electromagnets core below the electromagnet, capturing an image and
then placing the rectangle in the program on that exact position (see Figure C.18 Left). The
reason for the identification of the AoI is that particles located inside this area are exposed
to a nearly constant magnetic force (as described in Section C.3.1). All other particles are
disregarded in the next steps. All images of one run are now trimmed to this area (see Figure C.19) for the further analysis.

Figure C.18 Step 1 of the image processing: Identification of the area of interest (AoI). Left: Identification of area directly below the electromagnet. The AoI (rectangle) is positioned and resized; Right:
Initial picture (I = 0 mA) with selected AoI.

Step 2
To differentiate between the ferromagnetic particles and the biofilm, the images are converted to binary image (black and white) after manually choosing an appropriate threshold
value and subtraction of a background image. The FP then appear black and the biofilm is
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white. Figure C.19 illustrates the original image and the computed binary images for different thresholds. It can be seen that the sensitivity in interpreting a colored pixel as a black
pixel is higher for lower thresholds. This manual step is important, since in the process of
biofilm formation, the contrast between particles and background may change considerably.
To reduce subjectivity in this step, the program displays binary images of different thresholds
and the operator compares this to the original colored image; thus the correct choice of an
appropriate threshold value is straightforward.

Figure C.19 Step 2 of the image processing: Screenshot showing the initial picture (I = 0 mA) and
the same picture converted to binary images for different thresholds. The operator chooses the most
appropriate threshold value so that only the particles (not the biofilm) are represented as black pixels.

Step 3
Determination of SCP: The black pixels (i.e. the surface covered by particles, SCP) are
counted and plotted into one graph together with the corresponding magnetic flux density
(circles in Figure C.20). Pixels which are left as black pixels after one run are either noise
(a part of the background is identified as particles) or particles which are left because the
electromagnet could not attract them. The number of these pixels is automatically subtracted
(this process is hereafter called “subtraction”). It is strongly recommended to check and compare the original pictures with the binary images and note any anomalies. For this purpose
the program provides all necessary data from each individual step of processing (e.g. see
Figure C.21 illustrating the original images and the corresponding computed binary images).
Step 4
Analysis of the data: The operator identifies the step just before the first particles are attracted. This is usually the maximum SCP as the particles orient themselves towards the
magnet before being attracted 3 . Sometimes, either due to noise or due to a bad quality
of the images, SCP values at increment i are higher than one increment before. These
values are unrealistic as this would mean that more FP are suddenly present below the
electromagnet than in the increment before. These erroneous data however, can under certain conditions impede the subsequent analysis. Therefore, in this step, SCP values (SCPi )
which are higher than their neighboring previous values (SCPi−1 ) are set to (SCPi−1 ). This
process is hereafter called “filtering” At the end of step 4 the SCP is converted into percentages of the maximum SCP for a better interpretability of the results.
As the camera is positioned at the side of the device (with a camera angle of approximately 20 ◦ ), this initial
orientation results in an increase of SCP
3
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Figure C.20 Step 3 and 4 of the image processing: Screenshot showing the surface area covered
by particles (SCP in px) plotted against the applied electric current. The operator identifies the last
value before the SCP decreases, due to particle retrieval (see  in red circle). Only the data which
lies between this value and the end of the measurements is evaluated.

Figure C.21 Screenshot showing the original images as captured by the MagPI-IP device (colored)
and the corresponding computed binary images which are further processed. Please note that the
binary images have been trimmed to the extensions of the predefined AoI. To improve visibility only
12 of 24 images are shown. The numbers in the bottom right corners denote the respective increment
(0 . . . 24) in which the images are captured

Step 5
In the final step the processed data is illustrated in two graphs (see Figures C.22 and C.23).
The first graph (Figure C.22) shows the development of SCP [%] with increasing electric current I. The red curve in the figure illustrates the final results and the blue curve represents
the raw data (before “subtraction” and “filtering”) to provide the operator with the opportunity
to check the data. Furthermore, this step is also useful for evaluating the quality of the data
as too high deviations between the curves indicate a significant quality loss due to a low
contrast between the FP and the biofilm. The second graph (see Figure C.23) illustrates the
reduction of SCP (∆SCP ) in each increment of applied electric current. The columns in this
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Figure C.22 Step 5a of the image processing. The final results are presented. This graph illustrates
the final relationship between SCP and I (in red). The blue curve is the unprocessed raw data.

bar graph readily illustrate at which increment the most particles are retrieved.
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Figure C.23 Step 5b of the image processing. The final results are presented. Bar graph of the
decrease of SCP at each increment of electric current.

All data is saved to comma-separated text files for further evaluation. Generally this data
allows a wide range of analyses (e.g. lowest/highest adhesion, heterogeneity of the surface
adhesion). In the present evaluation, however, a mean surface adhesion will characterize
the biofilm. Therefore, a mean pull off force (Fm [µN/particle]) is calculated from the individual
values of Fem,i at the electromagnetic force increment i and the ∆SCPi at the very same
increment. The electric current is first converted into the tensile force Fem , by applying the
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calibration function (e.g. equation C.3). Then the mean pull off force Fm is calculated as:

Fm =

n
X
(Fem,i × ∆SCPi )
i=1

C.5

100

(C.4)

Calculating surface adhesion from the mean pull off
force

So far the calibration resulted in a mean pull off force. The mean pull off force (Fm ) is a
vertically upwards directed averaged force needed to attract the particles from a surface (as
presented in the simplified concept in Figure C.1). In the context of the material property
“surface adhesion” the mean pull off force Fm plays an important role. However, Fm alone
is not sufficient to describe surface adhesion as it depends strongly on the design of the
measuring method.
For example, it is intuitive to assume that particles which are fully covered by EPS are much
more difficult to separate from the surrounding EPS, which would inevitably result in a higher
pull off force. Or, the particles in use are larger, hypothetically having a larger deadweight
and additionally the area of contact between them and the adhesive surface increases as
well. In case of a “material property: adhesion” these differences in testing must not lead to
any differences in the results.
Figure C.24 illustrates the impact of the area of contact between particles and an adhesive
surface. Even though the particle characteristics are identical, the particle on the top image
has a smaller area of contact (Ac,1 ) and the pull off force to retrieve the particle from the
surface is consequently lower. In fact the pull off force can be expressed as a function of the
contact area between the particle and the adhesive material.
It therefore makes sense to scale the force which must exceed the adhesive force to retrieve
a particle from the surface with the contact area to obtain the surface adhesion As :

As =

Fad
Ac

(C.5)

which is in line with the definition used by Ohashi and Harada (1994). Here, Fad in [µN/particle]
is the mean pull off force due to adhesion (Fad ) of a single ferromagnetic particle (will be
further defined below). The area of contact is the lateral surface area of a sphere, where h
is the depth of penetration of the sphere into the adhesive surface:

Ac = 2πr · h

(C.6)
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Figure C.24 A refined model of the impact of surface adhesion on the pull off force. Top: A ferromagnetic particle which is only partly in contact with the adhesive surface needs a lower pull off force
to be retrieved by the electromagnet as opposed to Bottom: Where the particle penetrates deeper
into the surface. The pink area is the area of contact (Ac ).

Adhesion, as defined above, is consequently depending on the depth of penetration and the
sphere’s radius:

As =

Fad
2πr · h

(C.7)

It is important to mention that the weight of the ferromagnetic particles must be taken into
account for calculating the Fad . In measurements on non-adhesive (glass) surfaces it is
demonstrated that a non-negliable force is needed to retrieve particles only due to their
deadweight. When retrieving the FP from an adhesive surface the exerted force must overcome the adhesion forces as well as the deadweight.
Consequently, the mean pull off force due to adhesion is the difference between the force
needed for an adhesive surface (Fm ) and a non adhesive reference surface (Fm,0 ). Fad can
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be written as:

Fad = Fm − Fm,0

(C.8)

The full adhesion equation then reads as:

As =

Fm − Fm,0
2πrh

(C.9)

or

As = ς · (Fm − Fm,0 )

(C.10)

where ς = 1/2πrh is the reciprocal lateral area of a sphere for a known ratio of r to h. Here ς
is defined for an ideally spherical object. In reality, the particles are not spherical (see e.g.
Figure C.12), furthermore (Zafar et al., 2014) showed that the micro roughness of such particles has an influence on adhesion. On the other hand, the determination of the exact value
of ς is currently not possible but reasonable assumptions can be made (see next section).
For future research it is strongly recommended to further elucidate the impact of the particle
geometries and probably also the surface chemistry.
Determination of the area of contact between a spherical particle and an adhesive
surface
The area of contact (Ac ) can be calculated from the depth of penetration of a spherical
particle into an adhesive surface (see Equation C.6). ς describes the reciprocal value of the
area of contact and is partly responsible for the surface adhesion force (see Equation C.10).
This value is highly sensitive and therefore deserves special attention. For example, Figure
C.25 illustrates the ratio between depth of penetration and particle diameter (h/d [%]) and ς.
The graph demonstrates a source of great uncertainty in the lower region of h/d (< 20 %)
as ς changes significantly with small changes in depth of penetration (e.g. h/d = 10 → ς =
41 mm−2 and h/d = 8 → ς = 51 mm−2 ). While ς is more insensitive at higher values of h/d (e.g.
h/d = 30 → ς = 14 mm−2 and h/d = 40 → ς = 10 mm−2 ).
Determination of the depth of penetration
There are essentially two ways tested to determine the area of contact. None of these methods will give a precise value but an approximation that will be used in this study. It is strongly
encouraged to go into deeper detail on this specific aspect as it may have a major impact
on the results of this method. A simple way and probably the most efficient to reduce uncertainties related to the heterogeneity of particle geometries is to purchase particles which are
generally well defined in their properties (primarily geometry but equally important are the
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Figure C.25 Graph showing the values of the reciprocal area of contact (ς) for different depths of
penetration. Especially at lower values of h/d the values of ς increase drastically, underlining the high
sensitivity of surface adhesion calculations from the area of contact.

magnetic properties as discussed in Section C.3.2).
Analysis of side view images
An analysis of side view pictures (see Figure C.26), with particles that have been spread out
on a silicone surface, yields that the particles have sunk into the silicone by approximately
30 % (on average) of their diameter (i.e. with a r/h ratio of 1.65 (= h/d = 30 %), n > 70, SD
= 0.6) which seems to be a reasonable proxy. The pictures have been analyzed using the
software GIMP as follows: The horizontal extent of the particles (d [px]) and the visible vertical extent (a [px]) have been measured using GIMPs measuring tool. Assuming spherical
particles the depth of penetration h and the dimensionless ratio between r and h is determined by solving r/h = d/(2·(d−a)).
Using the PARTRAC R particles, applying the ratio r/h = 1.65 (i.e. h/d = 30 %) (with rmean =
0.139 mm) the depth of penetration is hmean = 0.084 mm and the area of contact is Ac =
0.073 mm2 , accordingly. This yields ς = 13.63
Analysis of surface adhesion forces
The theory behind the analysis of the surface adhesion forces is that these forces are immanent to the material. By testing one specific material, Equation C.10 must consequently
always yield one specific surface adhesion value, irrespective of the depth of penetration of
the particles. In other words, a decreasing ς (a greater depth of penetration) must be balanced by an increasing pull off force due to adhesion: Fad = Fm − Fm,0 (a greater force is
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Figure C.26 Determination of the r/h value for particles spread on a silicone surface by image
analysis.

needed to retrieve the particles). In the following this theory is used to estimate the depth
of penetration of particles spread on a surrogate EPS from surface adhesion measurements.
Different samples have been prepared in petri dishes by mixing a Xanthan Gum (XG) solution as a surrogate EPS (1 wt.% powder dissolved in water) to fine sand (ratio: 6 g sediment
and 1.5 g XG solution). Particles are spread on the surface and adhesion measurements are
conducted after one minute (as in the original procedure), 70, 80, 140 and 1080 minutes (18
hours) on separate samples. During the incubation time the particles got more and more
embedded into the XG.
This is most obvious for the sample where the particles were incubated for 18 hours (see
Figure C.27 Left). In contrast to the picture of the sample directly after addition, no particles
are visible after 18 hours of incubation. In other words, the particles surface is fully covered
so that it can be assumed that h/d = 1. The 18 hour sample is taken as a reference and ς
is now determined by solving equation C.10 for h/d = 1 and a manually measured As,100 =
4.26 N/m2 4 .
As outlined above, a surface adhesion of 4.26 N/m2 must also be valid for the other measurements such that Equation C.9 is solved for the depth of penetration (Fad = Fm − Fm,0
is known from the measurements). The results are illustrated in Figure C.27 Right. As expected, the graph shows that the depth of penetration increases with time of incubation as
a consequence of increasing Fad . It is remarkable that the depth of penetration directly after
adding the particles (h/d = 33 %) is surprisingly similar to the results from the analysis of side
view pictures (h/d = 30 %).
The similarity of results from both methods presented here, creates confidence in assuming
a h/d = 30 % for the determination of surface adhesion in the following parts of this thesis.
This assumption is indicated by the indices s for surface measurements and 30 for the depth
of penetration in the notation of surface adhesion (→ As,30 ). Nevertheless, for applying
different materials and particles in future projects it is strongly recommended to reassess
4

As with ongoing incubation time the particles get more and more difficult to be captured by the camera
the Image Processing could not be applied. Instead the manual observation from the original procedure (after
Larson et al., 2009) was applied
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Figure C.27 Ferromagnetic particles left on an adhesive surface for different periods of time before
measuring the pull off force to determine the h/d ratio. Left: top view image of particles directly after
addition and after 1 day. Right: Bar graph plot of the calculated h/d values for different incubation
times assuming that the surface adhesion is constant. The h/d increase indicates that the particles
sunk into the adhesive surface over the time.

the area of contact individually.

C.6

Evaluating the performance of the MagPI-IP

Surface adhesion measurements using the MagPI-IP method are conducted on different
surfaces to test the performance of the method (data acquisition by Ries, 2016). Therefore
the following surfaces are tested: a) a blank surface (“BLANK”) and b) glass beads (“GB”)
that are used in the experiments, to evaluate differences and determine the reference (nonadhesive) mean pull off force Fm,0 . And c) an EPS surrogate (Xanthan gum “XG” at different
concentration: C = 3, 6, 9 g/l ) and d) two biofilms of different ages (“BIO16” after 16 days of
growth and “BIO48” after 48 days of growth).
Except for the biofilms, all surfaces of the test materials are flattened to exclude effects of
height variations on the distance between the electromagnet and the surface. All tests are
conducted under water by applying the procedure described above. PARTRAC R ferromagnetic particles (d = 200 . . . 355 µm) are used. The measurements are repeated on random
spots on the test materials. For the data evaluation the mean pull off force of n measurements is averaged (Fm or Fm,0 , see Table C.1). Additionally the coefficient of variation (“CV”)
for Fm or Fm,0 , the averaged net mean pull off force due to adhesion (Fad ) and the averaged
surface adhesion (As,30 ) is analyzed.
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Table C.1
positions.

Summary of results of surface adhesion measurements on different surfaces and random

Name

C.6.1
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n

Fm or Fm,0

CV (Fm or Fm,0 )

Fad

As,30

−

µN/particle

%

µN/particle

N/m2

BLANK

15

0.14

4.4

-

-

GB

12

0.15

8.9

-

-

XG3

15

0.22

9.7

0.08

1.02

XG6

10

0.26

9.5

0.12

1.53

XG9

5

0.41

7.6

0.27

3.67

BIO16

20

0.23

14.0

0.09

1.21

BIO48

10

0.39

14.4

0.25

3.28

Determination of the reference force on non adhesive surfaces

In the measurements where ferromagnetic particles are detached from a blank surface and
a glass beads surface the influence of the particles weight is examined. Both measurements on non-adhesive surfaces reveal a relatively high averaged pull off force (BLANK:
Fm,0 = 0.14 µN/particle and GB: Fm,0 = 0.15 µN/particle) compared to the adhesive surfaces (e.g.
XG3: Fm = 0.22 µN/particle), indicating that a reference force needs to be taken into account to
evaluate the surface adhesion forces (as has been done in Equation C.8). Table C.1 further
demonstrates that the coefficient of variation (CV) is 4.4 and 8.9 % respectively, which can
probably be explained by the uncertainties in the calibration procedure (see Section C.3.2)
where the CV is in a similar range.
While the Fm,0 of both materials are well comparable, a detailed look at the individual measurements illustrates considerable differences (see Figures C.28 and C.29). From these
plots, the skewness and the kurtosis is determined which can be used to quantify deviations
from a normal distribution. The results of individual measurements on the blank surface are
almost normally distributed (averaged skewness of all individual measurements is Sk = 1.0
and kurtosis is Ku = 3.6), which should be expected for non-adhesive measurements.
On the other hand the results on the GB surface have an average skewness of Sk = 4.1
and an averaged kurtosis of Ku = 38.4, which indicate that a) at fewer increments of Fem
much more particles are retrieved and b) there are more extreme outliers, where only a
few FP are retrieved at higher increments. Figure C.29 is a generic plot of an individual
measurement which confirms the statistical data. Especially important and representative for
the measurements on glass beads surfaces is that FP might get physically trapped between
the beads and are only attracted by applying much higher tensile forces (see the arrow
pointing at an extreme outlier in Figure C.29).
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Figure C.28 Example of an individual measurement on a flat glass slide without adhesion (denoted
as “BLANK”). The bar graph shows the percental decrease of SCP plotted against the applied tensile
force Fem . All the particles are retrieved at a few increments of Fem concentrated in the lower range.
The box in the upper right corner presents some statistical values of this individual measurement,
which might also be useful for a deeper analysis of adhesion forces.
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Figure C.29 Example of an individual measurement on glass beads without adhesion (denoted as
“GB”). The bar graph shows the percental decrease of SCP plotted against the applied tensile force
Fem . Most of the particles are retrieved at a few increments of Fem concentrated in the lower range.
Still, some particles are retrieved at higher Fem (see arrow), indicative for a physical trapping. The
box in the upper right corner presents some statistical values of this individual measurement, which
might also be useful for a deeper analysis of adhesion forces.
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This brief analysis already indicates the great potential of the novel method to evaluate data
on a quasi particle scale. The reference force should be equal to Fm,0 = 0.14 µN determined
for the glass surface (BLANK) as these data are less prone to outliers. Unfortunately, the
detailed analysis here was conducted at a very late stage of the project as the priority was to
measure surface adhesion in the experiments and develop this novel method simultaneously.
Therefore in the experiments a reference value of Fm,0 = 0.16 µN is applied, which was
evaluated in a smaller study before this detailed study was conducted.

C.6.2

Adhesion forces measured on a surrogate EPS surface

Xanthan Gum (XG, Sigma Aldrich, G1253-100G) is used as a model material because it can
be assumed that it behaves more heterogeneous than natural biofilms. XG is commercially
available as a food additive and rheology modifier to modify the viscosity of food products. It
is secreted by the bacterium Xanthomonas campestris and was previously tested by Tolhurst
et al. (2002) and Black et al. (2001) as an EPS surrogate to investigate erosion characteristics at different concentrations. Preparation of the Xanthan Gum is relatively straightforward
and therefore it is well suited as a model material to compare different measuring methods at
different laboratories. Here, the Xanthan gum is mixed in tap water at three concentrations
(CXG = 3, 6 and 9 g/l), then heated (to approximately 90 ◦ C), stirred again and mixed with
glass beads. The surface is flattened prior to the measurements. Please see also Appendix
B.1. It is expected that the surface adhesion measurements at the individual concentrations
are highly reproducible, as the mixing was done with great care. Furthermore, it is expected
that with increasing concentrations, surface adhesion (As,30 ) increases likewise.
In fact, As,30 increases with concentration of XG in a non linear way (see Figure C.30).
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Figure C.30 Surface adhesion of an EPS surrogate (Xanthan gum) at different concentrations.
Solid red line: best fit (polynomial regression).
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A doubling of the concentration from CXG = 3 g/l to CXG = 6 g/l results in a factor of 1.5
increase in As,30 and a threefold increase (from CXG = 3 g/l to CXG = 9 g/l) results in a more
than three fold increase in As,30 . This trend is well in line with the results on stability of XG sediment mixtures reported by Black et al. (2001) using the CSM (Cohesive Strength Meter)
device which employs a vertical water jet to erode sediments. A similar, yet more linear,
trend was also shown by Tolhurst et al. (2002) using the same device but probably with a
different setup as the stability differs significantly from the data of Black et al. (2001).
It can be further derived from the data that by applying the MagPI-IP method a clear difference between non-adhesive and adhesive surfaces can be measured. Furthermore, the
measurements on a surrogate material (here: XG) is highly reproducible (CV (Fm /Fm,0 )
below 10 %, see Table C.1).

C.6.3

Adhesion forces measured on a biofilm surface

Briefly, the biofilms are cultivated on glass beads that are filled and compacted into cartridges. These cartridges are placed in a small flume where natural river water (River Enz,
sampled in March 2015) is circulated (water exchange rate approximately 1/hour). Water
temperature is not controlled in these experiments, i.e. it is assumed to be similar to the ambient temperature (approximately 20 ◦ C) and light is applied in a 8/16 h day/night cycle with a
light intensity of 50 µmol/m2 s. Measurements are taken on one sample after 16 (BIO16) and 48
(BIO48) days of cultivation. In one month of cultivation the surface adhesion increased impressively by a factor of 2.7 (BIO16: As,30 = 1.21 N/m2 ; BIO48: As,30 = 3.28 N/m2 ). This sharp
increase is well in line with observations from the experiments which will be discussed in Part
D. The surface adhesion force of the young biofilm is comparable to that of the XG with the
lowest Concentration (BIO16: As,30 = 1.21 N/m2 ; XG3 As,30 = 1.02 N/m2 ) and the same is true
for the matured biofilm and the XG with the highest concentration (BIO48: As,30 = 3.28 N/m2 ;
XG9 As,30 = 3.67 N/m2 ). However, the CV of the biofilm samples is slightly higher than of the
XG samples. This possibly indicates, that the biofilm is slightly more heterogeneous than the
surrogate material, which was presumed beforehand. Still, as the differences are relatively
small (Biofilm: CV (Fm /Fm,0 ) ≈ 14 %; surrogate: < 10 %) more measurements need to be
taken to prove this hypothesis.

C.6.4

Comparison to other methods reported in literature

Table C.2 summarizes some of the results of direct and indirect measurements of adhesion
from literature. It is the same table as already presented in Section A.5.3, but with the
additional information of this study.
Regarding the direct measurements, the data reported by Ohashi and Harada (1996) have
the closest agreement to the data of this study. The differences between the directly determined adhesion forces may have a couple of reasons (see discussion in Section A.5.3).
It is highly recommended to conduct bench mark tests (as discussed above) on surrogate
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Table C.2 Updated overview on different methods to measure biofilm-adhesion forces and results
from literature (updated from Böl et al., 2013).
Parameter

Range

Magnitude

Unit

Reference

0.0 . . . 3.67

100

N/m2

This study

0.0 . . . 4.9

101

N/m2

Ohashi and Harada (1994)

0.0 . . . (> 8.0)

100

N/m2

Ohashi and Harada (1996)

0.6 . . . 2.0

10−1

Nm/m2

Chen et al. (1998)

0.0 . . . 1.0

0

10

Nm/m

Chen et al. (2005)

0.2 . . . 6.4

102

N/m2

Kreth et al. (2004)

1.9 . . . 33

101

N/m2

Lau et al. (2009)

0.2 . . . 1.5

101

mTesla

Larson et al. (2009)

Adhesion coefficient

0.0 . . . 2.5

100

N/m2

Righetti and Lucarelli (2007)

Adhesion coefficient

2.0 . . . 11.0

100

N/m2

Righetti and Lucarelli (2010)

Adhesive strength

0.4 . . . 4.5

100

N/m2

Dade et al. (1990)

Adhesion coefficient

1.5 . . . 3.0

100

N/m2

Fang et al. (2014)

MagPI-IP
Surface adhesion
Centrifugation device
Adhesion strength
Tensile strength
Micromanipulation
Adhesive strength
Adhesive strength

2

Microjet impingement
Adhesive strength

Atomic force microscopy
Adhesion pressure
MagPI
Surface adhesion
Model application

materials in order to compare between different methods.
The table further demonstrates that the overall best agreement to the MagPI-IP data is with
the values calculated from the theoretical models of Righetti and Lucarelli (2007, 2010);
Dade et al. (1990) and Fang et al. (2014). As the model described by Righetti and Lucarelli
(2007) will be combined with the surface adhesion measurements to investigate the feasibility of using physics-based models on predicting biostabilization, this close agreement is
highly encouraging.

C.7

Limitations/uncertainties and needs for further development

Even though, the modifications applied to the original system improve the quality of data acquisition significantly and produce more confidence in the results, a number of uncertainties
and limitations persist. The major limitations and uncertainties can be roughly divided into
four categories and are presented below.
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Limitations in the calibration procedure
The potentially highest source of uncertainties is related to the magnetic particle properties.
The particles in use are highly heterogeneous in shape, size, and magnetic properties. It is
generally recommended to concentrate further investigations on particle properties and test
different particles, probably with a narrower particle size distribution.
Limitations due to the image processing
The quality of the image processing and subsequent evaluation of the results strongly depends on the quality of the captured images. Specifically, a poor contrast between the FP
and the biofilm can hinder the evaluation of the pictures. Particles on biofilms that have a
dark color can hardly be distinguished by the MATLAB R program. Changes in light during
the measuring process are also problematic (Ries, 2016). These changes may result in an
incorrect identification of FP or the background.
Generally it would be desirable that the area where the particles are spread on is photographed from above to have an unbiased view on the surface of the FP. However, due to
practical reasons this is impossible as the electromagnet is already located above the particles. Therefore, the images are captured from the side with a camera angle of approximately
20 ◦ .
Limitations due to the measuring procedure
Filaments and highly heterogeneous biofilm topographies generally prevent measurements
on certain spots of the biofilm as the particles get trapped. Consequently, the measurements
are not completely unbiased. In the later experiments the filaments were cut using scissors
to allow MagPI-IP measurements on more spots.
Limitations in the calculation of surface adhesion
In Section C.5 it is demonstrated that the area of contact (Ac ) between FP and the adhesive
surface influences both, the pull off force and the surface adhesion forces. Even though it
has been demonstrated that a depth of penetration of 30 % is a reasonable assumption, a
deeper analysis of the Ac is recommended for future investigations, as the Ac might also
change with different materials.

Part D
TEMPORAL DEVELOPMENT OF SURFACE
ADHESION AND STABILITY
It is generally accepted that adhesion forces between EPS and sediments play a role in
biostabilization processes. Surprisingly little data can be found on adhesion forces and
studies investigating both, adhesion characteristics and critical bed shear stress are literally
non-existing. In this part the method to determine surface adhesion forces as described in
the previous Part C is applied in three experiments to monitor the development of As,30 over
time. The specific objectives of this part are to a) evaluate the feasibility of the advanced
method, b) characterize surface adhesion over time considering the different environmental
conditions and seasonality effects and c) correlate the results to the stability measurements
by regression analysis to draw first conclusions about the role of adhesion in biostabilization processes. It is important to give a short introduction on the possible interrelationship
between surface adhesion and erosion threshold for the reader to understand the analyses
conducted in this and the following part (Part E).

D.1

Preliminary considerations on the interrelationship between surface adhesion and erosion threshold

According to the information given in Part A sediment particles may be glued together by
adhesion forces to form a coherent surface layer (see Figure D.1 Left). In the event of erosion individual aggregates are detached (see Figure D.1 Right) when considering a crust
like erosion as described in Part B1 .
The forces that initially hold the aggregates in place are the submerged weight force and
additionally the adhesion forces at the boundary of the aggregates. In Figure D.1 Right,
this boundary is depicted with a red line. Apparently, the adhesion forces that need to be
1

The carpet-like erosion is much more complex (see Part A), and in this thesis there are some strong
indications that surface adhesion measurements are unlikely to be useful in this context. Therefore, only the
crust-like erosion is described here.

103

104

PART D. TEMPORAL DEVELOPMENT OF SURFACE ADHESION AND STABILITY

Figure D.1 A comparison between measured surface adhesion and adhesion responsible for resisting the attacking forces in the event of erosion. Left: Intact biofilm- sediment matrix. The red line
indicates that the adhesion measurements conducted in this thesis only account for the surface of
the coherent layer. Right: A biofilm-sediment aggregate is detached by the erosive forces of the fluid.
The red line indicates the area at which the adhesion forces counteract the attacking forces prior to
erosion.

exceeded by the erosive forces are distributed over the depth of the biofilm.
On the other hand, the MagPI-IP measurements are conducted on the surface and consequently the adhesion forces are termed “surface adhesion” (the red line in Figure D.1 Left).
The crucial question one asks is how the measured surface adhesion can account for the
adhesion over depth.
By conducting a regression analysis between erosion threshold and surface adhesion it is
implicitly assumed that either the surface adhesion forces exactly resemble or are at least
related to the adhesion forces over depth. The first is hypothetically possible as the thickness of the biofilm is relatively small (the eroded aggregates in this study have equivalent
diameters of maximal 1.2 mm) and it could be possible that the material properties of the
EPS do not change considerably over this small distance. However, the latter hypothesis
seems to be more realistic considering the limited current state of research. To the authors’
knowledge only one study has been published in which the adhesion forces of biofilms over
depth have been investigated, which is the study of Ohashi and Harada (1994). Their results
suggest a similar functional relationship of adhesion over depth for biofilms at different ages
(see Part A).
It must be fairly mentioned that understanding biostabilization would greatly benefit from
measuring the adhesion forces over depth and conducting the here presented analyses.
Moreover, the here developed MagPI-IP device could easily be used for this purpose, by
cutting the biofilm horizontally in slices and measuring surface adhesion on each slice. However, one significant downside of this method would be the vast number of measurements
that need to be conducted. Focusing on the development of growing biofilms under different
environmental conditions, these fundamental investigations are out of the time frame of the
project.
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Another reason for investigating the relation between the surface adhesion and erosion
threshold is that the here described method could be applied by engineers in the field for
a better prediction of the erosion threshold, provided a reasonable correlation is found. This
is hardly feasible for the more detailed investigations over the depth of the biofilm which
would therefore limit the applicability of the proposed method. Still, it is strongly recommended for future investigations to conduct fundamental studies on this aspect.
As far as this Section is concerned, it is assumed that the surface adhesion forces resemble
a proxy for the averaged adhesion over depth. In fact in Part E it will be demonstrated that the
measured surface adhesion underestimates only slightly the effective adhesion calculated
from application of a model.

D.2

The experimental setup

In the following the setup for biofilm cultivation, surface adhesion and stability measurements
are described and an overview on the experimental programs of the here discussed three
long term experiments (in March 2014 (Mar14), July 2014 (Jul14) and March 2015 (Mar15))
is given. The experimental program of the Mar15 experiment differs from the standard procedure applied in the two other experiments. Furthermore, in Mar15, an additional installation
was set into the erosion flume to decrease the impact of roughness changes that occur in
the transition between the initially smooth bed of the erosion flume and the rough surface
of the biofilm (as discussed in Section B.1.3). The changes and impacts on the results are
indicated in the text below.

D.2.1

The setup for biofilm cultivation

This section is a modified version of Thom et al. (2016)
The setup for biofilm cultivation is identical to the setup for the first set of experiments in Part
B. The setup is described in detail in Section B.1.1 and in Schmidt et al. (2015). The key
facts are repeated here briefly.
The biofilm is cultivated by circulating river water (containing a natural community of advected microbes) in six identical straight flumes over artificial sediments (glass beads, d =
0.1 . . . 0.2 mm). The flumes geometries are identical (l × w × h = 3.00 × 0.15 × 0.15 m3 ) and
biofilm growth is promoted in the rear 1.5 m of the flumes to ensure fully turbulent conditions
(the first 1.5 m are the inlet flow section). While the temperature is held at a constant level
(15 . . . 15.3 ◦ C), the flow velocity and light intensity can be adjusted in each flume individually
to simulate different environmental conditions (an overview on the boundary conditions applied in the experiments and the notations used in the following text is given in Table D.1).
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Furthermore, the flumes are placed in containers to avoid unwanted contamination.

Table D.1 Boundary conditions applied in the experiments and the specific notations used in the
following text

Notations used in the text

Light intensity (LI) τb (Q)

Temperature

[µmol/m2 s]

[N/m2 ]

[◦ C]

Low/None

0

0.02

15

Medium

50

0.04

15

High

100

0.08

15

-

0.10

15

Highest

During the cultivation period several measurements on different aspects (biological/chemical
analysis, erosion, surface adhesion, aggregate/floc geometries, settling velocity and floc
density) are conducted. For this reason, the sediment on which the biofilm grows, is filled
(and compacted) into removable PVC cartridges ( l × w × h = 88 × 58 × 18 mm3 ).

D.2.2

Erosion measurements in the SETEG flume

To determine the stability (i.e. the critical bed shear stress τc,bio ) of the biofilm-sediment matrix, the sample cartridges are placed in a straight erosion flume in such way, that the flume
bed is on one level with the surface of the sample. The discharge (i.e. the bed shear stress
τb ) is then increased incrementally and bed failure is documented. For a more comprehensive description of the setup for erosion measurements please see Section B.1.3.
Modifications made to the SETEG flume in Mar15
As already discussed in Part B, a downside of the SETEG flume so far was that the roughness of the flume bed differs from the roughness of the biofilm surface and the transition
between both elements is abrupt, which might cause two potential inaccuracies: 1) Fully turbulent conditions cannot be ensured over the sample and 2) the abrupt transition may result
in unwanted edge effects like a local increase in bed shear stress and scour development. To
solve this issue, extensive investigations on the biofilm roughness are conducted (see Part
F), and sandpaper was fitted onto the flume bed with a similar roughness as investigated for
a matured biofilm. This method is first applied in the Mar15 experiment (for further details
please see Section F.3).

D.2.3

Surface adhesion measurements

Surface adhesion measurements are conducted using the newly modified MagPI-IP system
as described in Part C. A quick summary on the concept is provided below.
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Briefly, the MagPI-IP system consists of an electro-magnet, an automated power supply, a
camera, a PC and image processing software. To determine the surface adhesion forces
ferromagnetic particles (d = 200 . . . 350 m, manufactured by PARTRAC R , UK) are spread
on a biofilm surface and attracted by the electromagnet (positioned 4 mm above them) at
increasing magnetic forces. The particles are retracted directly after their addition, as this
ensures reproducible measurements (Larson et al., 2009). This means that particles are not
overgrown by the biofilm but are in contact with the sticky surface by a smaller part of their
surface. To determine the surface adhesion As,30 in the here described experiments equation
C.10 is solved by determination of the mean net pull off force (Fad ) from the tensile force on
one particle (via calibration) and the reference force Fm,0 = 0.16 µN/particle. It is assumed that
on average the ferromagnetic particles depth of penetration into the adhesive surface is 30%
of their mean diameter (dmean = 0.2775 mm) which yields a ς = 13.64 1/mm2 .

D.3

The experimental program of the conducted experiments

The experimental program of cultivation
Table D.2 gives an overview on the specific study objectives of each experiment as well as
applied boundary conditions and abbreviated identifiers (ID). The notations used in this table relate to their definitions in Table D.1. An example illustrates the meaning of the IDs:
In the March 2014 experiment biofilms in flumes 3 and 6 were cultivated in darkness (Light
intensity = None). The IDs of the two flumes read as Mar14LNA and Mar14LNB - the abbreviation Mar14 stands for experiment conducted in March 2014. The first letter after the
year stands for the study objective Light intensity, the second letter denotes the level of the
light intensity None (see Table D.1) and the third is the numbering of the Replicates, e.g.
replicate A or replicate B. The same procedure is applied for the experiments where the bed
shear stress is varied, abbreviated with Q (i.e. discharge) for reasons of readability. The
experimental program of Mar15* experiments differs from this procedure as the boundary
conditions changed during the course of the experiment in each flume (indicated by the *).
Table D.2 can be summarized as follows:
Mar14
In Mar14 the primary objective is to investigate the impact of different light intensities (Darkness, medium and high light intensity) on biostabilization (while the bed shear stress is at a
constantly low level). The total duration of the experiment is 7 weeks.
Jul14
The study objective of Jul14 is on the impact of hydrodynamics. Three levels of bed shear
stress are applied during cultivation: Low, medium and high. The light intensity is constantly
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Table D.2 Detailed overview on experiments (Mar14, Jul14, Mar15*), their study objectives and
applied boundary conditions. Abbreviations used: L - light intensity, Q - discharge (i.e. the applied
τb during cultivation), N - none, L - low, M - medium, H - High, H+ - highest, A - replicate A, B replicate B, C -replicate C. The ∗ in Mar15: the flow velocity is changed during the experiments. The
hydrodynamic conditions during the main sampling phase are used as an abbreviation.

Name
March 2014

July 2014

March 2015

Study objectives

Flumenr.

ID

Light intensity

discharge Q

Light intensity

1

Mar14LMA

Medium

Low

2

Mar14LHA

High

Low

3

Mar14LNA

None

Low

4

Mar14LMB

Medium

Low

5

Mar14LHB

High

Low

6

Mar14LNB

None

Low

1

Jul14QHA

Medium

High

2

Jul14QHB

Medium

High

3

Jul14QHC

Medium

High

4

Jul14QLA

Medium

Low

5

Jul14QLB

Medium

Low

6

Jul14QLC

Medium

Low

1

Mar15QH+A*

Medium

Highest

2

Mar15QHA*

Medium

High

3

Mar15QLA*

Medium

Low

4

Mar15QH+B*

Medium

Highest

5

Mar15QLB*

Medium

Low

6

Mar15QHB*

Medium

High

Hydrodynamics

Hydrodynamics

set to medium. The total duration of the experiment is 9 weeks.
Mar15
The Mar15 experiment is different in that the flow velocities are adjusted during the course
of the experiments. The objective of the Mar15 experiment is to investigate the response
of biofilms cultivated under defined boundary conditions to abrupt changes in flow velocities
(e.g. to simulate a storm event or low flow after a period of temperate growth). Therefore, the
biofilms are cultivated under the same conditions (light intensity is medium, τb = low) in the
first two weeks (with no measurements). Consequently, all biofilms have the same starting
conditions. Hereafter three flumes are exposed to high flow velocities whereas the remaining three flumes are unchanged. These conditions can be regarded as the initial conditions.
After one week, the flow velocity was adjusted again to different flow velocities (low, high and
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highest). A detailed experimental program of Mar15 is illustrated in the Appendix C.1.
The experimental program of SETEG measurements
The experimental programs are briefly summarized:
Mar14
At the end of week 1 one sample from each flume was eroded, hereafter 2 samples from
each flume are eroded each week (a total of 41 samples, as one sample was destroyed
unintentionally).
Jul14
One sample is eroded every 3 to 5 days (starting from week 3). Due to several unexpected
events (erosion at the beginning of the experiments due to setting the flow velocity too high
in one flume and a power cut affecting 3 flumes for several hours) the total number of samples eroded is 43.
Mar15
Erosion measurements started in week 7 with one sample per flume on a weekly basis. The
last measurements were conducted on day 75 (after starting the experiment) with a temporal
gap of 2 weeks. A total of 24 measurements were conducted.
The experimental program of MagPI-IP measurements
The cartridges are transferred from the flumes to a water filled box. Then the MagPI-IP
device is positioned and measurements are conducted. Over the time, the adhesion is measured on different biofilm samples (not continuously on one and the same sample). The
reason for this procedure is that the erosion as well as the biological analysis is destructive
to the samples and the number of samples for each flume is limited. Therefore, the measurements on the different samples provide only a quasi-continuous monitoring over time as
different biofilms were tested.
Mar14
Each week (until week 5) surface adhesion is measured twice (with a temporal gap of 3 to 4
days). In each flume 3 cartridges are sampled and for each cartridge 3 replicate measurements are conducted on random spots. In the first 5 weeks a total of 540 measurements
are conducted. After week 5 (until the end of the experiment) measurements are conducted
more irregularly.
Jul14
The experimental program from Mar14 was optimized to have longer periods of surface adhesion measurements on one specific sample. The longest measurement on one sample
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is two weeks (or 4 sampling days). On average, 4 cartridges per flume are sampled with
3 replicate measurements each on random spots. More than 250 cartridges are sampled,
which results in ≈ 750 measurements.
Mar15
The sampling strategy differs significantly, because of the specific study objective. The first
measurements are conducted in week 6 with 3 cartridges on the first sampling day and 3
on the second sampling day of week 6. Thereafter, each week alternately 3 cartridges and
1 cartridge are used for adhesion measurements but also for destructive measurements.
On each cartridge 5 replicate measurements are conducted. This yields > 650 measurements. The electromagnet in use for this experiment (see Section A.1.2) is also different
from the electromagnet applied in experiments Mar14 and Jul14 (see Section A.1.3), as the
latter was destroyed after Jul14 by accidently overheating. The calibration applied here gives
comparable results for both electromagnets and as a consequence, the results are also well
comparable.
Evaluation of the data
The surface adhesion data is processed in two different ways: 1) In Section D.4.1, where
the characterization of the surface adhesion is in the focus, all results are evaluated. The
surface adhesion is averaged for each sampling day and flume. And 2) Section D.4.3 discusses the correlation between critical bed shear stress and surface adhesion. Here, only
the adhesion data from the samples that are eroded at the same day are averaged.
Generally, some measurements had a bad quality of images due to unfavorable light conditions. Those measurements were discarded prior to the evaluation. This results in unequal
numbers of replicates/samples and therefore the standard error (SE) which considers the
number of samples was chosen to represent the deviations.

D.4

Evaluation of the experiments

In this section the surface adhesion and erosion threshold measurements are evaluated.

D.4.1

Characterization of the temporal development of surface adhesion

Figures D.2, D.3 and D.4 are generic plots of the temporal development of mean surface
adhesion forces (As,30 , standard error ‡) evaluated in the experiments Jul14, Mar14 and
Mar15 respectively. The complete results can be found in the Appendix C.3.
Analyzing all results, it is striking that a) the developments of As,30 are similar in the respective experiments and b) the surface adhesion forces have a characteristic development over
time. The latter is most obvious in the Jul14 experiment (see Figure D.2). In the first weeks,
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Figure D.2 Generic plot of the development of mean surface adhesion forces (The • symbol: As,30 ,
standard error ‡) in the Jul14 experiment. Data from Jul14QLC. In this experiment, the development
can be divided into three distinct phases. The red line is the linear regression in Phase II. The blue
line is the averaged As,30 in Phase III. The vertical black lines illustrate the beginning or end of the
different phases.
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Figure D.3 Generic plot of the development of mean surface adhesion forces (The • symbol: As,30 ,
standard error ‡) in the Mar14 experiment. Data from Mar14LHA. In this experiment, the development
can be divided into two distinct phases. The red line is the linear regression in Phase II. Phase III
is absent in this experiment. The vertical black lines illustrate the beginning or end of the different
phases.
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Figure D.4 Generic plot of the development of mean surface adhesion forces (The • symbol: As,30 ,
standard error ‡) in the Mar15* experiment. Data from Mar15QHA. Measurements are first conducted
on day 40 of biofilm growth. Therefore the data presented only corresponds to Phase III.The vertical
black lines illustrate the beginning or end of the different phases.

the As,30 is nearly constant and hardly exceeds 1.0 N/m2 (e.g. from the beginning of the experiments to day 14 in Figure D.2). This is then followed by an increase of As,30 (e.g. from
day 14 to day 35 in Figure D.2) until it fluctuates around a mean value (e.g. after day 35 until
the end of the experiment in Figure D.2). In Mar15 the surface adhesion measurements only
started after 40 days which could imply that the biofilm was already “matured” and the data
can only be represented as fluctuations around a certain mean value (see Figure D.4). In
the Mar14 experiment (see Figure D.3) only the initial phase of constantly low adhesion and
the following increase is visible, which could imply that the “matured” stage was not reached
during the duration of the experiment.
Consequently the data on As,30 can be subdivided into three distinct phases. In the following
an interpretation of these phases is suggested relating to the commonly accepted theory
on biofilm development (see also Figure A.3 and Vasudevan, 2014). Furthermore, a parameterization is suggested which is helpful in comparing the data of different experiments
and applied environmental conditions. According to the definition and description given by
Lüdecke et al. (2014) the phases can be described as follows:
Initial lag-phase: No or slow surface adhesion (Phase I)
Phase I describes the formation of a conditioning film on the abiotic sediment for further
growth. Suspended microbes settle onto the sediment (as described in Chapter B) where
they secrete a thin layer of EPS to attach to the sediment. Once the microbes resist the fluid
shear more EPS is secreted to promote growth of the biofilm. After Lüdecke et al. (2014) the
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adhesion kinetics in this phase are low and nearly constant (Lüdecke et al., 2014 studied
the substratum coverage of E.coli on different materials, as a proxy for adhesion). In classical theory, this phase typically lasts some minutes or hours. The data, the classical theory
was developed on, was derived from small scale batch experiments mostly on monospecies
biofilms. The meaning of the term conditioning film in the context of this study is slightly
different but still strikes the core of the definition. Here, a conditioning film is the necessary
condition for further and much more advanced biofilm growth but without relevant impact
on the erosion threshold (as will be demonstrated in below). In the experiments the biofilm
is largely transparent, suggesting a bacterial biofilm. Phase I can be characterized by two
parameters: The total duration of this phase ∆tphI (starting at day 0) and As,30,I . 1.0 N/m2 ,
where As,30,I is the surface adhesion in Phase I.

Fast adhesion phase (Phase II)
Phase II is the growth phase. In this phase the biofilm accumulates EPS. This phase is
characterized by a quick increase of mean surface adhesion. For example, in Figure D.2,
As,30 increases from 0.6 to 5.3 N/m2 in 3 weeks time (∆tphII = 21 d), which corresponds to a
nearly 9 fold increase. In the present study, the value of As,30 can be expressed as a function
of time of growth applying a linear regression:

As,30 (t) = r · t + b

(D.1)

where r is the adhesion rate (or the daily increment) in N/m2 d, t is the time of growth in Phase
II and b is the absolute term derived from the regression. The absolute term b may be used
to determine the value As,30,I :

As,30,I = r · ∆tphI + b

(D.2)

Phase of saturation III
The phase of saturation is characterized by a fluctuating surface adhesion around a mean
value. Phase III is here termed the “mechanically matured” phase. In the classic theory, the
biofilm reaches a state of dynamic equilibrium between detachment/dispersal and growth.
This phase can be parameterized by the starting day (or ∆tphI +∆tphII ), an averaged surface
adhesion (averaged As,30 = As,30,II ) and the standard error (SE).
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The full parameterization reads as:




A
= const. , t ≤ ∆tphI

 s,30,I
As,30 (t) = r · t + b
, ∆tphI < t ≤ (∆tphI + ∆tphII )



A
, t > (∆tphI + ∆tphII )
s,30,II (±SE)

(D.3)

Evaluation of the complete dataset
Table D.3 summarizes the parameters from equation D.3 for all available data on surface
adhesion.
Table D.3 Summary of results on surface adhesion and erosion threshold development over time
for the experiments Jul14, Mar14 and Mar15*. Note: As,30,I is calculated from equation D.2 where
possible.
Phase I

Phase II

Phase III
R2

∆tphI

As,30,I

∆tphII

r

b

[d]

[N/m2 ]

[d]

[%]

[N/m2 ]

Jul14QHA

18

0.56

21

17

-2.5

0.87

4.24

0.69

1.40

0.06

Jul14QHB

14

1.32

19

28

-2.6

0.86

6.75

0.15

1.02

0.10

Jul14QHC

11

0.24

17

24

-2.4

0.71

5.37

0.37

1.13

0.13

Jul14QLA

14

1.12

18

28

-2.8

0.98

4.73

0.43

0.91

0.08

Jul14QLB

14

0.26

11

44

-5.9

0.93

4.94

0.20

0.97

0.09

Jul14QLC

14

0.32

21

23

-2.9

0.98

4.18

0.41

1.01

0.08

Mar14LNA

end

-

-

-

-

-

-

-

-

-

Mar14LNB

end

-

-

-

-

-

-

-

-

-

Mar14LMA

14

1.44

end

17

-0.94

0.89

-

-

-

-

Mar14LMB

14

0.24

end

21

-2.7

0.81

-

-

-

-

Mar14LHA

14

0.78

end

17

-1.6

0.93

-

-

-

-

Mar14LHB

21

1.01

end

21

-3.4

0.92

-

-

-

-

Mar15QH+A*

-

-

-

-

-

-

2.21

0.14

1.00

0.05

Mar15QH+B*

-

-

-

-

-

-

3.37

0.26

1.36

0.01

Mar15QHA*

-

-

-

-

-

-

3.14

0.25

1.37

0.11

Mar15QHB*

-

-

-

-

-

-

3.40

0.29

1.51

0.17

Mar15QLA*

-

-

-

-

-

-

1.55

0.10

0.81

0.07

Mar15QLB*

-

-

-

-

-

-

4.32

0.43

1.58

0.22

ID

As,30,III

SE As,30

[N/m2 ]

τc,bio

SE τc,bio

[N/m2 ]

In principle, the development of surface adhesion forces is surprisingly well in line with the
evaluation of the temporal development of the critical bed shear stress in Part B. Phase I is
available in all experiments where the measurements started at day 0. The duration of that
phase is on average approximately 2 weeks which can also be confirmed by observations.
As discussed in Part B the first visible (i.e. non transparent) biofilm developed just after
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these 2 initial weeks.
The fast adhesion phase (Phase II) lasts on average 18 days. The daily increment of surface adhesion forces, further denoted as the adhesion rate (r), ranges between 17 and 44 %.
In experiment Jul14 the average adhesion rate is higher for biofilms cultivated under low
flow velocities (r = 32.7 N/m2 d) than under high flow velocities (r = 23 N/m2 d), possibly to be
explained by enhanced growth under lower flow velocities. This is well in line with the findings from erosional studies in Chapter B where a higher flow velocity leads to a delayed
development in growth and stabilization. Regarding the applied light intensities, it is striking
that in principle biofilms cultivated under darkness conditions have surface adhesion forces
. 1.0 N/m2 . This means that no relevant adhesion could be measured and the biofilm rested
in the lag-phase until the end of the experiment. Again, this mirrors the observations made
in Part B, where no biostabilization effect was visible for biofilms under darkness conditions.
Comparing the adhesion rate from experiments under similar boundary conditions but at
different seasons (i.e. spring: Mar14LMA, Mar14LMB and summer: Jul14QLA, Jul14QLB,
Jul14QLC) the summer experiments had considerably higher adhesion rates (averaged r =
31.7) than the spring biofilms (averaged r = 19). This is in contrast to the development
of biostabilization as discussed in Part B where τc,bio is higher in spring than in summer.
Still, the data underline that seasonality plays an important role also for the development of
surface adhesion as underlined by two more observations: 1. In the course of the experiment
Mar14, the saturation phase III was not reached (i.e. the biofilms in spring can be classified
as “still developing” even after ≈ 7 weeks) and 2. the averaged surface adhesion in phase
III of Mar15 is considerably lower than in Jul14. These interpretations should be treated with
great care as the number of experiments is still very limited. Furthermore, the variability of
the results (especially Jul14) from replicate flumes is unexpectedly high and certainly more
experiments are needed to confirm the interpretations.

D.4.2

The development of stability divided in phases

The concept of surface adhesion phases is applied on the measured erosion thresholds with
the aim to better understand the biostabilization process. Following this idea Figures D.5,
D.6 and D.7 show the temporal development of the erosion threshold from one flume as representative for each experiment. The complete results can be found in the Appendix (C.2).
In Phase I (lasting ≈ 2 weeks) the stability of the sediments is almost without exception equal
to the stability of non-biostabilized sediments. This indicates that surface adhesion values
below As,30 ≈ 1.0 N/m2 do not result in any biostabilization effect. Hereafter, the erosion
threshold increases with time in almost all experiments in the fast adhesion phase (Phase
II). In the saturation phase (Phase III) the stability is subjected to strong fluctuations (see e.g.
Figure D.6). Applying the concept of phases to characterize the development of the erosion
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Figure D.5 Temporal development of τc,bio as typical for the Jul14 experiment. Data from Jul14QLC.
Additionally the surface adhesion phases are illustrated, where the vertical black lines illustrate the
beginning or end of the different phases. The solid red line is the abiotic sediment stability (i.e. the τc
of the initial non-biostabilized sediments).
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Figure D.6 Temporal development of τc,bio as typical for the Mar14 experiment. Data from
Mar14LHA. Additionally the surface adhesion phases are illustrated, where the vertical black lines
illustrate the beginning or end of the different phases. The solid red line is the abiotic sediment
stability (i.e. the τc of the initial non-biostabilized sediments).
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Figure D.7 Temporal development of τc,bio as typical for the Mar15* experiment. Data from
Mar15QHA*. Additionally the surface adhesion phases are illustrated, where the vertical black lines
illustrate the beginning or end of the different phases. The solid red line is the abiotic sediment
stability (i.e. the τc of the initial non-biostabilized sediments).

threshold is especially beneficial when interpreting data in the mechanically matured stage
of biofilms (Phase III). Data from Jul14 (see Table D.3) illustrates that the averaged τc,bio
is higher for biofilms cultivated under higher flow velocities compared to biofilms cultivated
under low flow velocities (under high flow velocities: BI = 5.1, under low flow velocities BI =
4.2) confirming the results of Pereira et al. (2002) and Graba et al. (2013).

D.4.3

The correlation between critical bed shear stress and surface
adhesion

A correlation between the critical bed shear stress and surface adhesion may provide indications for an existing functional relationship. Supported by the information from the previous
paragraphs, it is hypothesized that the erosion threshold increases with surface adhesion.
By plotting all data from Mar14, Jul14 and Mar15 into one graph (see Appendix C.3.1), however, it is demonstrated that such a simple relationship cannot be found due to the large
scattering of the data. Instead the data is plotted into three different graphs, each representing the correlation at the three distinct phases (see Figures D.8, D.9 and D.10). Please note,
that the data of As,30 presented here, is the averaged surface adhesion measured on the
same samples that are eroded to determine the erosion threshold, thus the data potentially
deviates from the results in Section D.4.1.
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Phase I
The results presented in Figure D.8 clearly demonstrate that samples with surface adhesion forces in phase I (i.e. As,30 . 1.0 N/m2 ) have a negliable effect on biostabilization. The
biostabilization index ranges from 0.75 to 1.5. As expected, biofilms at early stages (≈ first
two weeks) do not contribute to enhanced biostabilization. The same applies to biofilms
cultivated under darkness conditions. By application of the MagPI-IP, non-biostabilized sediments can be clearly differentiated from biostabilized sediments.
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Figure D.8 The interrelationship between erosion threshold and surface adhesion in Phase I as
measured in experiment Mar14.

Phase II
The data in phase II (Figure D.9) suggests a positive linear correlation of As,30 and τc,bio . The
erosion threshold increases with surface adhesion. The biostabilization effect of elevated
surface adhesion values is much smaller than expected. In both experiments a six fold increase of As,30 results only in a factor 1.3 increase of τc,bio (the dashed and solid black lines
in Figure D.9).
Furthermore, the graph illustrates readily that surface adhesion forces alone cannot predict
biostabilization effects, as the proposed linear regression from the Mar14 experiment deviates from the regression of the Jul14 experiment indicating that additional factors might play
a role in biostabilization processes.
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Figure D.9 The correlation between erosion threshold and surface adhesion in Phase II as measured in experiments Mar14 and Jul14. Additionally the plot shows the linear regression curves for
each experiment.

Phase III
The erosion threshold in the mechanically matured phase III is characterized by a biostabilization index & 3.5, that is mostly higher than the stability in phase II (see Figure D.10).
In both experiments the data is highly scattered and no correlation can be found. It is also
noteworthy that a large part of the erosion thresholds have related surface adhesion forces
that are well in the range of the data from phase II.

c























c3

c






n
n i
 l


























c

,

Figure D.10 The interrelationship between erosion threshold and surface adhesion in Phase III as
measured in experiments Jul14 and Mar15*.
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Hypotheses on the role of surface adhesion for biostabilization

The results of surface adhesion measurements in relation to the stability and the temporal
development of surface adhesion forces allow a deeper insight into the role of adhesion in
biostabilization processes. In general, the trend of surface adhesion forces is well in line with
the observations on stability, both in the experiments presented here and in Section B. As
these datasets are the first of their kind (to the best of the authors’ knowledge), much more
experimental work is needed to confirm the following hypotheses. Still, based on the results
in the previous section the following conceptual model on the role of a developing adhesion
in biostabilization processes is put forward:
In the experiments river water containing advected microbes is circulated over the initially
abiotic sediment. These microbes settle to the sediment surface where they produce a conditioning film. This means that they produce EPS to attach to the sediment and promote
further growth. During this phase, which, in the here conducted experiments, lasts approximately 2 weeks, the surface adhesion forces are low and probably only small parts of the
sediment surface is covered by the EPS. In any case the impact of the low-adhesive EPS on
sediment stability is negligable.
This changes abruptly in Phase II. Depending on the applied boundary conditions adhesion
rates between 17 and 44 % suggest fast developing biofilms. At the same time the first
biostabilization effects (i.e. an increase in τc,bio ) are visible and can be correlated to surface
adhesion. The glue-like effect of the EPS (as well as its quantity) is sufficient to connect
sediments to form larger aggregates. These aggregates are, compared to the single sediment grains, more difficult to erode because of their increased size. On the other hand, the
increased size is at the expense of a drastically reduced bulk density of these aggregates.
As more and more EPS is produced, the EPS to sediment ratio increases and, as the EPS
has a density of around 1.0 t/m3 , the bulk density of the aggregates decreases. This effect
could explain why the enhancements in biostabilization are comparably low (factor 1.3) while
at the same time the surface adhesion force increases are high (factor 6).
From another point of view one could speculate that the adhesion forces balance the loss
in stability due to a decreasing weight of the aggregates mediated by a reduction of bulk
density. After all, biofilms in Phase II experience a biostabilization effect of factor 1 . . . 3.5
compared to the initial abiotic sediment. In accordance to the USDA classification and using a standard fine sand as a reference (d = 0.15 mm, ρs = 2.65 t/m3 ) the enhancements of
a BI = 3.5 translated into an increase in grain size, would mean a new sediment size of
d = 1.0 mm. A BI = 3.5 would have the same effect as increasing the diameter of sand
grains by a factor of 6.7, or in other words from fine sand to the lower boundary of very
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coarse sand.
The adhesion rate (r) and the corresponding lower critical bed shear stress in Mar14 indicate that besides surface adhesion other factors play an important role. It is possible, that in
Mar14 less EPS is produced and as a consequence, the grains are not sticking together as
in Jul14.
In Phase III no further enhancements in surface adhesion are measured, the As,30 and probably also the τc,bio fluctuate around a constant mean. Potentially these fluctuations of the
erosion threshold can be explained by the increasing heterogeneity of the biofilm surface.
While in phase II the surface roughness is still low and evenly distributed over the biofilm
surface, distinct biofilm spots that are exposed to the fluid develop with time and are clearly
visible in phase III (see Chapter F). In this matured stage no correlation is found between
surface adhesion and erosion threshold as the data scattered widely. However, the “matured” biofilm is more stable (BI > 3.5) than the biofilm in phase II. This might also be related
to a structural change. In later stages of biofilm development so called biofilm mats (or carpets as described in Chapter B) are frequently found which generally have a higher stability
as compared to the crust-like biofilms (see also Figure B.8). In contrast to the aggregate like
erosion of the crust, these mats oscillate in the flow (with increasing τbed ) until they suddenly
fail (Vignaga et al., 2013). The results in this study suggest that surface adhesion forces in
phase II (where the erosion mechanism is clearly aggregate like) might be useful in predicting biostabilization effects, on the other hand the erosion mechanism of biofilm mats might
be completely independent of the surface adhesion.
The results presented in this study are strictly limited to the experimental conditions applied.
The fits between As,30 and τc,bio in phase II must therefore not be considered as a general
approach to predict biostabilization. As described above, a number of other factors influence
the biostabilization effect (with the bulk density and floc size as probably the most influential
ones). While it is certainly impossible to unravel the phenomena of biostabilization in the
context of this study an attempt to model biostabilization with the help of a physics-based
model is made in the following Part E.

Part E
APPLICATION OF A THEORETICAL MODEL
TO PREDICT BIOSTABILIZATION
The aim of this part is to evaluate the feasibility of using surface adhesion measurements for
predicting the biostabilization potential by application of a physics-based model. The findings from the previous part indicate some striking similarities between surface adhesion and
biostabilization development over time. This is also true for the trends reported from biofilms
cultivated under different environmental boundary conditions and at different seasons. On
the other hand it is clear that the results reported in Part D are only valid for the specific experiments that are discussed and it has been demonstrated that a simple regression analysis
between surface adhesion and erosion threshold is not sufficient to predict biostabilization.

Consequently, in this part, a physics-based model (after Righetti & Lucarelli, 2007) is applied,
considering 1) the eroded floc size (D), 2) the eroded floc bulk density (ρb ) and 3) an effective adhesion between eroded flocs (Aef f ). As suggested by Righetti and Lucarelli (2007)
only the adhesion forces are considered and the cohesion forces are neglected. Therefore,
the individual flocs are held together only by adhesion (EPS-sediment) as illustrated in the
definition sketch (the red linkages in Figure E.1).

For further details on the model please see Section A.6.3 and Part A. The calculated effective adhesion is then correlated to the surface adhesion measurements to elucidate the
potential of the MagPI-IP measurements to predict biostabilization. In conducting this analysis further methods had to be developed to evaluate 1) the eroded floc size and 2) the bulk
density of flocs (presented in Section E.1). After all, the data of one experiment (Jul14) is
evaluated in this part, consequently the results presented must be regarded as the first step
into the application of a physics based model. Still, in this part important information about
experimental procedures and the relevance of individual parameters is proposed serving as
a basis for further investigations.
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Figure E.1 Definition sketch of important parameters considered in the physics-based model of
Righetti and Lucarelli (2007). Illustrated are two flocs that stick together by the effective adhesion
forces (Aef f ). The flocs properties are considered by their diameter D and the floc bulk density ρb .
The grey circles are the initial abiotic sediment hold together by the biofilm to form the flocs.

E.1

Additional methods for the quantification of floc geometry and bulk density

In addition to the methods used in Chapter D (Surface adhesion measurements using the
MagPI-IP, erosion threshold in the SETEG flume) a floc size and a bulk density analysis
are performed in the Jul14 experiment. This is necessary as the model applied here is
based on momentum balance considerations of eroded flocs extending the original work of
Shields (1936) and the developments hereafter. The analysis is based on the experiments
already discussed in Section D.4.3. The total experimental data is slightly reduced as at 5
points in time no floc data were available in the flumes where the erosion measurements are
conducted on.

E.1.1

Floc size analysis

To determine the sizes of eroded biofilm aggregates (or flocs) a combination of a smaller
erosion chamber, a specifically constructed settling column and a camera system is used.
Biofilm samples in cartridges are eroded in the erosion chamber which has the advantage
that all eroded aggregates are kept inside the small volume of the device and thus can be
relatively easy transferred into the settling column. The camera system then captures the
settling of the flocs in the column and the raw images are further processed with a MATLAB R
software.
A number of studies have been conducted with the objectives to 1) develop a working system
for the evaluation of floc (settling) characteristics (Santolamazza, 2013; Ziegler, 2013) and
b) evaluation of floc settling velocities with regard to different applied boundary conditions
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during growth (Githua, 2014; Sengottuvel, 2015). From the relatively huge datasets only the
geometrical properties are of interest in this study and the setup is described accordingly in
the following.
Floc generation with an erosion chamber
Sample cartridges from the experimental flumes are transferred and placed in the so called
Gust chamber (after Gust, 1990). The Gust chamber is a round shaped microcosm (d =
18.0 cm) with a stirring disc that can be rotated at different speeds (see Figure E.2). In
operational mode, the Gust chamber is filled with water and the stirring disc, which is in
contact with the water initiates a rotation of the water body around its vertical axis. The
centrifugal forces which are induced are balanced by a pump whose outlet is located in the
center of the microcosm. To insert a biofilm sample the lid (with the stirring disc) is removed
and the cartridge is placed in a specially constructed frame. This frame houses an additional
reservoir below the cartridge in which the eroded flocs are collected. Then water is carefully
filled into the chamber and the rotational speed is increased in increments of 10 rpm every 2
minutes.

Figure E.2 Schematic drawing of the Gust chamber (Gust, 1990) used for the collection of eroded
flocs. After inserting the biofilm sample the “skirt” is adjusted to the correct height (in contact with
the water) and rotated. Every two minutes the revolutions per minute (rpm) of the skirt are increased
by 10. The pump flow rate is adjusted according to Gust (1990). This process is stopped when the
biofilm-sediment matrix is eroded.

Settling column and camera system
After erosion the flocs are collected from the reservoir using a pipette or spatula and transferred into the settling column (see Figure E.3). The settling column (l × w × h = 34 × 4 ×
330 mm, see Figure E.3 Left and Right) consists of two sheets of a special glass mounted
on a metallic frame. A void between the sheets is filled with water to allow settling of the
flocs. The flocs are inserted through an open top.
At terminal fall velocity (18 cm from top) a camera (uEye UI-2250-M) is positioned recording
the movement of the flocs at 8 fps (frames per second) and with a resolution of 1600×1200 px
(see Figure E.3 Left). To improve the contrast between the flocs and the background an ad-
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Figure E.3 The settling column and camera system to investigate floc geometries and settling velocity. Left: Side view of the settling column with CCD camera. The flocs are inserted through an
open top. Right: Front view of the settling column.

ditional backlight LED producing diffuse light is fixed behind the column. The design of the
column is optimized especially in regard to the optical qualities and its length, to allow capturing the flocs movement at terminal fall velocity. A movement of the flocs in the camera axis
is impeded by the distance between the glass sheets (4 mm). This is especially important
for the geometrical evaluation of the flocs. Flocs which are further away from the camera
appear smaller on the images. The calibration of the camera (from pixels to millimeter), only
applies for a given distance and consequently, flocs which deviate from that distance will
be either too small or too large. A drawback of this method is that the narrow width of the
settling column also limits the maximum size of eroded flocs to be inserted.
Image Processing for floc geometry measures
The MATLAB R code for the image processing of the captured pictures named “FloculaMazza” was developed by Santolamazza (2013). Its primary function is to determine the
floc settling velocities and floc geometries. In this thesis only the floc geometries are analyzed and a brief summary of the processing is given focusing on this particular aspect.
The pictures captured by the camera are loaded into the program and transformed into binary (black and white) images using the adaptive method for thresholding. Similar to the
image processing from Part C the adaptive method uses a reference image. Taking a background image (i.e. without flocs) as a reference image the background information are subtracted from the following pictures, and ideally only the flocs are visible on the binary image.
In the next step, all visible flocs from all pictures are geometrically characterized (e.g. position of the centroid, length of major axis/minor axis and convex hull, see Figure E.4 Left).
Those information are already given in SI units as the pixel-millimeter relation was deter-
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mined a priori via calibration.
To follow the path of the settling flocs, the geometrical characteristics of two subsequent
images are analyzed and based on tolerance values (defined by the operator) the program
finds pairs of flocs with the same characteristics (see Figure E.4 Right).

Figure E.4 Example of processing the images of settling flocs (screenshots). Left: All flocs on
one image are characterized by their geometry (length of major/minor axis, length of convex hull,
position of centroid). Right: Subsequent images are analyzed using the geometrical information to
find matching pairs. To calculate the settling velocity the centroid movement from the first image (see
processed images: the pink floc) to the second image (the green floc) is evaluated and divided by the
time span between capturing the images.

Once these pairs are found, the movement can be calculated from comparing the position
of their centroids in two subsequent images and the time interval between 2 subsequent images (for more details please see Santolamazza, 2013). All information on the recognized
flocs (geometrical as well as velocities) are then saved for further analysis.
Evaluation of floc data
Characterization of the floc diameter
One of the biggest challenges in investigating biostabilized floc properties is that their shape
differs considerably from spherical particles which influences their settling behavior. Consequently a number of different shape factors have been investigated (see e.g. Dietrich, 1982).
In contrast to Righetti and Lucarelli (2007) who used the mean Feret diameter 1 as a proxy,
the more commonly used spherical-equivalent diameter (df in [mm]) is calculated (see e.g.
Keyvani & Strom, 2013) in this study. The spherical-equivalent diameter is the diameter of a
circular particle of the same surface area as the irregularly shaped floc and calculated as:

r
df =
where A
1

in

4·A
π

[mm2 ] is the surface area of the floc.

The Feret or caliper diameter is the distance between edges of an object along a specified axis.

(E.1)
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Peak analysis
Biostabilized sediments are eroded in a wide range of floc sizes. A rough distinction can
be made between micro- and macroaggregates. While Microaggregates consist of primary
particles, macroaggregates are composed of microaggregates. In their original publication
Righetti and Lucarelli (2007) used the size of macroaggregates as a characteristic diameter.
To determine the characteristic diameter Righetti and Lucarelli (2007) applied a “lognormal
high pass filter” to the measured floc diameter distribution and calculated the D50 . Unfortunately, no further information was given on the characteristics of the filter and consequently
an alternative procedure is applied aiming at a similar output.
Figure E.5 is a typical histogram of the equivalent diameter distribution from one experiment.
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Figure E.5 Example of histogram plot showing the distribution of spherical-equivalent diameters
from one eroded biofilm sample. From these plots the macroaggregate diameters D are determined
manually by analysing the displayed peaks. The arrow indicates the selected peak.

Similar to the histograms in Righetti and Lucarelli (2007) it shows a bimodal distribution with
a peak in the larger size range of particles (see arrow). This peak indicates the size of a
macroaggregate and is used as a proxy for the floc diameter D. All other datasets on floc
size distribution are evaluated in the same manual way. It is noteworthy, that the here applied
procedure involves considerable uncertainties: In some datasets it is particularly difficult to
determine distinct second peaks. In this regard , the procedure proposed by (Righetti &
Lucarelli, 2007) may lead to more unambiguous results. On the other hand, it has to be
generally clarified which aggregate sizes play the most important role in biostabilization processes, suggesting more detailed investigations on the geometrical characteristics of the
aggregates. However, in the context of this study the above described procedure is used
yielding similar floc sizes as reported in Righetti and Lucarelli (2007) and their follow up publication (Righetti & Lucarelli, 2010).
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Experimental program for floc analysis
The flocs are analyzed each week for each flume starting from week three until week 7. It
is important to note that the floc size analysis is conducted on biofilm samples which are
different to those that are eroded. This is because two different devices are used for the two
types of measurements: 1) the SETEG flume, which is currently not equipped with a method
to determine eroded floc sizes but is a useful device for measuring the erosion threshold
and 2) the Gust chamber which keeps the eroded flocs in place for subsequent floc size
analysis. Still, the samples for floc size analysis which is later related to the erosion threshold
are cultivated in the same flumes and thus experienced the same environmental boundary
conditions. However, even biofilms which are cultivated under the same conditions partly
vary in their structure and growth patterns (see Part B), an influence of the aforementioned
limitation on the results cannot be fully excluded.

E.1.2

Bulk density analysis

The bulk density of eroded flocs (ρb in [kg/m3 ]) is determined by the use of a pycnometer,
assuming that the flocs are an enclosed space. Flocs are collected from each experimental
run and the weight of the flocs (m1 in [g]) is obtained by a laboratory scale. Then the weight
of the water-filled pycnometer (m2 in [g]) is obtained in the same way, as well as the fluid
temperature (the density of water depends on its temperature). In the last step, the weight
of the pycnometer filled with water and the biofilm flocs is measured (m3 in [g]). Following
the ASTM D 85402 standard (modified for bulk density, after ASTM, 2002) the density can be
determined as shown in equation E.2:

ρb =

m1 · ρw,t
m1 + m2 − m3

(E.2)

where ρw,t is the density of the water at the test temperature.
Experimental program for floc bulk density measurements
Measurements on bulk density are performed every 3 to 4 days (starting in week 3, with
3 to 6 replicates each) and averaged irrespective of applied boundary conditions for each
day (no clear trend between different environmental conditions is observed). Additionally,
data from day 61 of the Mar15 experiment is evaluated to represent a more reliable estimate
(here: n = 14) of matured biofilm bulk density.

E.2

Application of the modified Shields approach with measured surface adhesion and floc property values

Eroded floc diameter
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Figures E.6 and E.7 show the measured equivalent diameters (D) for eroded flocs over time
of growth. For better visualization the data is plotted into these two separate graphs, Figure
E.6 for biofilms cultivated under low and Figure E.7 for biofilms cultivated under high flow
velocities.

Figure E.6 Temporal development of eroded floc diameters D for biofilms cultivated under low flow
velocities. The graph differentiates between different flumes and phases. All data, except of data for
day 61 (marked with ∗), is used in the modified Shields model.

Figure E.7 Temporal development of eroded floc diameters D for biofilms cultivated under high flow
velocities. The graph differentiates between different flumes and phases. All data, except of data for
day 61 (marked with ∗), is used in the modified Shields model.

Floc sizes range between D = 0.55 . . . 1.18 mm, which corresponds to a factor of ≈ 2.1. In
Phase II (between days 21 . . . 35) a slight tendency of floc sizes to increase with time is ob-
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served. In contrast, floc sizes in Phase III tend to fluctuate around D = 0.95 mm, further
supported by the data of day 61 (these data have not been used in the model as no erosion
thresholds are determined at that day). As already mentioned above, the floc sizes are well
in range with the data of Righetti and Lucarelli (2007) (D = 0.581 . . . 0.890 mm) and Righetti
and Lucarelli (2010) (D = 0.565 . . . 0.853 mm).
Eroded floc bulk density
Between days 21 and 46 the averaged bulk density decreases from 1.81 to 1.56 t/m3 (see
Figure E.8) corresponding to a decreasing relative density (after e.g. Van Rijn, 1984: ∆ =
(ρb −ρ)/ρ) by 70%. Measurements conducted on day 61 (the • symbol, labeled Jul14) indicate
that the bulk density is no further decreased and probably reaches a steady state. However,
additional averaged data from a later experiment (the • symbol, labeled Mar15) with a higher
number of measurements conducted suggest lower bulk densities. This indicates that densities might differ significantly between experimental runs (more on this issue in Section E.4).
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Figure E.8 Temporal development of measured floc bulk density in the Jul14 experiment. The bulk
density is represented as an average value (± SD). The red line is the calculated best fit between
days 21 and 46, which will be used in the modified Shields model. The • symbols stand for measurements conducted on day 61 in Jul14 and additional data from Mar15.

Unfortunately, no measured values of the bulk density are available at the specific days
32 and 49 where large erosion measurements were conducted. Therefore, a polynomial
regression (solid red line in Figure E.8) is fitted to the data based on the measurements
between days 21 and 46. Equation E.3 (R2 = 0.67) is used in the following to relate the bulk
density to the remainder data:

ρb = 1.55572 + 0.01942t − 0.0004t2

(E.3)
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Please note that the data for day 49 is extrapolated. However, due to the regression the
density is equal to the density measured three days before (day 49 (regression) and day 46
(measured): ρb = 1.56 t/m3 ). Consequently, this extrapolation should not yield any unrealistic
results.
At this point it seems necessary to emphasize that the here presented regression curve cannot be applied for the evaluation of other experiments. The bulk density depends on e.g. the
ratio between volume biofilm and volume sediments. Both factors may strongly depend on
the investigated biofilms and the sediment size used in the experiments. Still, the trend of
decreasing bulk density is well in line with the observations made by Droppo et al. (1997)
who reported that the floc density reduction is associated with a porosity increase and generally comes along with increasing floc sizes. Even though the measurements on floc size
and bulk density are conducted separately, it is also observed that the floc size increases
with time.
Erosion threshold and surface adhesion measurements
For a description of the results on erosion threshold and surface adhesion measurements in
Jul14 the reader is kindly referred to Part D. A detailed representation of the results is further
to be found in the Appendix C.2 for erosion threshold and C.3 for surface adhesion forces.
Moreover Table E.1 below summarizes all relevant data for the here applied model.
Application of the modified Shields approach
As expected, the application of the traditional Shields approach (not considering adhesion
effects) to the data of Jul14 underestimates the critical Shields parameter significantly as
illustrated in Figure E.9. The differences between the curve and the measured values can
be explained by the additional glue like effects underlining the importance of a more comprehensive understanding of the involved forces and the need for adjusting the curve.
Before going into detail, the modified Shields approach (after Righetti & Lucarelli, 2007) is
briefly recalled (for more details please see Section A.6.3). The general form is:

ΘC =

τc,bio
*0

= ΘC0 + 
Θ
CC + ΘCA
(ρb − ρ)gD

(E.4)

where ΘC0 being the traditional critical Shields parameter, here derived by the Brownlie
∗−0.9
equation: ΘC0 (D∗ ) = 0.22 · D∗−0.9 + 0.06 · e−17.77·D
with the macroaggregate/floc dimen1
sionless characteristic diameter D∗ = D · ([g·∆]/ν 2 ) 3 (e.g. after Van Rijn, 1984). D is the floc
diameter as explained above. The term ΘCC accounting for cohesion effects is neglected
as this thesis focuses solely on adhesion effects. This has also been done by Righetti and
Lucarelli (2007, 2010) and is a valid approach as the model is dimensionally consistent.
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Figure E.9 Comparison between the traditional Shields parameter (curve, calculated by applying
the Brownlie equation) and experimental results of Jul14 (The  symbols).

ΘCA is the critical mobility parameter accounting for adhesion effects between contiguous
flocs:

ΘCA =

ΘC0 (D∗ )
Aef f
α3
(ρs − ρ)gD

(E.5)

As one can see, ΘCA is a function of the traditional Shields parameter (ΘC0 ), the floc shape
parameter α3 (here defined as α3 = π/6 for spherical flocs), the denominator (ρb − ρ)gD
and the adhesion coefficient Aef f in N/m2 . As described in Righetti and Lucarelli (2010), the
adhesion coefficient refers to the contribution of adhesive forces between contiguous flocs.
Consequently, the Aef f is an effective adhesion, containing all effects related to adhesion
forces and the resulting binding force between flocs. These additional effects have not been
defined by Righetti and Lucarelli (2007) probably as no measurements on adhesion were
available in their studies.
Consequently, in this study the modified Shields approach is applied to calculate the adhesion coefficient (or effective adhesion) Aef f . Hereafter the calculated Aef f is compared with
the measured surface adhesion forces. Table E.1 is a summary of the measured values and
calculated results, additionally containing information about the particle Reynolds numbers
Re∗ (D)/Re∗ (d) and the ratio between adhesive forces and submerged particle weight FA/FG0 .
The results will be described below and discussed in the next section.
Classification of adhesion effects after Dade et al. (1992)
After Dade et al. (1990, 1992) the term FA/FG0 is the ratio between adhesive forces and submerged particle weight. When the ratio is less than unity (FA/FG0 < 1.0) the biofilm sediment
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Table E.1 Measured input parameters for the modified Shields equation, calculated results and
additional info (Jul14). Parameters not listed: α3 = π/6, ρ = 0.9982 t/m3 , ν = 1.004 × 10−6 m2/s,
primary particle diameter d = 150 µm. Observed erosion processes (“E.p.”): (A) aggregate-like, (C)
carpet-like. Co-existence possible. Additional influences: (B) bubble entrainment and (2A) a second
layer.
Measured

Calculated

Info

Time of Growth

As,30

τc,bio

D

ρb

Aef f

Re∗ (D)

Re∗ (d)

FA/F 0

Ph.

E.p.

[d]

[N/m2 ]

[N/m2 ]

[mm]

[t/m3 ]

[N/m2 ]

[−]

[−]

[−]

[−]

[−]

21

4.57

0.70

0.55

1.79

8.82

15

40

6.8

II

A

21

0.39

0.66

0.80

1.79

7.55

20

38

0.6

II

A

21

1.97

0.62

0.65

1.79

7.43

16

37

2.9

II

A

25

1.27

0.50

0.55

1.79

5.67

12

33

1.9

II

A,2A

25

3.14

0.58

0.75

1.79

6.43

18

36

4.7

II

A,2A

25

5.48

0.74

0.80

1.79

8.92

22

41

8.1

II

A,2A

25

5.30

0.74

0.70

1.79

9.34

19

41

7.9

II

A,2A

25

1.87

0.58

0.60

1.79

6.86

14

36

2.8

II

A,2A

28

3.83

0.66

0.70

1.79

7.96

18

38

5.7

II

A,C,2A

32

5.86

0.79

0.90

1.77

9.21

25

42

8.7

II

C,A,2A

32

5.43

0.79

0.75

1.77

9.96

21

42

8.1

II

C,A,2A,B

32

4.86

0.83

0.65

1.77

10.98

19

43

7.2

III

C,A,2A

35

5.36

0.83

0.95

1.75

9.77

27

43

8.0

III

A,C,2A

35

4.81

0.79

0.70

1.75

10.20

20

42

7.1

III

C,2A

35

6.06

1.13

1.10

1.75

13.45

37

50

9.0

III

C,2A

35

6.93

1.23

0.70

1.75

17.50

25

53

10.3

III

C,2A,B

39

5.94

1.35

0.95

1.71

18.26

35

55

8.8

III

C,A,2A

39

4.35

1.13

1.05

1.71

14.08

35

50

6.5

III

C,A,2A,B

39

6.17

1.29

1.00

1.71

17.01

36

54

9.2

III

C,2A

39

3.37

0.93

0.95

1.71

11.51

29

46

5.0

III

C,A,2A

39

4.42

0.93

0.90

1.71

11.79

27

46

6.6

III

C,2A

39

5.16

0.83

1.10

1.71

9.11

32

43

7.7

III

C,2A,B

42

4.74

1.46

1.15

1.67

18.89

44

57

7.0

III

C,2A

42

5.33

1.23

0.95

1.67

16.70

33

53

7.9

III

C,A,2A

42

5.46

1.35

0.85

1.67

19.08

31

55

8.1

III

C,2A

42

2.48

0.74

0.90

1.67

9.01

24

41

3.7

III

C,2A

42

4.73

0.74

1.00

1.67

8.50

27

41

7.0

III

C,2A

42

5.25

1.03

1.00

1.67

13.02

32

48

7.8

III

C,2A

46

6.56

0.93

0.90

1.61

12.32

27

46

9.7

III

C,A,2A

46

4.17

0.79

0.80

1.61

10.42

22

42

6.2

III

C,2A

46

5.89

0.93

1.00

1.61

11.84

30

46

8.7

III

C,A

46

4.29

0.83

0.85

1.61

10.99

24

43

6.4

III

C,A,2A

46

4.19

0.83

1.00

1.61

10.32

29

43

6.2

III

C,A

49

7.71

0.79

0.85

1.56

10.50

24

42

11.4

III

C,B,2A

49

5.88

1.35

0.85

1.56

19.63

31

55

8.7

III

C

G
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matrix is weakly adhesive 2 and the erosion resistance is primarily due to a combination of
particle interaction and gravity. On the other hand, when FA/FG0 exceeds 1.0 the additional
stability is dominated by adhesive effects (strongly adhesive). The values of FA/FG0 from Jul14
are shown in Table E.1. The ratio can be calculated from the measured data as follows:

As,30 · Af p
FA
=
0
FG
Fm,0

(E.6)

where Af p is the surface area of one ferromagnetic particle: Af p = π · d2 with an averaged
d = 275 µm. As described in Part C Fm,0 is the averaged submerged weight force of one
ferromagnetic particle (Fm,0 = 0.16 µN/particle). Fortunately, Fm,0 = 0.16 µN is equivalent to the
submerged weight force of a mineral particle (with density ρs = 2.65 t/m3 ) only slightly larger
than the glass beads used in the experiments (d = 266 µm) such that FA/FG0 can be used to
classify the effect of adhesion on sediments used in this thesis.
In the present study no biostabilization effects are observed when As,30 . 1.0 (see Part
D) which translates into a ratio FA/FG0 of ≈ 1.5. Assuming the same stickiness between
sediment-biofilm and ferromagnetic particle-biofilm, this means that the adhesive force on
the surface needs to be 50 % higher than the submerged weight of the sediment to induce
a biostabilization effect. Consequently FA/FG0 ≈ 1.5 can be defined as the threshold between
an increased and no stabilization effect, which might be an interesting information for future
research.
As can be seen from Table E.1 values of FA/FG0 range between 1.9 (assuming that the surface adhesion measurement displayed in the second row is an outlier) and 11.4 (on average
= 6.9). This is surprisingly well in line with the calculated values reported by Dade et al.
(1990) (= 0.9 . . . 11.4) and indicates that the biofilms in this study form strongly adhesive sediments. On average the impact of surface adhesion exceeds the gravitational force (due to
submerged weight) by 590%, emphasizing the importance of biofilm stabilization processes
to be considered in erosional studies.
The particle Reynolds number
For a description of the particle Reynolds number and its impact on the erosion threshold
please see Part A. The particle Reynolds number Re∗ is calculated here either as a function
of the aggregate diameter:

Re∗ (D) =
2

u∗ D
ν

(E.7)

In their original publication Dade et al. (1992) used the term weakly “cohesive” as they focused on cohesive
muds, rather than the impact of biofilms. In the present study this phrase is translated into weakly “adhesive”.
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or as a function of the average abiotic sediment diameter (with d = 150 µm):
Re∗ (d) =

u∗ d
ν

(E.8)

p
with u∗ in [m/s] being the shear velocity defined as u∗ = τc/ρ. Both ranges of Re∗ (D) and
Re∗ (d) are presented in Table E.1 and indicate that the surface can be considered as neither
hydraulically rough nor smooth instead as transitional (5 < Re∗ < 70). This means that the
bed shear stress is caused by both viscous shear as well as pressure forces by turbulence
impact. The biofilm roughness elements are exposed partly to the turbulent zone of the
boundary layer and therefore influence the resistance of the near bed hydraulics.
However, as will be demonstrated in the next part, it is highly doubtful that the biofilm surface
roughness can be characterized by either sediment (d) or aggregate (D) diameters. While
using the abiotic particle diameter or the aggregate diameter as a reference for Re∗ it is
assumed that the bed is composed of well-sorted particles of the respective sizes (Wiberg
& Smith, 1987). In fact, the biofilm topography is heterogeneous (this will be demonstrated
in Part F) and may be better described as a microscale landscapes (with peaks and valleys
as suggested by Battin et al., 2007). Therefore it is hypothesized that the particle Reynolds
numbers are between the evaluated values of Re∗ (d) and Re∗ (D) or even reach values > 70
such that the bed can be categorized as hydraulically rough.
Comparing the calculated effective adhesion with the measured surface adhesion
Figure E.10 illustrates the relation between the physically measured As,30 and the calculated
Aef f . Additionally a linear regression is conducted (the red lines in Figure E.10) on all values
(see label “Reg. Phase II + III”), on the values of data from Phase II (“Reg. Phase II”) and
from Phase III (“Reg. Phase III”).
Two things are to be noticed. Firstly, a general trend is observed that Aef f increases with
surface adhesion. On the other hand the data scatters considerably where the measured
values of As,30 are high. Considering all phases (Reg. Phase II + III) the linear regression
is very weakly correlated (R2 = 0.32, see also Table E.2 for an overview). Secondly, it is
striking that both results, the calculated effective adhesion and the measured surface adhesion are largely in the same order of magnitude (100 . . . 101 ) as was already indicated by
comparison of surface adhesion measurements on surrogate materials to values from the
studies of Righetti and Lucarelli (2007, 2010) (see Table C.2). All regression equations (see
table E.2) have a constant term greater than zero. As such the calculated data is always
higher than the measured data.
In principle, this regression analysis yields similar results as the regression analysis between
the erosion threshold and surface adhesion in the previous part. For example, scattering of
data has also been observed for Phase III-biofilms and has been related to heterogeneities
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Figure E.10 The correlation between calculated effective adhesion and measured surface adhesion
in Jul14. The • symbols are data from Phase II. The ◦ symbols are data from Phase III. The red lines
are the linear regression curves for each individual and both phases.
Table E.2 Parameters, quality and valid range of the linear fits (Aef f = aAs,30 + b) between the
calculated effective adhesion and the measured surface adhesion in Jul14

Rank

Description

R2

Coefficient a

Coefficient b

n

valid range (As,30 )

[−]

[−]

[−]

[−]

[−]

[−]

N/m2

1

PhaseII

0.68

0.58

6.00

11

1 . . . 5.9

2

Phase II + III

0.32

1.38

5.10

35

1 . . . 7.7

3

Phase III

0.15

1.20

6.90

24

2.5 . . . 7.7

of the biofilm and its structure. In Phase II the simple statistical correlation between surface
adhesion and erosion threshold was much stronger.
Likewise, in this analysis the data from phase II has the strongest correlation (R2 = 0.68).
The linear fit has a slope of ≈ 0.6 and a constant term of ≈ 6.0. To increase the effective adhesion by 1 N/m2 a nearly 3 fold increase of measured surface adhesion is necessary.
The weakest correlation is determined for the mechanically matured biofilm in Phase III
(R2 = 0.15).
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In the following the correlation in phase II is further evaluated. The regression equation
(R2 = 0.68) is:

Aef f


0
=
0.5775 · A

As,30 < 1.0 N/m2
s,30

(E.9)

+ 5.9604 As,30 ≥ 1.0 N/m2

In the previous part it has been demonstrated that first biostabilization effects are observed
when the surface adhesion is higher than unity. Consequently, the threshold for increased
biostabilization is (As,30 = 1.0 N/m2 ). The constant term in Equation E.9 illustrates that the effective adhesion is generally higher than the measured surface adhesion or in other words,
the measured surface adhesion underestimates the adhesion forces between flocs.
In fact, (Ohashi & Harada, 1994) reported that the adhesion strength increased with the
depth of the biofilm. In one example, the strength of adhesion at a depth of 2 mm is in the
order of 101 higher than at the biofilm surface. As the effective adhesion can be thought
of as an averaged adhesion over the contact area it is possible that it ranges between the
here measured surface adhesion (order of magnitude 100 ) and the measured values in 2 mm
depth by Ohashi and Harada (1994) (101 ). Consequently a constant term of ≈ 6 seems
reasonable. Even more important is that the data provided by Ohashi and Harada (1994) indicates that the development of adhesion over depth of the biofilm was similar for the tested
biofilms at different ages, perhaps indicative for a functional relationship between surface
adhesion and adhesion over depth. As already outlined in Section D.1 it is strongly suggested to conduct fundamental studies on the development of adhesion over depth in future
work as the data in literature is extremely scarce.
A second issue concerning the parameterization of Aef f is the discontinuity in the early
phase of biofilm growth. From the previous chapter it is known that biofilms with a As,30 . 1.0
do not contribute to biostabilization. This is taken into account by Equation E.9. As a consequence, there is a sudden increase in Aef f and also in predicted biostabilization. This
phenomenon may be explained by the comparably low sensitivity of the SETEG flume to
detect smaller changes in stability. For example the applied increments of bed shear stress
are too large, or more likely, the biofilm has not developed on the whole surface and patches
which are non-stabilized dominate the erosion process. It might also be possible, that although a biofilm developed on the top few µm of the biofilm the quantity of EPS in higher
depths is too little. The abruptly initiated biostabilization effect could also be the result of
micro-algae growth at the start of phase II producing much higher quantities of EPS.
The slope of the linear regression is relatively small (≈ 0.6), which means that smaller enhancements of surface adhesion will only have a minor effect on the effective adhesion
between contiguous flocs and consequently also on the biostabilization predicted by the
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model. Consequently, the question here arises if adhesion forces should be considered at
all to predict the biostabilization effect by the model or if measuring the floc diameter and the
bulk density alone is sufficient. In other words, it is of interest how sensitive the predicted
erosion threshold responds to a variation of measured parameters. To answer this question
the model is applied (considering the surface adhesion) and evaluated for a variety of realistic values (from this thesis) and for each parameter separately in the following section.

E.3

The impact of individual parameters on the predicted
erosion threshold

The response of the model to realistic changes in As,30 , ρb and D∗ is interesting as it might explain the individual contribution of each parameter to biostabilization. As mentioned above,
the effective adhesion is not particularly sensitive to changes in the measured surface adhesion. Therefore it might be possible, that for example, the bulk density is more important and
the effects of surface adhesion can be neglected in future analyses (which would have practical implications for setting up experiments). In fact some earlier work on muddy sediments
considers bulk density for prediction of the erosion threshold (e.g. Jepsen et al., 1997). To
test the response of the model (the critical Shields parameter) three cases are investigated:
(A) - variation of surface adhesion, (B) - variation of bulk density and (C) variation of floc
diameter. All values are in the range of measured values from this study. An exception is
ρb = 1.1 t/m3 , which is additionally investigated because it was used in the study of Righetti
and Lucarelli (2007).
CASE A: Variation of surface adhesion
Figure E.11 shows the critical Shields parameter ΘC as the result of the model by a variation
of the floc diameter D and the surface adhesion. The bulk density (ρb = 1.4 t/m3 ), as well as
all other parameters (ν, ρ , α3 ) are kept constant.
The critical Shields parameter ΘC increases with increasing surface adhesion for a specific
D∗ while the differences between As,30 = 1.0, 3.0 and 6.0 N/m2 are small. Comparing the lowest adhesion measured in phase II (As,30 = 1.0 N/m2 ) and the highest (6.0) the difference is
∆Θc = 0.07. However, there is a remarkable difference between the critical Shields parameter in phase II (As,30 ≥ 1.0) compared to phase I (As,30 < 1.0), represented by the “traditional”
Shields curve for abiotic sediments, namely ∆Θc ≥ 0.17 at D∗ = 10. Following this analysis it
seems to be more important to have knowledge on whether adhesion forces exist than what
their quantitative values are. If adhesion forces exist they may drastically impact the erosion
threshold.
Another conclusion that can be drawn from Figure E.11 is that all curves (including the “traditional”) converge asymptotically to ΘC ∼
= 0.06 with increasing D∗, which means that the
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Figure E.11 The critical Shields parameter at different values of surface adhesion. The black box
indicates the range of D∗ corresponding to floc diameters between D = 0.6 . . . 1.2 mm. ρb = const. =
1.4 t/m3

effect of the adhesion is reduced to zero for greater sediment size classes. This makes
sense as the weight force increases with aggregate diameter (the bulk density is constant
in this example) up to a point where it dominates over the adhesion forces. In this example,
this critical diameter would be comparable to very coarse gravel of ≈ 57 mm, but with a bulk
density of 1.4 t/m3 . The critical diameter decreases with increasing bulk density (not shown),
e.g. for a density of 2.65 t/m3 it becomes ≈ 40 mm, which still seems to be unrealistically
large. In fact in this example the ratio FA/FG0 for As,30 = 6.0 would be  1 which illustrates that
adhesion forces should not have any impact at all. Moreover, Fang et al. (2014) reported
a critical diameter of 0.1 . . . 0.2 mm from their experiments. Consequently, the model needs
improvement for the size range (D∗ > 20).
Towards finer D∗ the impact of adhesion is increased as it diverges significantly from the
abiotic curve. At a floc size comparable to the size of cohesive sediments (d = 0.063 mm)
the critical Shields parameter is greater than 10 (for As,30 = 6.0 N/m2 ). Based on this model,
this indicates that for cohesive sediments which are often also composed of organic material a significant impact on their stability (besides the cohesive forces) could originate from
adhesion. Still, the size range investigated in this study is non-cohesive and therefore this
statement should be handled with great caution.
CASE B: Variation of bulk density
Figure E.12 shows the critical Shields parameter as a function of D∗ (by variation of the floc
diameter) and bulk density with a constant surface adhesion of 3.0 N/m2 .
The critical Shields parameter increases with a decrease of the bulk density. The increases
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Figure E.12 The critical Shields parameter at different values of aggregate bulk density. The black
box indicates the range of D∗ corresponding to floc diameters between D = 0.6 . . . 1.2 mm. As,30 =
const. = 3.0 N/m2

of Θc is especially high when the bulk density approaches the density of water (see the blue
curve: ρb = 1.1 t/m3 , in other words, measurements on bulk density for flocs having a bulk
density similar to water must be conducted extremely carefully, as they will affect the critical
Shields parameter significantly.

The bulk densities measured in the Jul14 experiment are generally higher than 1.1 t/m3 . Still,
their impact on the critical Shields parameter suggests that accurate measurements of the
bulk density are necessarily to be conducted in biostabilization research. At D∗ = 10 the
difference between a bulk density of 1.4 and 1.8 (which is similar to the measured range) is
identical to the difference reported for the lowest and highest surface adhesion in Phase II
(∆Θc = 0.07). As these differences are in the same range (but with opposite impact) it may
be hypothesized that the additional adhesion forces balance the losses in stability mediated
by the reduced bulk density. Following this line of thought the additional stabilization effect
due to adhesion can be regarded as the “net biostabilization”

CASE C: Variation of floc diameters
The model is most sensitive to changes of the floc diameter (the black box in Figures E.11
and E.12). As an example, at a surface adhesion of 3.0 N/m2 and a bulk density of 1.4 t/m3
the difference of the critical Shields parameter at D = 0.5 mm and D = 1.2 mm amounts to
∆Θc = 0.19. This value is more than 2 times greater than reported for the sensitivity of bulk
density and surface adhesion. For smaller aggregates the difference even increases, while
for larger it decreases.
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Experimental limitations and recommendations for further research

For the first time, a mechanical model to predict the erosion threshold of biostabilized sediments is applied by also considering “real” measured surface adhesion forces. The results of
this section provide a framework for further experiments by inclusion of material properties
(such as the adhesion) in physics-based models. It is of no doubt that much more experimental work is needed on the way to a reliable model than has been presented here. The
following limitations/uncertainties and future recommendations are important for achieving
this goal and shall inform further research on biostabilization:
Limitations due to data scarcity
The most obvious limitation is the limited number of samples and the corresponding data
on which the model relies. The analysis is based on 35 samples, while the regression in
Phase II is based on a mere of 11 samples. This implies that the results must be treated
with caution. The most important outcome of the conducted analysis is the recommendation
for parameters which need to be measured and the limitation of applicability of the modified
Shields equation. The limited data does not permit to restate the existing or even develop a
more precise model on biostabilization. This is especially true as it has been demonstrated
that natural biofilms are highly heterogeneous with strong effects on the erosion threshold
(e.g. in Part B) and consequently much more data is needed to account for these heterogeneities.
Uncertainties in the determination of bulk density
It has been demonstrated that the bulk density is of equal importance as the adhesion. Measurements on bulk density are conducted with the help of a pycnometer at different ages of
the biofilm and then a curve is fitted to calculate the bulk density for the missing measuring
points. A decreasing floc bulk density over time indicates that the ratio volume of EPS to the
volume of sediments increases.
Generally a reliable determination of bulk densities for biofilm-flocs is difficult and therefore
many researchers have used Stokes law to estimate the density of flocs. For example,
Droppo et al. (1997) used a settling column and analysis of data similar to the one used for
this thesis to calculate the bulk density. Nevertheless, they also admit that the application of
Stokes law is not ideal for this kind of evaluation primarily because of the obvious differences
of floc geometries from impermeable spherical particles.
On the other hand the pycnometer analysis is also strongly affected by measuring uncertainties. Due to the necessary transfer of the fragile flocs to the device, the samples are easily
destroyed. Furthermore, minor differences in weight (by e.g. evaporation of the wet surface
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of flocs) may have a huge impact on the bulk density. Last but not least, different flocs may
have completely different densities (e.g. surface flocs with lots of EPS vs. subsurface flocs
with a higher volume of particles), consequently it makes sense to collect a number of flocs
to determine an averaged density (as was done here). Figure E.8 also indicates a huge
variability especially for the young biofilms. Consequently it is recommended to measure the
bulk density in a huge number of replicates directly on the flocs that are eroded and used for
floc analysis.

Limitations in the determination of floc geometries
Generally it is recommended to conduct the analysis of both bulk density and floc geometries
as well as the measurement of the erosion threshold on the same samples as deviations of
these parameters between different samples cannot be fully excluded. Furthermore, large
flocs or “carpets” could not be investigated due to the geometry of the settling column. The
latter might not be important for this study as in Part D it was already indicated that for
carpet-like biofilms the chosen approach is not feasible. Moreover, for aggregate like erosion processes the results in Figures E.6 and E.7 show that the eroded floc diameter is well
below the available width of the settling column and therefore the results are reliable. Still,
the eroded floc diameter plays the most important role in the modified Shields equation and
therefore the data acquisition in future experiments can be optimized.

Limitations in adhesion measurements
Adhesion is measured on the surface of the biofilms. Even though it is demonstrated that
the effective adhesion and the measured surface adhesion is largely in the same order of
magnitude and the differences between these two values can be plausibly explained, it is
admitted that ideally the adhesion shall be measured over the whole depth of the biofilm as
already suggested in Part D.

Uncertainties in erosion measurements
In the Jul14 experiment (as well as in all other experiments that were conducted before
Jul14) the samples are placed in the SETEG flume such that the surface of the biofilm is on
one level with the flume bed. The flume bed is made of glass and therefore not representing
the roughness of the biofilm surface. Therefore, there is an abrupt transition between the
smooth glass and the rough biofilm which may lead to unwanted perturbations influencing
the erosion mechanism. Moreover, the flow over the sample to be eroded is not fully developed in terms of turbulence. Solving this issue means, that first the roughness of growing
biofilms needs to be investigated to subsequently adopt the roughness to the flume bed
which will be demonstrated in the following Part. Because a detailed investigation of the
topography could only be conducted in the Jul14 experiment (at first a method needed to be
developed for continuous monitoring of the topography), the implementation of a roughness
in the SETEG flume could only be realized in the very last experiment (Mar15).
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Concluding remarks

A physics-based model to predict biostabilization is applied that considers an effective adhesion between contiguous flocs as an additional stabilization mechanism. A conducted
regression analysis in which the calculated effective adhesion is related to “real” measured
surface adhesion yields a reasonably good correlation coefficient (R2 = 0.68) for young
biofilms. For mechanically matured biofilms (Phase III) and for a combination of both the
regression indicates that the model is unable to predict biostabilization from real measurements. As already suggested in the previous part, matured biofilms (Phase III) may be
structurally different from young biofilms in that they erode as a coherent mat - a mechanism
that is not considered in the modified Shields equation. Because the surface adhesion values fluctuate around a mean value it is further expected that adhesion forces might not play
an important role in the stabilization mechanism of these mats as they cannot explain the
differences in erosion thresholds. This is well in line with the model proposed by (Vignaga
et al., 2013) which relates primarily the horizontal length scale of oscillating biofilms to their
stability (see also Part A) and no binding mechanisms.
Figure E.13 illustrates the correlation between measured and predicted critical shear stress
by application of the linear regression between Aef f and As,30 (Equation E.9).
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Figure E.13 Graph comparing the measured and predicted erosion threshold by using the parameterization of the modified Shields equation based on the measured surface adhesion values. The
symbols indicate the experimental data from Phases II and III. Data which is below the red line are
overestimated by the model and data above the red line is underestimated.

Not surprisingly, all except of one (most probably due to an erroneous measurement) erosion thresholds of Phase II-biofilms are predictable. It is striking that nearly all values of
Phase-III biofilms are located above the predicted curve (the red line). This is interesting as
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it means that the predicted critical shear stress from data of Phase II may be regarded as a
lower boundary threshold for Phase III biofilms.
The application of physics-based models in biostabilization research is still in its infancy and
the model proposed by Righetti and Lucarelli (2007) possibly needs further improvements.
The first remark is related to the consideration of cohesion forces in that model. In the evaluation of their results Righetti and Lucarelli (2007) and Righetti and Lucarelli (2010) neglected
the cohesion forces as they showed that their impact was much less than the impact of adhesion forces. However, they only investigated the cohesion between the sediments that are
found in the aggregates but not the cohesion between EPS-EPS, which might also impact
the binding between aggregates. As long as it is not clarified where the aggregates break
apart in the event of erosion (between sediment-EPS, EPS-EPS or both) it is suggested to
include an additional term for this cohesive effect.
The second remark concerns the effective adhesion or adhesion coefficient (after Righetti &
Lucarelli, 2007). This parameter describes the “mechanical contribution to floc stability due
to the production of biologically-mediated linkages between contiguous flocs” (Righetti & Lucarelli, 2010). In fact the effective adhesion can be low even though the measured adhesion
is high. This would be the case when for example a highly adhesive EPS binds two aggregates together but only over a small area. These two aggregates could still be separated
easily from each other. While the same effect would be achieved if a low adhesive EPS
covers the whole surface of the aggregate (i.e. has a large area of contact). The effective
adhesion could thus be refined as the product of the material property and the fraction of the
surface area covered by a biofilm (e.g. αA in [−], following the notation of Chen et al., 2005).
Even though introducing another unknown into the modified Shields equation seems not to
be very appealing, it might help in further elucidating the role of the physically measured
adhesion forces in biostabilization.
To improve the model it is further useful to learn more about the eroded floc geometries.
Firstly, in this study and in the studies of Righetti and Lucarelli (2007, 2010) it is assumed
that the eroded flocs are nearly spherical (particle shape factor α3 = π/6) which is hardly the
case for biostabilized sediments. Secondly, the characteristic aggregate diameter seems to
play the most important role in the model (compared to the bulk density and adhesion), still
its definition is not clear. The specific problem is that the sizes of eroded aggregates are
widely distributed such that a deeper analysis of floc geometries seems very useful to define
a diameter that is characteristic for the erosion threshold. It would be certainly interesting to
link the measured adhesion forces to floc geometries as these forces are partly responsible
for the aggregation processes of flocs.
A last aspect concerns the lift forces due to bubble entrainment which have not been in the
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focus of this study. Biofilms may produce gas bubbles as e.g. a product of photosynthesis
(see Part B). These gas bubbles may be located on top or below the surface creating an
additional lifting force. Only very few studies have investigated the effect of these bubbles
on stability (e.g. Mendoza-Lera et al., 2015; Sutherland et al., 1998). Amos et al. (2003)
proposed to include the lift force per unit area (F1 ) by addition to the surface bed strength in
their experiments. However, according to the observations made during the erosion process
bubble entrainment mostly affected Phase-III biofilms (see Table E.1) and therefore this effect hardly influenced the results in this part.
Figure E.14 is a conceptual model summarizing the most important mechanical impacts on
biostabilization based on the findings of this thesis and the literature review.

Figure E.14 Conceptual model of the most important mechanical impacts on biostabilization. Green
arrows indicate an expected positive (increasing) impact on the stability (when the value of the parameter is increased) compared to sediments without biofilm, red arrows indicate an expected negative
(decreasing) impact.

The surface roughness changes mediated by the growth of a biofilm may have an increasing
or decreasing effect on both the fluid force (either the surface is roughened or smoothed,
depending on the abiotic sediment size) and on the resisting forces of the biofilm-sediment
matrix (either parts are exposed to the fluid or not). Knowledge on the surface roughness is
further important for modifying the erosion flume in such way that there is a smooth transition
between the flume bed and the biofilm. These aspects will be discussed in more detail in
the final part.

Part F
CONTINUOUS SURVEY OF BIOFILM
TOPOGRAPHY
Parts of the following section are from Thom et al. (2014)
A growing biofilm may change the roughness of sediments significantly which is of particular
interest to this study as the roughness influences the bed shear stress, and thereby also
impacts the erosion threshold. Specifically, in this study the information on biofilm topography is used to modify the inlet flow section of the straight erosion flume to account for
biofilm roughness. Moreover, the change in surface roughness is monitored over time and
quantitative values are given. It is pointed out that the traditional ways of roughness characterization, for example by determination of a characteristic grain diameter D50 or D84 is not
applicable for biofilms as the surface topography is no longer shaped by sediments, but may
be better described as a “microbial landscape” (Battin et al., 2007) with distinctive features
like elevations, valleys, forests and crusts on a small scale (see also qualitative contour lines
in Figure F.1).

Figure F.1 Side view image of a biofilm from one of the experiments (photograph by Bojan Skodic).
Contour lines (red) represent the biofilm topography qualitatively.
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Moreover, nutrient availability (and thus growth) is influenced by the hydraulic conditions
near the surface of the biofilm, which in turn are depending on the roughness characteristics
of the investigated topography shaping the boundary layer flows (Nikora, 2010). In order
to understand the mechanisms that form these landscapes a reliable method to measure
topography is needed.
By adapting and modifying a method commonly used in terrestrial surveys (laser triangulation) investigations on biofilm topography are carried out. The special challenge in this study
is that topographical changes need to be monitored over time to characterize the growth
and roughness of young developing biofilms. To obtain unbiased results, the surveys are
conducted on submerged biofilms as a desiccation could result in unwanted changes of the
topography. Yet another requirement is that biofilm topography must be measured at a high
resolution to monitor even slight changes of topography (both spatial and temporal).
Additionally, two methods are proposed for further research on biofilm topography to 1) analyze the spatial distribution of roughness elements and 2) to monitor submerged biofilm
topography over larger areas.

F.1

Setup for topographical measurements and calibration

To measure the topographical development of biofilm grown under different abiotic conditions a method based on laser triangulation is developed. In this section the setup of the
measuring device is described along with information on post-processing of data and a calibration procedure to account for the effects of underwater measurements.
The setup
The topography scanner (see Figure F.2 Left) consists of a laser triangulation distance sensor (Pepperl + Fuchs VDM18-300/32/105/122, Germany; with a vertical resolution of 0.2 mm)
mounted on a traverse (ISEL, Germany). The traverse provides high resolution horizontal (X
and Y) movement of the sensor while its height is fixed. Consequently, only vertical distances
to the (biofilm-) surface are measured (2.5D). This means that topographical features only
visible from an angle cannot be detected. The movement of the traverse and the distance
measurements are synchronized by a microcontroller (Arduino Mega) which also transforms
the analog output of the sensor to digital values.
The basic principle of laser scanning is based on triangulation. A laser spot is projected
on the surface and a sensor (detector) monitors the position of the laser spot (see Figure
F.3). The position of the laser spot on the sensor can then be transformed into a height via
calibration.
The development of biofilm topography is surveyed by removing the cartridges from the
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Figure F.2 The developed measuring device for surveillance of submerged biofilm topography and
an exactly milled stairway for calibration. Left: Side view of the setup for measuring topography.
(a) sensor (b) water filled tank (c) frame with glass plate and direct contact to the water surface (d)
cartridge containing biofilm sample (e) laser spot. Right: Tools used for underwater calibration (a)
PVC milled stairway (b) PVC rods, both with defined heights.

flumes and placing them into a small water-filled (clear tap water) tank at a fixed position
(see Figure F.2 Left). This tank is then placed below the sensor of the scanner. Minor
changes of water depth (e.g. by surface waves) produce considerable deviations from the
real topography (due to optical refractions, see next page). To fix this problem a frame with
a glass plate, is placed in direct contact with the water surface.
The size of the projected laser spot determines the minimal horizontal resolution. In a feasibility study Thesenvitz (2014) investigated (amongst others) the resolution and the impacts of
transparency. It is shown that the sensor can detect semi- or non-transparent media, which
makes the method largely suitable for biofilm research, but may in some cases also result in
inaccuracies (e.g. with transparent filaments lying flat on the surface, see also Barton et al.,
2010). For example, objects or elevations which are smaller than half the spot size (here:
0.5 × dspot,min = 0.75 mm) may not be detected accurately (Löffler-Mang, 2012). If the projected laserspot is on different heights at the same time, the sensor reports the height of the
object where the largest part of the laser spot is projected on (revealed by measurements
on a PVC stairway, see Figure F.2 Right).
This is an important aspect as biofilm surfaces are highly heterogeneous even on the microscale. Still, for the purpose of investigating the impact of biofilm roughness on hydraulics
the method provides reasonable results (Thesenvitz, 2014). The total number of measurements is 115 measuring points in x direction and 89 in y direction yielding a total of 10235
measurements on a biofilm surface of the size A = 88 × 58 mm2 (i.e. the size of 1 cartridge).
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Figure F.3 The basic principle of laser triangulation modified after Löffler-Mang (2012). A laser spot
is projected on a surface at different heights (Pmin , P0 , Pmax , where Pmin , Pmax is the working range
0
0
of the sensor). A sensor determines the position of the reflected laser on a detector (Pmin
, P00 , Pmax
).
Knowing the relative positions of the laser and the detector and after conducting a calibration the
exact height of the surface can be calculated via triangulation.

Postprocessing of data from under water measurements
In the system two major uncertainties are identified which are related to under water measurements: 1) the recommended two point calibration and linear interpolation may result
in errors due to the optical properties of the different phases (diffraction between air-glasswater). An underwater calibration procedure is described below. And 2) in an idealized setup
the horizontal movement of the sensor is parallel to the glass plate and parallel to the surface
where the measurements are taken. In the presented setup, where measurements are taken
on a sub millimeter scale, this requirement cannot be fulfilled. For example a skewness of
the cartridge due to its construction or due to sediment grains trapped below one edge is
very likely. To address these two problems the raw data is processed in two steps. In the first
step the skewness is identified and the data is transformed to a horizontal reference level.
In the second step the transformed values are related to heights by calibration.
Transformation
The surface of the cartridge walls should be perfectly horizontal. A measured skewness of
these walls is corrected by performing a linear axis transformation. This results in a horizontal reference level equivalent to the initial biofilm-free surface because the sediment which
exceeded the height of the cartridges is removed prior to the experiments.
Calibration
While the minimum and maximum height is defined by the initial two point calibration of
the sensor, it remains unclear whether the recommended linear calibration applies for all
interjacent heights. A CNC milled PVC stairway (see Figure F.2 Right, with a tolerance of
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0.01 mm) with 1 mm steps is used for calibration.
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Figure F.4 Graph comparing the real heights of the submerged milled stairway with the digital output
of the laser triangulation sensor. The linear regression (R2 = 0.9972, SD < 0.05 mm) is used to
calibrate the device to measure the underwater topography of growing biofilms.

After axis transformation the measured heights are compared to the real heights yielding a
linear calibration equation by curve fitting (R2 = 0.9972, see Figure F.4 and Equation F.1)
with a maximum deviation of ≈ 0.2 mm from the actual height. Equations of higher order
further reduce the deviation. In addition, a low standard deviation of three independent
measurements (SD < 0.05 mm) confirms that the setup is applicable for high resolution
measurements under water. The linear regression equation is as follows (R2 = 0.9972):

zreal = 0.0135 · Osensor + 14.895

(F.1)

with zreal the known heights of the milled stairway and Osensor the digital output of the sensor.

F.1.1

The experimental program of biofilm topography measurements

Detailed topographical measurements are conducted in the experiment Jul14. Measurements are conducted each week on one and the same cartridge for 9 weeks. That way
biofilm growth is monitored in 4 flumes (Jul14QLA, Jul14QLC, Jul14QHC and Jul14QHA).
The experimental boundary conditions can be found in table D.2. Briefly two different flow
velocities are applied: low and high. Even though all elevations are in the vertical measuring
range of the sensor, the laser scanner was not able to detect all elevations at later stages of
biofilm development probably due to a bad contrast between the laser spot and the brown
biofilm surface. This results in a reduction of data up to 40 % in the Jul14QHC experiment.
In contrast Jul14QHA is not affected at all. All results with data reduced by more than 15%
are marked with an asterisk (∗) and should therefore be treated with caution (for more details
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please see Table F.1).

F.2

Evaluation of the temporal changes of biofilm topography

Growth patterns
The elevations at distinct spots are best visualized by a digital elevation model (DEM). Figure F.5 illustrates the development of the DEMs of two representative flumes (Jul14QLC,
Jul14QHA). As a reference level (i.e. z = 0 mm) the height of the cartridge walls is chosen
as this height represents the surface of the initial abiotic sediment.

Figure F.5 Development of biofilm topography over time of growth in Jul14QLC (Left) and Jul14QHA
(Right). Only topographies with minor deviations from the achievable total point densities (i.e. < 15%)
are illustrated. Roman numerals in brackets denote the phase at the respective age of the biofilm (as
defined in Part D) and t is the time of growth at which the respective measurements were conducted.

Therefore, the DEMs at early stages of biofilm development should start at z ≈ 0 (see Figure
F.5 Left: JUL14QLC). In contrast, Figure F.5 Right (Jul14QLA) illustrates that the surface at
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start of the measurements is lower which is explained by an initial handling error resulting in
an erosion of the upper 0.77 mm of the whole surface.
Still, a similar trend is observed for both developments and all other measurements, irrespective of the applied boundary conditions: First variations of the initially smooth surface
(i.e. the glass beads) are visible after 3 to 4 weeks, which very roughly corresponds to the
shift from phase I to phase II mentioned in Section D and indicated by the roman numerals
in brackets. The differences in elevations are nearly homogeneously distributed. After 1
month (Jul14QLC) or 5 weeks (Jul14QHA) smaller areas of concentrated height increases
are visible. For example at day 32 in the lower corner (Jul14QLC) where the surface is elevated to approximately 3 mm. Interestingly these spots further grow in height while the rest
of the surface remains largely unaffected. The surface topography can thus be regarded as
heterogeneous. This development is also well in line with the mechanical maturity of biofilms
(phase III). Table F.1 summarizes the results.
Statistics
To characterize biofilm growth quantitatively, the averaged elevations (z as a proxy for growth)
as well as the standard deviations of elevations (σz as a proxy for surface roughness) are analyzed (see Table F.1). Further statistical moments (skewness, kurtosis) are also analyzed
and demonstrate that the data is almost normally distributed (2.74 < Ku < 5.44 (slightly
peaked), −0.55 < Sk < 0.79).
Statistical moments have been used in a number of studies to characterize bedforms (e.g.
Aberle et al., 2010) and roughness (e.g. Nikora et al., 1998). Aberle and Nikora (2006)
demonstrated that σz is equivalently useful as a roughness descriptor as the traditional approaches. Other papers even demonstrate a superiority over the traditional approaches
(summarized in Aberle & Nikora, 2006). For the evaluation of biofilm topography both z̄ and
σz are especially useful parameters to characterize growth and roughness development.
Figure F.6 illustrates the development of roughness and averaged bed elevations over time.
Both, z and σz follow a clear trend: In the first 2 to 3 weeks, the bed remains unaffected.
Then, simultaneously, both, mean elevation and roughness increase. In the coming ≈ 20
days the mean bed elevation increases by approximately 1 . . . 1.5 mm while the roughness
increases by 0.6 . . . 1.2 mm. This is followed by a phase of no further increases. Mean bed
elevation as well as roughness is stable over time indicating that biofilm growth has hit the
limit. In principle, the surface topography changes follow a similar development as already
evaluated for the surface adhesion forces and the erosion threshold.
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Table F.1 Details of the topographical survey of four biofilm surfaces in Jul14. Deviation from total
count - the percentage of measurements which are defective (∗ denotes measurements with more
than 15 % deviation). z̄ - the average height of elevations (the reference level (z = 0) is the abiotic
sediment surface). σz - standard deviation of bed elevations as a proxy for biofilm roughness. Ku Kurtosis. Sk - skewness.
ID

Time of Growth

deviation from total count

z̄

σz

Kurtosis Ku

Skewness Sk

[−]

[d]

[%]

[mm]

[mm]

[−]

[−]

Jul14QLA

4

-0.39

0.26

5.43

0.33

11

0.7

-0.28

0.28

4.05

-0.44

18

0.6

-0.27

0.34

4.15

-0.10

25

0.5

-0.08

0.46

4.32

0.42

32

0.9

0.41

0.78

3.44

0.55

39

7.5

0.75

0.98

2.93

0.41

∗

46

23.6

1.01

1.19

2.95

0.43

∗

53

34.1

1.05

1.26

3.34

0.60

∗

59

36.4

1.01

1.22

3.00

0.44

Jul14QLC

5

-0.35

0.28

4.16

0.18

11

0.6

-0.34

0.22

5.44

-0.55

18

0.6

-0.33

0.29

4.47

-0.15

25

0.6

-0.17

0.45

4.41

0.39

32

0.4

0.02

0.62

4.39

0.63

39

2.6

0.37

0.81

3.58

0.62

46

8.7

0.30

0.86

3.49

0.53

∗

53

17.2

0.41

0.85

3.41

0.44

∗

60

20.6

0.40

0.86

3.44

0.40

Jul14QHC

4

-0.13

0.29

4.57

0.52

12

0.7

-0.21

0.26

4.47

0.20

19

0.6

-0.07

0.35

4.24

0.41

24

0.1

-0.06

0.56

3.67

0.53

31

3.2

0.25

0.79

3.18

0.38

∗

38

22.2

0.47

0.91

3.25

0.20

∗

45

28.8

0.70

0.94

3.13

0.08

∗

52

34.0

0.62

1.02

3.29

0.10

∗

60

39.6

0.84

1.06

3.25

0.09

Jul14QHA

3

-0.77

0.18

4.95

0.17

10

0.2

-0.88

0.24

2.74

-0.10

17

0.2

-0.83

0.24

2.83

0.01

24

0.4

-0.84

0.29

2.89

-0.10

31

1.6

-0.87

0.42

3.45

0.30

38

2.0

-0.64

0.53

3.59

0.54

45

3.8

-0.45

0.67

4.01

0.78

52

5.4

-0.40

0.76

3.81

0.77

59

4.6

-0.35

0.81

3.66

0.79
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Figure F.6 Mean elevation and standard deviation of four different biofilm DEMs over time of growth.
The • symbols: standard deviation in z direction. The  symbols: mean elevation (values on the
second vertical axis). The ∗ labels denote results with more than 15 % defective measurements. The
subdivision into the three phases is based on the evaluation of surface adhesion forces (from Part D)
and is similar to the development of z and σz .

Averaged over all biofilms (also including information from the ∗-data), the increase in growth
(z) is 0.86 mm and the increase in roughness (σz ) is 0.74 mm (corresponding to an averaged
factor of 4 between the initial surface and the matured biofilm surface). No considerable
trends can be reported relating the topographical development to the applied environmental
boundary conditions (low and high flow velocity), as such it is suggested that the differences
in flow velocity are too low to impact the biofilm topography.

It is noteworthy, that even though σz is a reasonable integral measure of bed-roughness
height, it contains no information about the spatial distribution of roughness elements (a
potentially useful approach for consideration of the spatial distribution is presented in Section
F.4). The data collected here is useful for adapting the bed of the erosion flume with elements
that are of similar roughness.
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Modified roughness in the erosion flume

For the purpose of implementing a uniform roughness in the inlet section of the erosion
flume that represents the roughness of the biofilm to be eroded, sandpapers of different
grit sizes are surveyed following the procedure described above. Table F.2 summarizes the
results and gives a recommendation on what sandpaper to be used to represent biofilm at
different ages. It must be noted, that these recommendations arise from the measurements
conducted in this study. Depending on the initial roughness, biofilm growth might also result
in a smoother surface, as was for example demonstrated by Barton et al. (2010).

Table F.2 Sandpaper with different grit sizes to represent biofilm roughness.

ISO/FEPA Grit designation

σz

Equivalent to biofilm roughness measured in weeks

[−]

[mm]

[weeks]

P120

0.41

2...3

P60

0.60

3...4

P40

0.94

>5

P30

0.96

>5

The erosion flume is modified in the very last experiment (Mar15*). In this experiment only
matured biofilms are investigated, therefore sandpaper P40 is selected and glued to a metal
plate (with a length of 1.3 m) with a hole at the end, which is then fitted into the flume such
that the biofilm sample can be raised on one level with the flume bed (see Figure F.7).

Figure F.7 Implementation of a sandpaper roughness in the erosion flume to adapt the inlet section
with a biofilm similar roughness. Left: The red circles are the position of the biofilm sample to be
eroded. Right: a) the roughness of the adapter for biofilm-sediment cartridges is modified with the
same sandpaper which is b) glued to a metal plate and inserted into the erosion flume. c) a piece of
sandpaper P40.
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As a consequence of this modification, the original calibration curve (discharge Q versus bed
shear stress τb ) for the smooth flume bed needed to be updated to account for the changes in
τb mediated by the increased roughness. Consequently, Laser Doppler Anemometry (LDA)
measurements are conducted to investigate the new relationship between Q and τb . Averaging the shear stress (after Reynolds decomposition) in the bottom 20 mm for discharges
between 4 l/s and 16 l/s yields a factor of ≈ 1.5 higher bed shear stress as compared to the
smooth bed calibration curve.
Even though, this modification is especially useful in the context of erosion measurements,
the erosion threshold of the MAR15 experiment is no longer comparable to the other experimental results, for two reasons: 1) While it would be theoretically conceivable to scale
up the erosion thresholds from previous experiments and for matured biofilms by a factor
derived from roughness investigations as mentioned above, no information on the impact of
the roughness changes on τb is available for growing biofilms, 2) eliminating the unwanted
perturbations mentioned above and establishing fully turbulent conditions certainly has an
impact on the erodibility, which unfortunately could not be quantified. Consequently, the
erosion thresholds of Mar15* have been discussed separately in this thesis.

F.3.1

Comparison of hydraulics between a smooth and a sandpaper
bed

To quantify the impact of adapted roughness, LDA measurements (velocity in flow direction
u and Reynolds stress) are conducted at the center of the sediment core at different heights
above the bed (the red circle in Figure F.7). Additional measurements are conducted offcenter to account for possible deviations (e.g. due to random edge effects) but confirmed
the results of center measurements. Figure F.8 and Figure F.9 show the velocity (in flow
direction) and shear stress profiles at different discharges and over depth. The red lines
and symbols represent the results over the smooth and the black lines and symbols over the
rough (modified) surface.
As expected, the velocity in the near-bed region is higher (≈ factor 1 . . . 2) for the smooth
surface as compared to the rough surface. The opposite applies for the shear stress in Figure F.9. Due to the rough surface, turbulence is enhanced close to the bed and consequently
also the shear stress is increased. The resulting shear stress is calculated as:

τ = −ρu0s · vn0

(F.2)

where, u0s and vs0 are the time averaged velocity fluctuations (after Reynolds decomposition,
in longitudinal and normal directions) from the mean velocity multiplied with the fluid density
ρ. To calculate the bed shear stress (τb ) the shear stress τ in the lower centimeters is averaged (where the τ is nearly constant over depth).
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Figure F.8 Velocity distribution in flow direction over depth in the erosion flume (reference level is
the bottom of the flume z = 0) at different discharges. The Symbols: “+” indicate the results of the
smooth initial bed and the “×” symbols are the results of the modified (rough sandpaper) bed. Please
note the different scaling on the horizontal axis.
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Figure F.9 Shear stress distribution in flow direction over depth in the erosion flume (reference level
is the bottom of the flume z = 0) at different discharges. The Symbols: “+” indicate the results of the
smooth initial bed and the “×” symbols are the results of the modified (rough sandpaper) bed. Please
note the different scaling on the horizontal axis.

Figure F.10 provides the original as well as the updated (sandpaper) calibration curve for the
erosion flume for discharges between 4.0 and 16.0 l/s. The effects of the roughened surface
are clearly visible. Compared to the original calibration the bed shear stress is increased by
a factor of 1.5.
Even though the measurements are not conducted over a biofilm surface but over the rough
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Figure F.10 Updated and original calibration curve (Q versus τb ) for the erosion flume over a rough
and a smooth bed. The Symbols: “+” indicate the results from the smooth initial bed and the “×”
symbols are the results from the modified (rough sandpaper) bed.

surface of a sandpaper of equivalent roughness the results indicate a significant impact on
bed shear stress that should be considered in future studies. A drawback of this method
is that it does not account for the spatial distribution of roughness elements. In contrast to
a natural biofilm the roughness elements of the sandpaper are homogeneously distributed
over the surface. Furthermore, the presented procedure is very time consuming1 . Consequently, in the following section two methods are presented that have been tested and are
found to be promising approaches for further research.

F.4

Proposed further investigations on biofilm roughness

Second order structure function
The topography of biofilm surfaces is heterogeneous. As shown above, the roughness elements develop on distinct spots. A comparison between a sandpaper surface and a natural
(age: 45 days) biofilm topography, as illustrated in Figure F.11 underlines this finding. Both
surfaces have the same σz = 0.94 but the difference in their appearance are striking.
Table F.3 presents the results of a simple statistical analysis, where all elevations, independent from their spatial position in the DEM, are analyzed.
Both datasets (biofilm and sandpaper) show a skewness close to zero and a kurtosis close
to three, i.e. both distributions of elevations are nearly symmetrical and normally peaked
(see also Figure F.12).
1

One measurement over an area of ≈ 51 cm2 (one biofilm sample) takes approximately 4.5 hours
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Figure F.11 Comparison between a biofilm and a sandpaper topography. Left: DEM of a biofilm,
the arrow indicates the direction of flow during the cultivation phase. Right: DEM of a P40 sandpaper.
Table F.3 Statistical moments of elevations, measured on a generic biofilm surface and a sandpaper. Count denotes the number of elevations that have been analyzed. ∆M in,M ax is the difference
between the lowest and highest elevation and σz , Ku and Sk are the statistical moments, as described above

ID

Count

∆M in,M ax

Standard deviation σz

Kurtosis Ku Skewness Sk

[−]

[−]

[mm]

[mm]

[−]

[−]

Biofilm

3736

6.15

0.94

3.13

0.08

Sandpaper

10664

4.99

0.94

2.88

0.41

Still, referring to the appearance of both surfaces (see Figure F.11) it seems obvious that the
spatial distribution of elevations is different between the biofilm and the sandpaper. While
obviously the peaks on the sandpaper DEM are homogeneously distributed, the peaks in
the biofilm DEM appear more randomly on the first sight. Nevertheless, it would be of great
interest if one can quantify the spatial distribution of surface elevations to potentially investigate regularities related to e.g. the environmental conditions of cultivation (e.g. flow direction
and -velocity). One such method is the so called random field approach in which the roughness is described as a random field of bed elevations Z(x, y, t) (Nikora et al., 1998). Here, x
and y are the coordinates in flow direction and transverse to the flow direction, respectively
and t is the time. For example, Aberle and Nikora (2006) made use of the second order
structure function (see Equation F.3) to investigate the roughness development of armored
gravel beds:

DG2 (lx , ly ) =

−m
N
−n M
X
X
1
·
{|z(xi + nδx, yi + mδy) − z(xi , yi )|}2
(N − n)(M − m) i=1 j=1

(F.3)

where, lx = nδx, ly = mδy are the spatial lags (or distances) between bed elevations in x
and y direction, respectively. δx, δy are the measuring intervals (here: δx = δy ≈ 0.75 mm).
N and M are the total number of measuring points in x and y direction. In simple words, the
second order structure function illustrates the spatial correlation between two bed elevations
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Figure F.12 Histograms of elevations measured on a generic biofilm surface and a sandpaper. Left:
Histogram of the Biofilm DEM; Right: Histogram of the P40 sandpaper DEM. Please note that the
absolute values of elevations are different as the initial height of the two surfaces differed (bin size =
0.05 mm).

at distances lx and ly where the distances are increased in every step of calculation. The
results can be used to determine a characteristic length scale (or distance) at which the bed
elevations are no longer correlated. This means, that all elevations with a maximum distance
equal to the characteristic length scale are related and may be used to describe the field of
elevations. Following the hypothesis, that the surface topography of biofilms is not random,
but depending on e.g. parameters like the flow velocity/direction would mean that the results
of the structure function (e.g. the characteristic length scale) are somehow related to these
parameters.
Unfortunately though, the obtained bed elevations in the Jul14 experiment do not allow drawing such conclusions which is likely to be related to the relatively small extent of the measuring area (one cartridge = 6 × 8 cm) in which only few peaks and valleys can be found or an
insufficient resolution of the measurements. Still, a comparison between structure functions
obtained from the sandpaper and the biofilm topography gives a hint on the differences between both surfaces in longitudinal and transverse direction (illustrated in Figure F.13).
Figure F.13 shows the results of the second order structure function for both, the biofilm
surface (Left) as well as the sandpaper surface (Right). There is a remarkable difference
between both surfaces. While the values of DG2 are nearly constant for the sandpaper over
all spatial lags, the values of DG2 first increase with lag distance to reach a plateau (also
called “sill”) at lag distances greater than ≈ 7 mm for the biofilm topography. This indicates
that elevations with lags < 7 mm are correlated while no such correlation can be found for
the sandpaper topography as all roughness elements are homogeneously distributed over
the measuring area.
An important conclusion to be drawn from the geostatistical analysis is thus, that in contrast

162

PART F. SURVEY OF BIOFILM TOPOGRAPHY

Figure F.13 Second-order structure functions for a sandpaper and a biofilm topography in flow and
transverse direction. Left: The biofilm surface. Right: The sandpaper surface. The horizontal dashed
lines are the corresponding values of 2σz2 indicating the “sill”. Second order structure functions are
calculated by using the “R” library “geoR”.

to the sandpaper the elevation data of the biofilm surface contains evidence that the biofilm
surface has distinct topographical features (i.e. peaks, valleys) which surely also have an
impact on the near bed hydraulics. For future research it is recommended that the high potential of this geostatistical analysis is applied on data of biofilm topographies. An important
prerequisite for a successful application would be a reliable method to determine biofilm elevations on larger areas as can be potentially done by using the so called Structure from
Motion procedure (SfM).
Structure from motion (SfM)
Structure from Motion (SfM) is a photogrammetric method that analyzes photographs from
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a specific object at different angles and distances to create a 3 dimensional representation
of the object. In contrast to stereo photogrammetry where traditionally two cameras capture
an object at defined angles and thus can reconstruct the object by triangulation, the position of the cameras must first be calculated by a software (based on feature recognition).
The images that can be processed are largely scale invariant and even photographs from
different cameras combined produce surprisingly good results. A drawback of this method
is that the models need to be calibrated to account for true geometries. However, a number
of advantages easily outcompete this limitation.
• Compared to commercial solutions of stereo photogrammetry, SFM can be extremely
low cost. Almost every camera can be used and software exists which is free for noncommercial use (e.g. VisualSFM)
• The acquisition of the data lasts only a few seconds (as compared to the laser scanning
where the biofilm surface is scanned for 4.5 hours. This also allows the topographical
measuring of larger surface areas. On the contrary, post processing of data can take
hours, largely depending on the number of images to be processed
• Additionally SFM provides color information (which cannot be obtained by laser scanning) useful for the identification of e.g. biofilm spots and blank surfaces
Furthermore, the use of SFM allows investigations of topography(-changes) even during
running experiments in the hydraulic laboratory as was investigated by Ziegler (2013) and
Lorenz (2016). In their studies a specially designed frame was used with 5 fixed cameras
that have been synchronized (see also Noack et al., 2016a for a first evaluation of feasibility). Consequently, SfM and the developed method is especially interesting for continuous
monitoring of growing biofilm topography as drainage of water during the experiments might
harm the biofilm.

Part G
SUMMARY, CONCLUSIONS & OUTLOOK
The stability of sediments exposed to the fluid forces is a key research topic in hydraulic
engineering and also has considerable implications for the ecological functioning of aquatic
systems. While several abiotic properties of the mineral grains influence the stability (geometry, density) it is nowadays increasingly recognized that biology can influence the sediment
stability likewise. In this context, biofilms which are the study objective of this thesis play
an important role. Biofilms, comprising e.g. bacteria, microalgae and their secreted substances, grow in-between and on top of surficial sediments and act like a natural glue. Even
though these glueing effects can lead to considerable sediment stabilization, a prediction of
this “biostabilization” potential is impeded so far due to a lack of a proper understanding of
the underlying mechanics.
This thesis aims at improving the knowledge on biostabilization mechanics needed to pave
the way for developing a universally applicable model to predict the stabilization effect of
biofilms. In this regard, physics-based models, which predict the incipient motion of biostabilized sediments from mechanical considerations analogous to the erosion of non-cohesive
sediments (e.g. the Shields approach) have a high potential to reach this goal. However,
physics-based models are still in their infancy, as appropriate instruments to measure the
additional forces involved in biostabilization (adhesion and cohesion) are not readily available up to now. Consequently, the present thesis enters uncharted territory in testing a
physics-based model with the results from an advanced method to measure surface adhesion forces. Much of this work has been devoted to develop this advanced method and the
experimental protocols with the authors’ hope that the here presented information will help
in developing improved models in the near future. There is no doubt that there remains
much more to be discovered in biostabilization mechanics as can be covered by the present
thesis. In this context, the thesis raises new questions and hypotheses which are worthwhile
to be investigated in future research for a better understanding of biostabilization. The most
urgent questions include: What is the role of EPS-EPS cohesion in biostabilization? How
are the adhesion forces distributed over the depth of the biofilm?
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The study objectives of this dissertation are evaluated in the following and the key findings
are summarized:
Study the impact of environmental conditions on biostabilization
The information on the impact of environmental conditions obtained by the physical experiments add to knowledge on biostabilization by two aspects: 1. Data is provided and discussed by studying the impact of single environmental conditions and their effect on biostabilization 2. Design, experimental programs and orientation values for applied conditions are
reported, useful in setting up future experiments:
Constructing a sophisticated flume setup consisting of six flumes with adjustable light-, hydrodynamic and temperature conditions proofed successful to investigate biostabilization
under different environmental conditions. Particularly, the consideration of biofilm heterogeneities by providing a large number of replicates is an important aspect to generate reliable results and it is recommended to follow this concept in future research. Cultivating
biofilms on glass beads and subsequent biostabilization measurements largely confirmed
the findings from in-situ studies indicating that the presented setup is helpful for more fundamental biostabilization research.
However, great care must be taken by transferring the results to natural environments as all
experiments have been conducted under idealized conditions and thus, differences to natural systems are inevitable. For example, in a river, the water is exchanged continuously, and
the same applies to the advected microbes. On the other hand, the water circulated in the
flumes is sampled at one point in time and thus the microbial community is not exchanged,
hypothetically resulting in more pronounced seasonal effects.
The most profound differences in biostabilization have been observed for biofilms which
developed from water sampled at different seasons. It is found that the sediment stability is highest in spring (up to ten times higher compared to abiotic sediments), followed by
summer. In late autumn only little stability enhancements are detected compared to the
case without a biofilm. Biofilms cultivated in complete darkness did not contribute to biostabilization, while biofilms cultivated under medium and high light intensities stabilized the
sediment. In contrast to the expectations, there is surprisingly little difference in biostabilization between biofilms cultivated under different hydrodynamic conditions (τb = 0.02, 0.04
and 0.08 N/m2 ) and between medium and high light intensities (LI = 50 and 100 µmol/m2 s). In
the reported range, the biofilms can be described as largely unaffected by changes of the
hydrodynamic forcing in absolute values, while minor differences exist in their temporal development: under higher forcing the development of biostabilization is delayed. For future
experiments it is suggested to apply more contrasting conditions to allow drawing more precise inference from the impact of environmental conditions on the biostabilization effect.
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Systematic research in the laboratory is essential to understand basic mechanisms. For
example, two different modes of erosion are observed: A carpet-like erosion and a crust-like
erosion. These modes of erosion seemingly influenced the stabilization potential to different
degrees (the carpet-like biofilms are more stable but developed later) and therefore deserve
separate and focused analysis.
Develop advanced methods and experimental programs to measure important parameters
Even though frequently considered as the key mechanical effect in pertinent literature on
biostabilization, adhesion forces in established engineering units (i.e. N/m2 ), have not been
measured and related to biostabilization before. The value of developing a suitable method
to measure these forces is not to be underestimated as this opens up completely new opportunities in research (not only restricted to biostabilization):
The MagPI (first published by Larson et al., 2009), consisting of an electromagnet attracting
magnetic particles from biofilm surfaces, is a promising approach to estimate the surface
adhesion, yet the results cannot be readily used in mechanical models due to two reasons.
First, the proposed calibration only considers the magnetic forces of the electromagnet as
a proxy for surface adhesion, not a mechanical force. Furthermore, the magnetic properties of the attracted particles were not considered, which inter alia impedes a comparison of
the measurements between different laboratories, where different particles are used. Second, the determination of when particles are recaptured by the electromagnet is of major
importance but often prone to uncertainties, especially when an averaged adhesion shall be
measured. Consequently the method is improved (here called MagPI-IP) by developing a
calibration procedure to determine the mechanical force needed to attract a particle which
is in contact with a sticky surface. And additionally the system is partly automated with a
camera capturing images of the particles below the electromagnet and subsequent image
processing to determine when particles are attracted. The performance of the advanced
system is tested on surrogate materials with different degrees of stickiness and it is found
that the device is sensitive enough to measure even slight differences in adhesion. Applied
in the experiments, surface adhesion values ranging between 0 and ≈ 7 N/m2 are measured.
However, the novel system is also limited as the image processing requires a good contrast
between particles and biofilm surface which is not always guaranteed. To further improve the
system it is recommended to focus on the characteristics of the particles and find alternative
particles which are geometrically more homogeneous.
A second method which is developed in the course of the dissertation is a system based on
laser triangulation to measure the topographical development of submerged biofilms. The
fact that the biofilms are submerged during the measurements is important for a continuous
survey as biofilms can be easily destroyed when they are exposed to the air. It is demon-
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strated that the data can be used to determine the roughness of developing biofilms. In one
experiment the roughness (expressed as the standard deviation of elevations, σz ) remains
constantly low during the first two weeks of growth (σz ≈ 0.25 mm) then increases up to a
value of σz ≈ 1.2 mm to reach a plateau hereafter. Additional investigations on hydrodynamics indicate that biofilm growth can have a considerable impact on near bed hydrodynamics;
the bed shear stress over a sandpaper with a similar roughness as a matured biofilm is
50 % higher than over a glass surface. For this reason further research on the roughness of
biofilms in combination with hydrodynamic measurements are strongly recommended.
Provide data from robust measurements on mechanical properties
Besides measuring the critical bed shear stress of biofilm-sediment samples, the MagPI-IP
method is applied in three experiments to investigate the temporal development of surface
adhesion forces to better understand the forces involved and the development of biostabilization.
The temporal development of the data showed some strong similarities to the development
of the erosion measurements also in the context of environmental conditions and indicates
a possible relationship between both values: In the first two weeks of biofilm cultivation and
under darkness conditions the stability of the samples is comparable to the stability of the
initial abiotic sediment (i.e. the stability is low). Similarly, the measured surface adhesion is
low on these samples, not exceeding ≈ 1.0 N/m2 . In the coming weeks the stability mostly increases, which is also reflected by the measured surface adhesion values (increasing from
≈ 1.0 N/m2 to ≈ 7.0 N/m2 ). After approximately one month of cultivation the stability largely
scattered while the surface adhesion values fluctuated around a constant value.
Even though the similarities are striking, it is important to note that the quantity of surface
adhesion alone cannot be used to predict the biostabilization effect. This is demonstrated
by applying a modified Shields approach, which also considers adhesion forces based on
dimensional analysis, combined with measured values of surface adhesion. The results
indicate that adhesion forces might be responsible for the increase of stability mediated
by young biofilms that are eroded in aggregates. In this regard, further measurements on
adhesion forces over the depth of the biofilm could provide highly significant insights and
conducting these measurements should be straightforward with the help of the MagPI-IP
system. However, other parameters, especially the geometry and the bulk density of the
eroded aggregates seem to be of equal or even higher importance. Even though no final
proof can be given, the findings of this thesis indicate that adhesion forces might play a
decisive role in biostabilization and thereby encourages more fundamental investigations on
biofilm mechanics for a better understanding of biostabilization mechanisms.
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Appendix A
Additional materials: MagPI-IP
A.1

Hardware

A.1.1

Circuit diagram of the “filter” and control board
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Figure A.1 Circuit diagram of the “filter” for smoothing the PWM signal to control the increase
of electric current. Additionally, buttons (S1. . . S3) and LEDs (LED1. . . LED4) are implemented for
starting/stopping the measuring routine and checking the current status. The “filter” is designed and
produced by Steffen Hägele.
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A.1.2

Datasheet electromagnet: Ersatz1000

Core-material

Mu-metal

Diameter of the core 8 mm
Length of the core

150 mm

Number of windings

1000

Diameter of the wire

0.52 mm

Figure A.2 Image of the Electromagnet “Er- Table A.1 General information on materials:
satz1000” (from Bierbaum, 2015)
“Ersatz1000” (from Bierbaum, 2015)

Calibration curve (Fem = f (I))
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Figure A.3 Mechanical characteristics of the electromagnet “Ersatz1000” as determined in the calibration procedure (FP: PARTRAC R 200 . . . 350µm, distance to particles: 4mm). Left: Calibration
curve illustrating the relation between the tensile force exerted by the electromagnet on one particle
and the applied electric current. The • symbols are the averaged values of six measurements and
the red line is the fitted quadratic regression. Right: The coefficients of variation for tensile forces on
a single particle at the applied increments of electric current. Six measurements are conducted and
the standard deviation at each increment is divided by the mean value to obtain the CV as a measure
for precision of the calibration procedure.

Polynomial regression (R2 = 0.994, n = 6)

Fem = 8.819 × 10−3 + 5.216 × 10−4 I − 5.488 × 10−8 I 2
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(A.1)

A.1.3

Datasheet electromagnet: Original1000

Core-material

Mu-metal

Diameter of the core 7 mm
Length of the core

150 mm

Number of windings

1000

Diameter of the wire

0.52 mm

Figure A.4 Image of the Electromagnet “Origi- Table A.2 General information on materials:
nal1000” (from Bierbaum, 2015)
“Original1000” (from Bierbaum, 2015)

Calibration curve (Fem = f (I))
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Figure A.5 Mechanical characteristics of the electromagnet “Original1000” as determined in the
calibration procedure (FP: PARTRAC R 200 . . . 350µm, distance to particles: 4mm). Left: Calibration
curve illustrating the relation between the tensile force exerted by the electromagnet on one particle
and the applied electric current. The • symbols are the averaged values of eight measurements and
the red line is the fitted quadratic regression. Right: The coefficients of variation for tensile forces
on a single particle at the applied increments of electric current. Eight measurements are conducted
and the standard deviation at each increment is divided by the mean value to obtain the CV as a
measure for precision of the calibration procedure.

Polynomial regression (R2 = 0.993, n = 8)

Fem = 5.538 × 10−2 + 5.190 × 10−4 I − 6.354 × 10−8 I 2
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(A.2)

A.1.4

Datasheet electromagnet: Ersatz1500

Core-material

Mu-metal

Diameter of the core 8 mm
Length of the core

150 mm

Number of windings

1500

Diameter of the wire

0.52 mm

Figure A.6 Image of the Electromagnet “Original1500” (equivalent to the “Ersatz1500”) (from Table A.3 General information on materials:
Bierbaum, 2015)
“Ersatz1500” (from Bierbaum, 2015)

Calibration curve (Fem = f (I))
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Figure A.7 Mechanical characteristics of the electromagnet “Ersatz1500” as determined in the calibration procedure (FP: PARTRAC R 200 . . . 350µm, distance to particles: 4mm). Left: Calibration
curve illustrating the relation between the tensile force exerted by the electromagnet on one particle
and the applied electric current. The • symbols are the averaged values of six measurements and
the red line is the fitted quadratic regression. Right: The coefficients of variation for tensile forces on
a single particle at the applied increments of electric current. Six measurements are conducted and
the standard deviation at each increment is divided by the mean value to obtain the CV as a measure
for precision of the calibration procedure.

Polynomial regression (R2 = 0.997, n = 6)

Fem = 1.170 × 10−3 I − 1.367 × 10−7 I 2

(A.3)
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A.2

Flow charts illustrating the basic procedures of measuring surface adhesion forces with the MagPI-IP

Figure A.8 Flow chart of the general procedure to control the MagPI-IP and conduct measurements. Green boxes: The operator is requested to physically intervene in the process. Red boxes:
The operator is requested to communicate with the software. Blue boxes: Additional information.
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Figure A.9 The basic functioning principle of the Arduino software to control the changes in electric
current and communication with the Raspberry PI to take pictures.

188

Figure A.10 The basic functioning principle of the MATLAB R code to process images (part 1). Input
files and determination of ferromagnetic particles.
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Figure A.11 The basic functioning principle of the MATLAB R code to process images (part 2).
Processing of data (inter alia “filtering” and “subtraction”), visualization and output in text files.
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For the MATLAB R code to work, additionally the following files need to be edited:

Table A.4
code.

Input files needed to define important parameters for the MATLAB R image processing

File Name

Description

Content: example

AoI.txt

Defines the Area of Interest

365.997 284.1773
136.5305 63.9478

greythresh.txt Defines the lowest black and white threshold

0.005

steps.txt

0
20
40
60

Contains a list of electric currents that are
applied during one measurement (increasing order)
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Appendix B
Additional methods
B.1

Preparation of EPS surrogates

Xanthan Gum (XG, from Xanthomonas campestris, Sigma Aldrich, G1253-100G)
• pour mass of XG powder in 200 ml tap water until the desired concentration is reached
• heat slowly in microwave to ≈ 100 ◦ C, stir in between
• mix 50 ml of the surrogate with 140 g sediment (here: glass beads d ≈ 100 . . . 200 µm)
• fill mixture into petri-dish (placed in a small box), make sure there are no air bubbles
• after 10 mins: fill up the box with water
• after one hour: conduct measurements
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B.2

Erosion evaluation form

Sediment Cartridge nr.:
Date of Erosion:
History
Date

CASE: SEDIMENT Tau_crit << Biofilm Tau_crit
First date of growth:
Bearbeiter-Erosion:
Environment:(Lightregime, Rivername)

General Information on Sediment:
Size (µm):
Material:
Nr. of Layers:
Information on Layers and Stability**:
LAYER 1 (Biofilm Surface)**:
Color
White
Bright-Green
Dark-Green
Bright-Brown
Dark-Brown
(%-Area):
Structure
Like Carpet
Sheets
Like Wool
Like Sediment
(%-Area):
Filaments
Above Cart
Cracks*
Bubbles
Flat Rough Filaments
(few)
(many)
Height (mm):
Description:
Discharge Q Info (sudden detachment, single grains)
Random Erosion
Continuesly eroding
Last Area eroded
LAYER 2**:
Color:
White
BrightDark-Green BrightDark-Brown
(%-Area):
Green
Brown
Structure
Sheets
Like
Misc:
Flat
Rough
Bubbles Cracks*:
(%-Area):
Sediment
Description:
Discharge Q Reason:
Random Failure (max. 1 Sheet):
Unterspülung
Ohne
Versatz
Continuesly Failing (>2 Sheets):
Unterspülung
Ohne
Versatz
Definite total failing:
Unterspülung
Ohne
Versatz
Failure coupled with failure of
Info:
Layer 1(%-Area)
LAYER 3**:
Color:
White
BrightDark-Green Bright-Brown
Dark-Brown
(%-Area):
Green
Structure
Sheets
Like
Misc:
Flat
Rough
Bubbles Cracks*:
(%-Area):
Sediment
Description:
Discharge Q Reason:
Random Failure (max. 1 Sheet):
Unterspülung
Ohne
Versatz
Continuesly Failing (>2 Sheets):
Unterspülung
Ohne
Versatz
Definite total failing:
Unterspülung
Ohne
Versatz
Failure coupled with failure of
Info:
Layer 2(%-Area)
ADDITIONAL:
Description:
Discharge Q
Info
Kolkbildung bis
Sediment
Sediment looks like
rocks? (normal=Yes)



*few= 1-8 sheets; medium= 8- 15; many >> 15
** not influenced by side effects, A layer is influenced by Biofilm (Definition)

Figure B.1 Developed form to note all relevant processes of erosion.
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Appendix C
Additional data

195

C.1

Tabular overview on all conducted experiments

Table C.1 Overview on the experiments: Mar13, May13, Jul13, Aug13, Nov13, their study objectives and applied boundary conditions. Quantitative values for the notations of the boundary conditions can be found in Table D.1
Name

Study objectives

Flumenr.

ID

Light intensity

τb

March 2013

Hydrodynamics

1

Mar13QLA

Medium

Low

2

Mar13QLB

Medium

Low

3

Mar13QMA

Medium

Medium

4

Mar13QMB

Medium

Medium

5

Mar13QHA

Medium

High

6

Mar13QHB

Medium

High

1

May13QHA

Medium

High

2

May13QMA

Medium

Medium

3

May13QLA

Medium

Low

4

May13QLB

Medium

Low

5

May13QMB

Medium

Medium

6

May13QHB

Medium

High

1

Jul13LNA

None

Medium

2

Jul13LMA

Medium

Medium

3

Jul13LHA

High

Medium

4

Jul13LNB

None

Medium

5

Jul13LMB

Medium

Medium

6

Jul13LHB

High

Medium

1

Aug13LHA

High

Medium

2

Aug13LMA

Medium

Medium

3

Aug13LNA

None

Medium

4

Aug13LHB

High

Medium

5

Aug13LMB

Medium

Medium

6

Aug13LNB

None

Medium

1

Nov13QMA

Medium

Medium

2

Nov13QLA

Medium

Low

3

Nov13QHA

Medium

High

4

Nov13QHB

Medium

High

5

Nov13QLB

Medium

Low

6

Nov13QMB

Medium

Medium

May 2013

July 2013

August 2013

November 2013

Hydrodynamics

Light intensity

Light intensity

Hydrodynamics
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Table C.2 Overview on the experiments: Mar14, Jul14, Mar15*, their study objectives and applied
boundary conditions. March15: the flow velocity is changed during the experiments (see Table C.3
for details). Quantitative values for the notations of the boundary conditions can be found in Table D.1
Name

Study objectives

Flumenr.

ID

Light intensity

τb

March 2014

Light intensity

1

Mar14LMA

Medium

Low

2

Mar14LHA

High

Low

3

Mar14LNA

None

Low

4

Mar14LMB

Medium

Low

5

Mar14LHB

High

Low

6

Mar14LNB

None

Low

1

Jul14QHA

Medium

High

2

Jul14QHB

Medium

High

3

Jul14QHC

Medium

High

4

Jul14QLA

Medium

Low

5

Jul14QLB

Medium

Low

6

Jul14QLC

Medium

Low

1

Mar15QH+A*

Medium

Highest

2

Mar15QHA*

Medium

High

3

Mar15QLA*

Medium

Low

4

Mar15QH+B*

Medium

Highest

5

Mar15QLB*

Medium

Low

6

Mar15QHB*

Medium

High

July 2014

March 2015*

Hydrodynamics

Hydrodynamics*

Table C.3 Detailed experimental program of Mar15*

Flumenr.

weeks 1 . . . 2 week 3 weeks 4 . . . 11

1

QL

QL

QH+

2

QL

QL

QH

3

QL

QL

QL

4

QL

QH

QH+

5

QL

QH

QH

6

QL

QH

QL
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C.2

Complete overview on erosion data

March 2013
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Figure C.1 Mar13: Critical bed shear stress versus time of growth. The solid red line denotes the
non-biostabilized sediment stability. Each • symbol represents one erosion measurement.
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May 2013
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Figure C.2 May13: Critical bed shear stress versus time of growth. The solid red line denotes the
non-biostabilized sediment stability. Each • symbol represents one erosion measurement.
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July 2013
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Figure C.3 Jul13: Critical bed shear stress versus time of growth. The solid red line denotes the
non-biostabilized sediment stability. Each • symbol represents one erosion measurement.
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Figure C.4 Aug13: Critical bed shear stress versus time of growth. The solid red line denotes the
non-biostabilized sediment stability. Each • symbol represents one erosion measurement.
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Figure C.5 Nov13: Critical bed shear stress versus time of growth. The solid red line denotes the
non-biostabilized sediment stability. Each • symbol represents one erosion measurement.
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Figure C.6 Mar13: Critical bed shear stress versus time of growth. The solid red line denotes
the non-biostabilized sediment stability. Each • symbol represents one erosion measurement. Additionally the different phases determined by the evaluation of surface adhesion measurements are
illustrated.

203

July 2014
eG




eG









a



a

a

l T

























l T










a

a

a



















































lll 
eG

















a







a
































l T

a



lll 
eG



l T









a

a

a
























































lll 
eG

















a

a






































l T

a



lll 
eG



l T





a

a




a



















































lll 











lll 

Figure C.7 Jul14: Critical bed shear stress versus time of growth. The solid red line denotes the
non-biostabilized sediment stability. Each • symbol represents one erosion measurement. Additionally the different phases determined by the evaluation of surface adhesion measurements are
illustrated.
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Figure C.8 Mar15*: Critical bed shear stress versus time of growth. The solid red line denotes the
non-biostabilized sediment stability. Each • symbol represents one erosion measurement. All measurements conducted on mechanically matured biofilms (Ph. III). Please note that in this experiment
the roughness of the flume bed is modified to account for the biofilm roughness (see Part F). The
results of Mar15 are not directly comparable to the results of the other experiments.
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Figure C.9 Mar14: Surface adhesion versus time of growth. The • symbols represent the averaged surface adhesion (± standard error). The data is subdivided into phases with characteristic
development (see Part D). The solid red line denotes a linear regression in Phase II
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Figure C.10 Jul14: Surface adhesion versus time of growth. The • symbols represent the averaged surface adhesion (± standard error). The data is subdivided into phases with characteristic
development (see Part D). The solid red line denotes a linear regression in Phase II
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Figure C.11 Mar15: Surface adhesion versus time of growth. The • symbols represent the averaged surface adhesion (± standard error). The data is subdivided into phases with characteristic
development (see Part D).
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Figure C.12 All experiments of the second set: Critical bed shear stress versus surface adhesion.
The solid red line denotes the non-biostabilized sediment stability
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